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Preface

I found that writing these lecture notes was not a terribly difficult task for the following
reasons. These notes are based on a two semester graduate level course in quantum
mechanics. The course has, as a prerequisite, two semesters of undergraduate quantum
mechanics. This means that, because of lack of time, I felt forced to assume that
the time to ask questions on the fundamental issues of quantum mechanics, such as
questions on interpretation of quantum mechanics, has “passed” for the students in
this graduate class. The goal of the lectures is limited to teach students what I call
“practical quantum mechanics,” namely, how to use the formalism to solve problems
and to give them the formal training to be able to follow other graduate courses and
to tackle real problems in their research. This does not mean that when a student had
such questions, in class or outside class, I did not try to answer them.

There are undoubtedly errata in this edition of these notes. Every time I read them,
I feel that they can be improved further and I was hesitant to publish the document.
However, I realized that I have done this in the past; namely, I have written notes on
other subjects which I did not publish for this same reason, and because I was hoping
that one day I would go back and make the needed improvements. However, this never
happened, that is, I never found the time needed to go back to improve the notes for
publication. More recently, I felt that writing extensive notes on a given subject and
spending a few years working seriously to improve them for my class and not making
them available to others may be, to some extent, a waste of human resources.

These notes contain some parts—some sections, examples, problems, derivations,
and perspectives—which are not available in other books on quantum mechanics. Some
parts or their emphasis have been inspired by relatively recent (i.e., during the last
25 years) advances in various areas of physics. For example, we begin by putting the
Schrédinger equation on a spatial discrete lattice, something inspired by Hamiltonian
lattice gauge theories (HLGT), which, I believe, allows us to better understand what
we are doing by using a natural regularization scheme to circumvent the infinities
associated with a continuum. We also discuss the path integral formulation of quantum
mechanics; this choice was inspired both by the HLGT and by recent advances in
simulations of quantum many-body systems. For example, we used the path-integral
representation of the imaginary-time evolution operator to analytically show that,
starting from a wavepacket as initial state, we can project the exact ground state
wavefunction of the Harmonic oscillator. While this is analytical, it was inspired by
numerical ground-state projection techniques, such as the so-called Green’s function
Monte Carlo method. We also emphasize the adiabatic time evolution in the case
of a time-dependent Hamiltonian, the inclusion of which was motivated by real-time
evolution studies in the area of cold atoms in optical lattices. As an example of how
to use symmetry in quantum mechanics, we treat one-dimensional periodic potentials
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both exactly (when possible) and perturbatively. The inclusion of this area was inspired
by condensed matter physics. We also discuss atoms and molecules using mean-field-
like treatment, such as the Hartree—Fock approximation (including a discussion on how
to go beyond mean-field theory), viewed as a variational technique. Motivated by the
rather intense recent activity in condensed matter and atomic physics to study the so-
called Hubbard model, the electron—electron correlations in the hydrogen molecule are
taken into account with a simple, first quantized formulation of the two-site Hubbard
model, which is solved analytically. Again inspired by HLGT, we also use the canonical
Hamiltonian quantization of quantum electrodynamics (with no Fermions) by finding
the normal modes, in a straightforward analogy with the treatment of the normal
modes of an array of atoms; the photons emerge as the quanta of such normal modes,
in the same way as the phonons emerge in the treatment of the normal modes of the
coupled array of atoms. This Hamiltonian quantization of the electromagnetic field is
used later to treat its interaction with atomic matter, without having to follow the
usual semiclassical treatment.

There is some degree of redundancy in these notes. Namely, when the reader studies
a chapter and we need to refer to an equation in a previous chapter, for convenience
and for no interruption of the flow of thought, in some cases the equation is rewritten.
Our personal experience with reading other physics books is that asking the reader
to go back to another chapter to try to find the equation unnecessarily interrupts the
continuity of the thought process. This set of lecture notes is intended to be used as
a textbook mainly, that is, as a teaching tool, not as a reference book. Furthermore,
this being an electronic document, the added volume does not add significantly to the
cost.

Of course these lecture notes are by no means a substitute for any of the classic
books on quantum mechanics. There are numerous such classic books and a number
of recently published books. The purpose of the present lecture notes is to make
available to others some examples, maybe some different derivations, and, in some
cases, different sections and a different emphasis on the subject of practical quantum
mechanics.

For further reading the following books are recommended:

1. P.A.M. Dirac, The Principles of Quantum Mechanics, 3rd Edn., The Clarendon
Press, Oxford, (1947).

2. L.I. Schiff, Quantum Mechanics, McGraw-Hill Book Co, New York (1968).
3. D. Bohm, Quantum Theory, Dover Books, New York (1989).

4. H.A. Bethe and R. Jackiw, Intermediate Quantum Mechanics, Benjamin-Cummings,
New York (1986).

5. L.D. Landau and E.M. Lifshitz, Quantum Mechanics, Non-Relativistic Theory, Vol.
3 of Course of Theoretical Physics. Elsevier Butterworth-Heinemann, Oxford (1977).

6. R.P. Feynmann and A.R. Hibbs, Quantum Mechanics and Path Integrals, McGraw-
Hill, New York (1965).
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7. E. Merzbacher, Quantum Mechanics, J. Wiley and Sons, New York (1970).

8. A. Messiah, Quantum Mechanics, Volumes 1 and II, North Holland, Amsterdam
(1967).

9. G. Baym, Lectures on Quantum Mechanics, Benjamin, New York, (1969).
10. R.P. Feynmann, Statistical Mechanics, Benjamin, New York, (1972).

It would make a very long list if I were to name those who, through various dis-
cussions over the course of many years, have helped me better understand and teach
quantum mechanics. I especially wish to thank the graduate students in my classes
who helped me find several errors in the first draft of the present document and for
their comments.
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1
Schrodinger equation on a lattice

In this chapter, we begin by studying the one-dimensional (1D) time-dependent
Schrédinger equation. In order to do that we discretize the spatial coordinates and,
thus, the differential equation becomes a set of coupled difference equations first order
in time. Dealing with a finite number or a numerable set of states makes it easier to
understand the concepts of Hilbert space, its measure, and the overlap between states.
Furthermore, we only have to deal with the Kronecker symbol as opposed to the Dirac
delta function. Later, in chapter 3, we will consider the continuum limit where we
will naturally recover the Schrodinger differential equation, the state normalization
condition as an integration condition, and the delta function.

1.1 Discretizing the spatial continuum

We may gain a clearer understanding of the problem by considering the 1D time-
dependent Schrodinger equation

h2 32

ih%w(x, t) =

on a discretized space.

First, let us consider a particle moving on a circle of a large radius R as illustrated
in Fig. 1.1. We discretize the perimeter of the circle into N equal intervals of length
a = L/N (where L = 2w R is the perimeter of the circle), which are defined by points
r, where n =1,2,..., N and x, = na.

We will use a notation in which the |n) represents the state in which the particle
is in the interval (z, — a/2,x, + a/2). At the end of all of our calculations we will
consider two limits, the limit of R — oo and the continuum limit, that is, a — 0. In
the former limit, the circle becomes very large, its curvature goes to zero and becomes
locally flat, as our familiar Euclidean space.

In order to express the Schrodinger equation on a discrete lattice, we need to
express the first and second derivative of the wavefunction with respect to = on the
discrete mesh, as the limit @ — 0 of the following expressions:

9% B Sl L _ Yn =

ox T=r,+5 a ’ ox T=Tpn—% a
@ — l |:87¢ _ % :| _ ¢n+1 + wn—l - 2¢n
022 lz=z, alOzxlets  Oxle—zl a2 '

where ¢, = 1(x,). By mere substitution the Schrédinger equation is obtained as the
a — 0 limit of the following expression:

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.



2 Schrédinger equation on a lattice

Fig. 1.1

2 2
h + Vn)'(/}n - L(wn-&-l + wn—l)a (12)

2ma?

0

ma?

where again V,, = V(z,).

1.2 The Schrodinger equation in a matrix form

Eq. 1.2 shows that we have N coupled independent equations for the coefficients vy, (t).
These equations can be cast in a matrix form as follows

0 .
i h— =H 1.
1) = Hl) (1.3
where [1) is an N-component vector of the form

(G}
(G

|
=1 | (1.4)

¢n+1

YN
In the above, we have followed Dirac’s notation for the case of an N-component vector.

We will review the Dirac notation in the following chapter using an example of a two-
dimensional space. Here, H is an N x N tri-diagonal matrix of the following form
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Dy T 00 ..0 O 0 T
T D, T 0 O 0 0 0
0 T DsT 0 0 0 0
H=1] 0 0TD, T 0 o |, (1.5)
0 0 O 0 TDn—s T O
0 0 0 0 0 T Dy, T
T 0 0 00 O T Dy
Namely, the matrix elements are given as follows:
ﬁ2
Hn,n = W + Vi = Dy, (16)
h2
Hn,vz+1 = Hn+1,n = _2ma2 =T (17)

Notice that because of the periodic boundary conditions, that is,

|n+ N) = |n), n=12..N, (1.8)
we also have that
52
Hyp~v=Hin = a2’
52
Hy N1 =Hna = S (1.9)

All the other matrix elements of the N x N matrix H are zero. It is straightfor-
ward to show the above (see Problem 2 of this chapter) by carrying out the matrix
multiplication implied in Eq. 1.3 to obtain Eq. 1.2.

Another way of writing the vector |¢) is to express it as a linear combination of a
basis set of vectors |n) with n =1,2,...,N:

N
) = ¥nln). (1.10)

n=1

Here, we can also think that each basis vector |n) represents a possible state of the
particle. When the particle is in state |n), it is with certainty in the interval (z,, —
a/2,x, + a/2). Notice that all N basis vectors |n) are linearly independent, unlike
the case of all positions in ordinary space. Here, the position label is just a pointer to
label a different potentiality: The potentiality that the particle can be in the interval
(xn, —a/2,x, + a/2), which is conceptually entirely different from being in a different
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interval, say (zm;m — a/2, m + a/2) (with m # n), and, thus, the states |n) and |m) are
considered to be orthogonal and, in a linear space, this means that these states have
nothing to do with each other:

(nlm) = dpm. (1.11)

Now, the Schrédinger problem became a linear algebra problem in an N-dimensional
vector space. In the next chapter, in order to gain more experience with the Dirac
notation, we will discuss the case of two-dimensional Hilbert space. After that, we will
return to the problem discussed here, that is, the Schrodinger equation on the lattice,
for further discussion.

1.3 Problems

Problem 1

Carry out the matrix multiplication implied in Eq. 1.3 to obtain Eq. 1.2.

Problem 2

Consider the discretized version of the one-dimensional Schrédinger equation on a
circle, but with only three sites as shown in the figure below.

~

~
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Namely, only the three position eigenstates |1), |2), and |3) are possible. In this
case, the free particle Hamiltonian becomes a 3 X 3 matrix:

R D -T -T
H=|-T D -T ], (1.12)
-T -T D
where the constants D = nf; and T = %, as we have shown, where a is the lattice

spacing and m is the mass. Here, we treat them as given constants.
(a) Explicitly verify that the following three states are the three eigenstates of the
matrix H above

k) = (eikm n ei2k|2> n ei3k|3>)7 (1.13)

Sl

or equivalently,

1 eik
Ey=—[ 2 |, 1.14
M=\ Car (114

with k taking the values, 0, 27/3, and 47 /3 and corresponding eigenstates:

Ey = D — 2T cos(k), (1.15)

that is,
Ey = D — 2T, (1.16)
Ez% =E72% =D+T. (1.17)

Helpful formulas: ‘
i) Notice that in the expression for the last two eigenstates, the phase e =1,
ii) It is also true that

2m 2 2 1 3
eF = cos(i) —I—isin(l) =——+ ii, (1.18)
3 2 2
AP o A (1.19)

(b) Show that these three eigenstates form an orthonormal set.



2
Dirac notation

In this chapter we review the Dirac notation. In the simplest realization of quantum
mechanics, we consider a two state system, that is, a problem which requres a Hilbert
space spanned by a basis of just two states.

2.1 The bit and the g-bit

In this section we will consider a two state system in order to review the Dirac notation
in the simplest realization of quantum mechanics, that is, a Hilbert space spanned by
a basis of just two states.

There are numerous physical systems which can be represented by such a two-state
Hilbert space. Two such examples are: a) a spin-1/2 particle and b) a very simplified
model of a two-atom molecule (or the H, ion; see chapter 26 for this example) where
the two atoms share a single electron in the outer orbital |1) of the first atom, and in
the outer orbital |2) of the second atom; the state of the electron can be approximated
by a linear superposition [1) = a;|1) + az|2).

A bit in a computer is a memory element which can be either in state 1 or in state
0, and is used to store information. We can represent the instantaneous state of the
bit formally as |1) and |0). Computations on a classical computer consist of operations
which transform the state of the various bits. For example, the NOT operation is the
operation which converts the state |1) to |0), and the state |0) to |1). Using a long series
of a few such basic operations and an algorithm, a classical computer can provide the
solution to a given problem.

In a quantum computer, the analogous element of memory or state is a quantum
mechanical superposition of two such possibilities. The state of a g-bit (or qubit), is
thus represented by

la) = q0l0) + 1]1), (2.1)
l90/* + lau | = 1, (2.2)

and both gy and ¢; are complex numbers representing probability amplitudes. Here,
|gn|? is the probability, if a measurement on this q-bit is performed, to find the q-bit
in the state |n).

In order to carry out the quantum computation, there should also be a pool of a few
fundamental operations which can be used to apply a series of consecutive operations
on the g-bit. The series of these consecutive operations is the quantum algorithm to
solve a particular problem. The final result of the quantum computation consists of
measuring another operator which represents the question which we wish to find an
answer to using the quantum computer.

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.
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2.2 Dirac notation

Here, we would like to review the Dirac notation as a convenient tool to use to facil-
itate the language and symbolic manipulations needed in computations in quantum
mechanics. We can survive without the Dirac notation, but it is a useful tool to have
at our disposal.

We really want to describe a linear space, which in the case of our example is
spanned by two basis vectors which we denote as

|o><(1)>, and, |1>((1)>. (2.3)

This means that any state in this space can be written as linear superposition of these
two basis states:

|w=%m+wwg=(ﬁ>. (2.4)

For any given “ket,” there is a corresponding “bra,” namely

W) = (4, (2.5)

which, in standard linear algebra notation, means

(50 = wswi) 26)

The language of “bra” and “ket” is used because the meaning of a “bracket,” such as
(@) between the states

o= () ama = (1), 1)

is taken to be that of the familiar inner product

(YlY) = ¢otbo + P11 (2.8)

which is the result of multiplying a 1 X 2 with a 2 X 1 matrix to obtain an 1 x 1 matrix,
that is, a number which is the inner product as follows

(@i,00) (1) = dio + v, 29)
From these definitions, it follows that
W) =1, (0j0) =1, ({[1) =1, (0[1) =0. (2.10)
The last three equations which can be summarized as
(njm) = bn,m, (2.11)

where n and m take two possible values 0 and 1. This is the formal statement that we
have an orthonormal basis.
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2.3 Outer product

The outer product (which refers to the tensor product of two vectors) between a “ket”
and a “bra” is defined to be the result of multiplying the “ket” which is a 2 x 1 matrix
with a “bra” which is a 1 x 2 matrix to obtain the following 2 x 2 matrix

o Yodg Yod]
[V) (o] = (6o , 01)= . (2.12)
P1 195 Y197

Below, we list a few examples for the reader to practice:

0= () o= (7). (.13)
mai= () on=(37). (2.14)
mal=(y)en=(g5). (2.15)
o= () o= (77)- (2.16)

Now let us consider the outer product as defined by Eq. 2.12 which is a 2 x 2 matrix
to operate on a vector

Wo
jw) = , (2.17)
w1

by multiplying the matrix and the vector in the familiar fashion. The result is, ({¢|w))|1)),
that is, a vector parallel to the vector |1}, which can be written as

(I9) (@D w) = [¢)(lw). (2.18)

which means that we can just drop the parenthesis on the left-hand-side. This is
another convenience brought by the Dirac notation.

An arbitrary state |¢) from this two-state space can be expanded in the basis |0)
and |1) as shown by Eq. 2.4. Taking the inner product of both sides of this equation
with the bra (0] first and, then, with the bra (1|, we find that

Yo =(0), 1= (1]y). (2.19)

This means that we can write
1) = (0[4)[0) + (1[1h)[1). (2.20)
Using the properties of the outer product, we can rewrite the above equation as follows:
1) = 10)(0¥) + [1)(L[eh}] = (|0)(O] + [1)(L])]2). (2.21)

This equation implies that the following operator is the identity operator or the identity
matrix:

10)0] + [1){1] = 1. (2.22)
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2.4 Matrices and matrix elements

Consider a general 2 x 2 matrix which we assume is written in the basis spanned by
|0) and |1).

A Ooo Oo1
0= . 2.23
(Om@J (223)
We can easily show that
Omn = (m|O|n), (2.24)

where m and n each independently take the values 0 and 1. The above notation means
that we obtain the matrix element labeled O,,, by first operating with the matrix 10)
on the state |n) and, then, by taking the inner product of the result with the bra (m]|.
This is easily shown by evaluating O\O):

om= (g on) (5)=(on). (229

from which we find that
2 Ooo
<1|O‘0> = (07 1) (010) = Oho, (2.26)
A Ouo
(010]0) = (1,0) <010) = Ooo- (2.27)

Similarly, we can show that this is also true for the other two matrix elements.
This allows us to write the matrix as follows

o ((0[0]0) (0]O]1)
O‘(mmmuwm>~ (2.28)

2.5 Quantum gates

A quantum gate (or quantum logic gate) is a basic quantum circuit operating on a
small number of g-bits. They are the building blocks of quantum circuits, like classical
logic gates are for conventional digital circuits. Quantum logic gates are represented
by unitary matrices.

An example of a commonly used gate which acts on a single g-bit is the Pauli-X
gate. It is the quantum equivalent of a NOT gate. It maps |0) to |1) and |1) to |0). It
is represented by the z-component of the Pauli matrix:

6p = (? é) . (2.29)

An example of a gate which acts on a pair of g-bits is the controlled NOT gate
(or CNOT). A pair of g-bits is a state of the form |a)|8) where both a and 3 take
the values 0 and 1. It also be represented by a 4-component vector where the first two



10 Dirac notation

components represent the components of the first g-bit and the other two components
of the 4-component vector are the components of the second g-bit. The transformation
CNOT performs the NOT operation on the second g-bit only when the first g-bit is
|1), and otherwise leaves it unchanged. It is represented by the matrix

1000

0100
CNOT = | ;001 |- (2.30)

0010

2.6 Rotation

Consider an arbitrary state in the basis |0), |1),

) = (0) = wloh+ = 14110} + 1, (231)

Let us rotate the basis by an angle 0, as illustrated in Fig. 2.1.
In terms of the new (rotated) unit vectors |0’} and |1’), we can express the old
basis vectors as follows

|0) = cos0|0") — sin6|1") (2.32)
|1) = sin6]0’) + cos 6]1"). (2.33)

Now, let us expand the same vector |¢) in the new basis:

o) = () = valo) + w1y = @10 + ) (2:34)

Inserting the unit operator 1 = |0)(0| 4 |1)(1] we obtain:
(0]9) = (0']0)(O0f) + (0'[1)(1]¢), (2.35)
(L]} = (L']0)(0f) + (L[1){L]eh). (2.36)

This can be written as a matrix-vector multiplication as

(0l4) (010) CO'[1)\ ( {Ol%)
= . (2.37)
(1]4) 1[0y (1'11) /- \ (1)
We define the rotation matrix or transformation operator as
) (0710) (0'[1)
R(9) = , (2.38)
(1']0) (1'|1)

in terms of which we transform the old basis to the new basis
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(0"]4) ) )
= R(0) . (2.39)
(V) (1)
We can easily compute the matrix R(G) using the transformation (2.33) and we obtain:
R cosf sind
R(6) = . (2.40)
—sinf cos 6
\ [ 1>
| 1>
[v>
10>
6 -
o
|0>
Fig. 2.1

We can show that the eigenstates of R(6) are the following states, that is,

H=5(1) P=5(L) (241)

with corresponding eigenvalues e+,

In addition, we can show that the above rotation operator can be written in the
following form:

R(#) = cos 1 +isin S, (2.42)

1= (é?) S = (? _OZ> (2.43)

2.7 Functions of operators

where

In general, when we write down a function f (O) of an operator O, we mean the
following. The scalar function f(\) is a known function of the variable A, for example
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f(A) = e*. When we say that the function f()) is known, we mean that we know its
Tayor-series expansion:

oo

FO) = f(0) + f(0)A + %f”(o))? to=> %ﬂ") (0)A", (2.44)

0

where £(™(0) is the nth derivative of f(\) evaluated at A = 0. Knowing the function
f(\) means that we know f((0) for all n. When we use the symbol f(O) we will
mean the following

F(O) = f(0)1 + f'(0)0 + %f”(o)é2 + ...

_ i %f(m(o)on’ (2.45)
)

with the additional convention that O° = 1, that is, the unit operator in the space in
which the operator O is defined. If this is an N-dimensional space, then 1 is an N x N
diagonal matrix with all of its diagonal elements equal to unity.

The above expression makes sense because all powers of the N x N matrix O are
also N x N matrices and they can be added together.

2.8 Generator of planar rotations
Using the discussion of the previous section, it is straightforward to show that

R(9) = €5, (2.46)
by using the identity

S% =1. (2.47)

The property specified by Eq. 2.46 means that the operator S is the so-called gener-
ator of infinitesimal planar rotations. A more in-depth analysis about generators of
infinitesimal rotations is discussed in chapter 18.

2.9 Problems

Problem 1

Consider a general operator O which in the basis of the two basis vectors li),i=1,2
is the following 2 x 2 matrix

A 011 O12
2.4
© (021 022> : (248)

0y = (Ol). (2.49)
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a) Show that
(@[0]9)" = (¥|0T|@), (2.50)

for any two states |®) and |¥) which, in general, are linear combinations of |1) and
|2), that is,

@) = P1[1) + D2[2), (2.51)
W) = Wy 1) + ¥p[2). (2.52)

b) Show that if |¥) is chosen such as
OU) = \|W), (2.53)
then necessarily the following follows from that
(W|OF = \* (0. (2.54)

c¢) Show that the transformation from one basis to another is a unitary transfor-
mation.
d) Show that the matrix |®)(®| is Hermitian.

Problem 2

Consider the rotation operator discussed in this chapter

R(0) = ( cos 0 Sjne). (2.55)

—sinf cos 6

a) Show that its eigenstates are the following,

|+>:¢1§(1), —>=\}§<_1i)» (2.56)

with corresponding eigenvalues e+,

b) Show that the above rotation operator can be written in the following form:

R(0) = cos 01 + isin 69, (2.57)
where
5 10 A 0—:
S0 (09, .
c¢) Show that
R(0) = 3, (2.59)

by using the identity
S% =1. (2.60)
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Problem 3

The trace of an operator O in an n-dimensional linear space is the sum of all the
diagonal elements of the n x n matrix O,,,, which represents the operator Oina given
basis.

Show that the trace of any such matrix representing an operator is independent of
the choice of the basis.
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Back to the Schrodinger equation on
a lattice

In this chapter we go back to the discrete lattice in order to transform the basis to
momentum eigenstates. In addition, we take the continuum limit of space and we
recover known relations.

3.1 Lattice states

Let us apply the Dirac notation in the case of the 1D Schrodinger equation on the
discrete lattice. In this case the basis consists of N states n), with n = 1,2,..., N,
which are orthonormal, that is, they obey Eq. 1.11, and they form a complete basis,
namely,

N ~
S Inhin] = 1. (3.1)

This means that an arbitrary state |¢)) can be expanded in this basis as shown by
Eqg. 1.10.

3.2 Transformation of basis: momentum states

We consider the following set of states

1
|k) = Wi Z et n). (3.2)

While |n) describes the state of a particle which is located in the interval [na—a/2, na+
a/2), the above state describes the state in which the probability amplitude for a
particle to be in a particular small interval [na — a/2,na + a/2) is given by a phase
factor e**"®_ which is characterized by a wavevector k, very analogous to the amplitude
of an ordinary wave. Next, we address a set of questions and statements which further
illuminate the nature of this state.

What is the range of k7 First notice that the following identity is valid

e+ =) = [k). (33)

Thus, we only need to restrict the values of k in an interval of size 27 /a, such as the
interval [—7/a,7/a) which is known as the first Brillouin zone.

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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How many values of k give different solutions? The periodic boundary condition
(Eq. 1.8) implies that

2

ikNa
=1—k=—
€ Na

m, m=0,4+1,+2 .. (3.4)
Now, if we restrict k& in the first Brillouin zone, the possible values of m are the
following N:

n
—— <m<

5 (3.5)

SIE

Therefore, there are only N-different states |k) as expected from a transformation.
Namely, we start from a basis of N states, |n) (n = 1,2,..., N) and we transform the
basis to the N different states given by the transformation described by Eq. 3.2.

The transformation is unitary. It is straightforward to show that this transforma-
tion which changes the basis from the set of N states |n) to the states given by Eq. 3.2
is a unitary transformation. A unitary transformation U is one which satisfies the
following equation:

~

Ut =Utu =1, (3.6)

and U' is the adjoint operator of U, i.e., its matrix elements, (UT)ij =Uj;.
In order to show this, we need to make use of the following identity

1L
5 D¢ = k. (3.7)
n=1

It is straightforward to show this identity: First, notice that when k& = 0, the left-
hand-side is 1, while when k # 0, the left-hand-side can be summed up as a geometric
series which becomes zero on the account of the fact that e’*N® = 1 for any k of the
form k = [27/(Na)|m, with m integer.
Furthermore, following the same approach, one can easily show the following iden-

tity:

1 ikna

v > et =4, (3.8)

kelstBZ

where the sum is over all the discrete values of k of the form k = (27/L)m which are
within the first Brillouin zone.
Using the identity (3.7) we can show that

(kIK") = Ok - (3.9)

Furthermore, using the identity (3.8) it is straightforward to show that

> k) k=1, (3.10)

kelstBZ

which means that the k-basis is complete.



Continuum limit of space 17

The inverse transformation, that is, the one which transforms the k-basis states
into the |n) basis states, is

1 .
W:\/TV Z e~ tkna|L), n=12,..,N. (3.11)

kelstBZ

This can be shown by starting from the right-hand-side of this equation and by sub-
stituting our definition of |k), and then by applying the identity given by Eq. 3.7.
Conclusion: We have carried out a unitary transformation from the basis |n), which
describes the N possibilities where the particle is the interval [na—a/2,na+a/2), to a
basis of N distinct states |k), in which the probability amplitude for a particle to be in
state |n)) is a phase factor e?*"@, which is characterized by a wavevector k = m2r/L
(m is a positive or negative integer including the value m = 0), very analogous to the
case of the amplitude of a classical wave which is confined in a region of length L.

3.3 Continuum limit of space

In our attempt to take the continuum limit, we will need to relate v,, and the wave-
function ¥(z) on the one hand and the state |n) and the familiar continuum state |z)
on the other.

Remember, first, that the absolute magnitude squared of the wavefunction gives
the probability density, that is, |¥(x)|?>dz gives the probability for the particle to be in
the interval (x — dz/2,x + dx/2). Therefore, for sufficiently small value of a, we must
require that |¥(z,,)|?a = |¢,|?. This implies that

Yn = Va¥l(zy). (3.12)

Second, as is customary, we need to define the state |z) is such a way that in the
continuum limit Eq. 1.10 takes the form

|T) = /dac\I!(;v)|m> (3.13)

Going back one step in the process of taking the limit a — 0, this equation should
come as the limit of
N
|[U) =lima » U(x,)|z), (3.14)

a—0
n=1

which, by taking into account Eq. 3.12, is the same as

N
|¥) = lim ﬁzl Ynlz). (3.15)
Therefore, in order for Eq. 1.10 and Eq. 3.13 to agree, we need to choose

|x>:{\}a|n>,forna—a/2<m<na—|—a/2,}. (3.16)

0 otherwise
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<x|x’>

1/a
————
Xn-1  Xp  Xpu1 X’
Fig. 3.1

The value of n in the above equation is uniquely determined from the given value of
x, as follows:

where the brackets [| denote the integer part. In Fig. 3.1 we plot the function (z|z’)
as a function of z’.
Using the above (and Fig. 3.1), it can be easily shown that

(z]a) = d(x — '), (3.18)

where §(z — 2’) is the Dirac delta function.
Using the previous expressions it can be also shown that

/dx\x><x| 1, (3.19)

where 1 is the unit operator.
Given two states which can be expanded in the basis |z) as follows

) = / da () 1), (3.20)
16) = / dro(x)|z), (3.21)

it follows from the above that their inner product is given by
0l) = [ deo @)uto), (322)
and the normalization condition is

(Wl) = / dalup (o). (3.23)
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3.4 Continuum limit of k-space

Here, our goal is to take the continuum limit in k-space. By continuum limit we mean
the limit where Ak = 27/L — 0. This limit is the same as the infinite size limit
(L — o0). For any finite value of L, however, the possible values of k which are
consistent with the boundary condition is IV, and are integer multiples of Ak = 27 /L.
From now on, for these NV states we will use the notation

N
1 § ikgna
|kd> = ﬁ e ka ‘n>7 (324)
n=1

where we have added the subscript d to denote the fact that these states span a discrete
set in order to distinguish this state from a state |k) where k can take continuous values.
First, let us expand an arbitrary state |¢) using the basis |kg), that is,

Wy =" > tu,lka), Gy = alkalth). (3.25)

kq€lstBZ

The normalization of this state is obtained as follows:

@)y =1—- Y [l =1 (3.26)

kelstBZ

Multiplying and dividing by Ak we can write

1 -
Ak > k=1 (3.27)

kelstBZ

In the limit where Ak — 0 (L — o0), this equation becomes
< dk -
L[ =l =1 2
| (3.29)

Since L — oo we can rescale ¥ and by defining the continuum wavefunction in
momentum space as

U(k) = VLix, (3.29)
we obtain the following normalization condition
 dk -
—[U(k)]? =1 3.30
| sl (3.30)

Using the same trick of multiplying and dividing by Ak, the expansion of |¢) in k-space
as given by Eq. 3.25 in the Ak — 0

o= [ haam, (3.31)

oo 2T
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where
k) = V'L|kg), for kd—ﬂ/L<k§kd—|—7r/L (3.32)
0 otherwise,
where
k 1727
ki=|——=+=|—. 3.33
d [(%)/L +35)T (3:33)
Now, in the interval of k defined as kg — 7/L < k < kq + m/L we obtain,
(k|K") = L(kalkq), (3.34)

this can be considered as a function of &’ for given fixed value of k. This function is
illustrated in Fig. 3.2.

<k|k’> — Dk -
L
*
—
L K
Fig. 3.2

Therefore, as L — co we obtain that,

(k|k") — oo, if k=F, (3.35)
(k|k'y =0, if k#£K, (3.36)

and since
/ dk'(k|k'") = 2% x L =2, (3.37)

we conclude that

(k|K') = 2m6(k — k). (3.38)
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This identity can be derived in a different way, as follows: First, notice that
k) = VL) = /OO dwe*®|z), (3.39)
and, thus,
(k|k"y = /OO /00 dadz’ e e (x)2")
= /00 dae KT = 975(k — k). (3.40)
—c0

Using the same trick as above, the completeness relation of the |ky) states given by
Eq. 3.10 can be transformed to the following

/OO IR ] = 1. (3.41)

o 2T

3.5 Generalization in d-dimensions

All of the conclusions of this chapter for 1D can be straightforwardly generalized in
higher dimensions as follows

7) = [)[y)|2)-.. (3.42)

(F1i") = (zla"Wyly')(z]2)...
=6(x—2")o(y —y')o(z — 2)... (3.43)
/ddr|F><r| _i, (3.44)

and an arbitrary normalized state can be expanded as
w) = [ ol (3.45)
P(r) = (T1Y). (3.46)

Similarly in k-space, that is,

k) = (k) ey B2 (3.47)

which is related to |) by the transformation:
k) = / doreiR |, (3.48)
(7k) = e'* 7, (3.49)

we have the corresponding relations
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Ak - - -
) = [ GBI, (3.50)
(RIK') = (e R ([ ) (R [KL) ..
= (2m)*6(ky — K,)0(ky — k}))S(kz — kL)... (3.51)
and an arbitrary normalized state can be expanded as
dk - - -
) = [ GBI, (352)
p(k) = (E[y). (3.53)
3.6 Problems
Problem 1

Starting from the right-hand-side of Eq. 3.11 show that the inverse transformation
for the state |n) in terms of the complete basis |k) is given by Eq. 3.11.

Problem 2

Consider the circular geometry we discussed in this chapter, where the perimeter
is L = Na and there are N discrete points on the circle.

a) When k is of the form k& = [2n/(Na)lm (N and m are integers), show the
following identity

1
N Z ezkna = 5]@’0. (354)
n=1
b) Also show the following identity:
1 ,
¥ 2 € =tuo, (3.55)
kelstBZ

where the sum is over all the discrete values of k of the form k = (2nr/L)m (L = Na
and m is an integer) and all values of k are within the first Brillouin zone.
c¢) Using the identity (3.54) show that

(k|K) = Ok - (3.56)
d) Use the identity (3.55) to show that

> k) k] =1. (3.57)

kelstBZ

Problem 3
Show that the transformation which changes the basis from the set of N states |n)
to the states given by Eq. 3.2 is a unitary transformation.
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Operator mechanics

In this chapter, we discuss the need to use operator in quantum mechanics and how
the operators relate to observables.

4.1 Operators and observables

Quantum mechanics uses operators which represent observables. Here, we will assume
that the student is already familiar from his undergraduate course work in quantum
mechanics with the fact that the expectation value of an operator is the quantity that
is experimentally measured. Next, we will give a qualitative argument to rationalize
why this is the case.

An observable is represented by an operator because an operator represents the
potential act of a measurement. A measurement is an operation, an action on the
state of the system with the goal to measure a particular observable. This action may
change the state of the system, much like an operator’s action on a state changes the
state of the system under consideration. The particular operator representing a given
observable is constructed in such a way that when it acts on the state, it changes
according to the meaning of the observable it represents.

The change an operator O causes on the state |1) of the system is evaluated by
comparing the state |¢') = OJ) produced by the action of the operator with the state
of the system prior to the action of the operator. Namely, (|1}, gives a measure of
how much the state |1) is changed by the action of the operator. The inner product is
a measure of how close to each other two vectors are. For example, when ([¢)') = 0,
the two vectors are orthogonal, and this means that this is the farthest distance from
one another that they can possibly have. On the other hand, if for two normalized
vectors |(1|¢))]| ~ 1, the two vectors are close to each other. Therefore, the expression

(0) = W'y = W|OY), (4.1)

gives a measure of the observable represented by 0. Fig. 4.1 (top) illustrates that
the operation of measurement causes a change on the state of the apparatus and the
result of the measurement is to compare the state of the apparatus before and after
the measurement.

We would next like to give a simple example of how we define an operator based
on what we need to measure. Fig. 4.1 (bottom) illustrates that when we want to figure
out the parity of the function f(z) on the left, (a) we apply the parity operator P on
the function to obtain the function on the right, that is, g(z) = Pf(x) and, then, (b)
we compare the function g(x) = f(—z) on the right to the function f(z) on the left.

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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—f—— =

Fig. 4.1 (Top) The result of a measurement on the system S is obtained by comparing
the state of the apparatus A’ after the intervention of the measurement to its state A
before the measurement. (Bottom) To figure out the parity of the function on the left:
(a) we apply the parity operator P to change the function to the one on the right and
(b) we compare the function on the left to the function on the right to measure the
parity of the function.

Since the result of a measurement in quantum mechanics is the expectation value
of the operator which represents the observable, we can ask the following question: In
general, what should be the mathematical nature of an operator in order to correctly
represent a physical observable?

It turns out that if we use Hermitian (or self-adjoint) operators to represent phys-
ical observables, we can guarantee that the expectation value of the corresponding
observable is a real number.

So, what is a Hermitian operator? In order to define the Hermitian operator, we
need first to define the so-called adjoint (or Hermitian conjugate) of a given operator
A. The adjoint AT of the operator A, is the operator whose matrix elements between
any two given states [¢)) and |¢) are given in terms of the matrix elements of A as
follows:

(0] AT]g) = (gl AJp)". (4.2)
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A Hermitian operator is one which is self-adjoint, that is, the same as its adjoint, that
is,

At = A. (4.3)

It follows straightforwardly that the expectation value of a Hermitian operator is real.

4.2 Representation of operators

The position operator is diagonal in the position representation, that is, in 1D in the
basis |z}, namely,

Z|z) = x|z). (4.4)

In chapter 3 we discussed that the states |k), defined by the transformation given by
Eq. (3.2), describe a particle in which the probability amplitude for the particle to be
in state |n) is a phase factor €’*"?, which is characterized by a wavevector k = m2r/L
(where m is an integer). We also stated that this is analogous to the case of the ampli-
tude of a classical wave which is confined in a region of length L. Therefore, in a similar
way to our previous definition that the states [n) can be considered eigenstates of the
position operator, we can define an operator 12:, and we will call it, the “wavevector
operator,” which is diagonal in the |k) basis, that is,

k|k) = k|k). (4.5)

The difference between this operator and the usual momentum operator p is just a
multiplicative (Planck’s) constant, that is,

p = hk. (4.6)
Thus, the momentum operator is also diagonal in the basis |k), namely,
plk) = hk|k). (4.7)

The momentum operator can be expressed in the x-labeled basis, that is, given an
arbitrary state |¢)

(@[ply) = Plaly), (4.8)

and this is an equation defining the momentum operator P in the position-labeled
basis. Using this equation we can also determine the form of P as follows: First we
expand the arbitrary state [¢) in the k-labeled basis, that is,

0= [ S, (149)

where the coefficient (k) = (k|)) of the expansion can be found in terms of the
coefficient ¢ (z) of the expansion of the same state in the position basis, that is,
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) = / dap(z) ), (4.10)

by projecting both sides of the above equation in the basis vector |k), that is,

(k) = (k) = / dap(z)e =, (4.11)

and we have used the fact that (k|z) = e~***. Now, let us operate on both sides of
Eq. (4.9) with the operator p as defined by Eq. (4.7).

o) = [ gkyplky = b [ 9 ke (4.12)

and, by taking the inner product with state |x) in order to obtain the desired quantity,

we find 2k d dk
(wlply) =n [ S -Y(R)ke™ = —ih— [ —~dh(k)e’™. (4.13)

Now, by projecting both sides of Eq. (4.9) onto the state |x) and using the fact that
(z|k) = ™ we find that
dk -
/ Yetke, (4.14)

Using the last equation, we can rewrite the previous equation as

(z[pl) = —Zﬁ -~ (@lv). (4.15)

Therefore, we conclude that the position space representation of the momentum op-
erator is the following:
d

D — _ih— 4.1
P Zhdm (4.16)

4.3 The Hamiltonian operator

Here, we consider operators which can be functions of other operators, such as the
Hamiltonian which is a function of the momentum and the position operators as in
classical mechanics.

We “pass” to quantum mechanics from classical mechanics by considering the clas-
sical expression for the Hamiltonian H(g;, p;), which is a function of the generalized
coordinates ¢; and their corresponding conjugate momenta p;, as a function of the op-
erators ¢, and its corresponding momentum operator p;, that is, H = H (g, p;); these
conjugate operators obey the Canonical commutation relations:

{(271%}} = tho; ;. (4.17)

In the example of the 1D single non-relativistic particle in a potential V(x), we
can express the Hamiltonian operator,
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. P2
H="— % 4.1
o V(@) (4.18)

in the z-labeled basis. The result for the operator # defined as

(| H|p) = H(z|e), (4.19)
is the following
. h2 d?

4.4 Problems

Problem 1

Consider the momentum space basis, that is, the states |k) defined in the present
chapter. Consider an arbitrary state |¢) in momentum space, that is,

IESAGIHE (4.21)
k

where (k) = (k[1)).
Show that the position operator defined by Eq. 4.4 has the following representation
in momentum space:

. L0 -
(k[2[1) = —ihzri (k). (4.22)

Problem 2

Assume that the particle is under the influence of the following potential
2

V(.r) = _‘/O eXp(—ﬁ

). (4.23)

What is the Schrodinger equation in k-space? Namely, what is the differential equation
for the amplitude 1 (k,t) = (kl(¢))?
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Time evolution and wavepackets

Here we analyze time evolution in quantum mechanics. Examples include the case of
a free-particle state which is initially prepared as a wavepacket.

5.1 Time-independent Hamiltonian

Here we discuss the time evolution of the state when the Hamiltonian is time inde-
pendent. In this case, we can integrate the time-dependent Schrodinger equation:

H|9(t)) = ihdy|v (1)), (5.1)

to find the following solution

9(0)) = exp(— A1) |(0). (52)

This expression yields the state [1)(t)) at a latter time ¢, if we know it at some initial
time ¢ = 0.

To find the state |1)(t)) explicitly, it is useful to diagonalize the Hamiltonian oper-
ator, that is,

and, thus, to determine the eigenstates and eigenvalues. Then, we use the fact that
the eigenstates form a complete basis, that is,

> o) (dnl =1, (5.4)

n

to expand the initial state |¢(0)) in this basis, that is,

1(0)) = ch‘¢n>a (5.5)

where the coefficients C,, given the initial state |1(0)), can be computed as overlap
integrals, that is,

Chn = (9n]¥(0)), (5.6)

of the given initial state |¢/(0)) and each one of the Hamiltonian eigenstates which, as
we assumed, we have determined. Therefore, we find that
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V(1) = 3 Cexpl—1 But)[61). (57)

Thus, we have succeeded expressing the state at a later time ¢ in terms of known
quantities.

5.2 An example of time evolution

Consider a problem spanned by a basis of just two states, such as a spin-1/2 problem,
or simply a model which is designed to describe a system in which the full spectrum
is truncated and only a pair of states is retained.

In this case, the system is governed by a Hamiltonian which in the basis |1), |2) is
a matrix of the following form:

H=— (2 g) = —g6., (5.8)

where o, is z-component of the Pauli matrix to be defined in chapter 23. As we will see
later on in chapter 23, this Hamiltonian corresponds to the Zeeman term for spin-1/2,
where the magnetic field is along the xz-axis and we used the basis labeled by the spin
eigenstates along the z-axis. In such a case, g represents the product of the external
magnetic field times the magnetic moment due to spin.

Problem: Now, we wish to solve the following problem: Given that we prepare
the system to be in state |1) at time ¢ = 0, what is the probability to be found in state
|1) if a measurement is carried out at a later time ¢?

Solution:

If we explicitly determine the state [1(¢)) of the system at time ¢, the requested
probability is given by

P(t) = [ 0)*. (5.9)

Therefore, the problem reduces to determining |4 (¢)) using the discussion of the pre-
vious section.

Step 1: We need to diagonalize the Hamiltonian and determine the energy eigen-
values and corresponding eigenstates. The eigenvalues are £+ = +g, which correspond
to the following eigenstates:

) = % (1) £ 12)). (5.10)

Step 2: We need to expand the initial state in the basis formed by the above energy
eigenstates. Namely, we write

1) = al+) +81-), (5.11)
and we need to determine the coefficients o and (8, which are given as

a = (+[1), B = (=[1). (5.12)
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Substituting the expressions (5.10) for |£) above, we explicitly find that
1
B 7 (5.13)
Therefore, we conclude that
1
1) =—
=2
This allows us to find the result of the action of the time-evolution operator (5.2) on
the above state, that is,

() +1-))- (5.14)

[9(0) = s (exp(— 1) +) + exp(g)| ), (515)

As a result, we find that

S

P(t) = |(1[(t))]* = cos*(gt/h). (5.16)
In the next section, we will present the case of the time-evolution of a Gaussian
wavepacket, which is another case where the same method is applied.

5.3 Wavepackets

Consider the free particle Hamiltonian in 1D
2
2 p
H=— 5.17
=, (5.17)
and imagine that we have prepared an initial state to be a Gaussian wavefunction of
the form

1 x?
U(z,t =0) = —— exp{——= } exp (ikox) . 5.18
(2, =0) = oy espl g exp (ko) (515)
We are interested in the time evolution of this initial state under the influence of
the free Hamiltonian, which has plane waves as eigenstates. Therefore, following the
prescription of how to find the time evolution of the initial state, we expand the initial
state in plane waves, and we find

U(z,t=0) = C/ % exp{—o?(k — ko)?} exp{ika}, (5.19)

namely, in momentum space the wavefunction is a superposition of plane waves and
the probability amplitude is peaked near some momentum kg. The constant C' is
determined by the normalization condition

| =[O / ;Lk exp{—202(k — ko)2), (5.20)
™
and it is given by
C =V2(2n0?)i. (5.21)

Inversely, and to verify that we have done the calculation correctly so far, we can carry
out the integral over k in Eq. 5.19 by completing the square. This calculation should
yield the state given by Eq. 5.18.
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Now, by applying the time-evolution operator on the state given by Eq. 5.19 we
obtain:

_ dk 2 2 T2 ke
U(z,t) fo/%exp{fa (k — ko) }exp{fz%}e , (5.22)

The integral over k in the above equation can be done using the usual trick of com-
pleting the square in the sum of the exponents. We obtain

1 20%ko + iz)?
U(x,t)=C — exp (( 7 20 +z:zf) — 0'2168). (5.23)
2, /m(0? + i) 4(0% + 3)

By separating the real and imaginary parts of the exponent in the exponential we
obtain:

W(a,t) = D) exp (— (o~ ze(t)” ;&”;zg))Q)eiMm, (5.24)
re(t) = 00 (5.25)
52 (t) = 02(1 + ZES(Z), (5.26)
D(t) = CM (5.27)

o(z,t) = Fol@ — "T(?Q/ D) + g . (5.28)

Notice that x.(t) is the classical trajectory of a free particle moving with momentum
po = hko.

In Fig. 5.1 the real part of ¥(z,t) is shown as a function of = for z.(¢t) = 0, 10,
and 20 and for ky = 20, and in Fig. 5.2 for ky = 1. Notice that when the wavepacket
momentum is large, the shape of the wavepacket is preserved as a function of time and
the center of the wavepacket moves with momentum py = fiky (classical limit), while
in the case where the momentum is relatively low the shape of the wavepacket is not
preserved during the time evolution. In fact the spread of the wavepacket increases as
a function of time.

5.4 Time-dependent Hamiltonian

In this section, we focus our attention on the more general case where the Hamiltonian
depends explicitly on time. This section is particularly useful for chapter 22 where we
discuss time-dependent perturbation theory.

We are interested in finding the evolution operator, that is, an operator U (t,to)
which yields the state of our system at a later time ¢ starting for the initial state at
to:

() = U(t,to) |9 (to))- (5.29)
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It is straightforward to show that U (t,to) satisfies the following integral equation:

. 1 [t .
Ult,tg) =1+ g HU W, to)dt'. (5.30)
to

In order to show this, we take the time derivative of both sides of the above equation
and we find that

ihdU (t,to) = H()U(t, to). (5.31)
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This is an equation for operators. We apply both sides of this equation to the initial
state |1 (tg)) and find that

H()[(t)) = ihdi]y(t)), (5.32)

where [1(t)) is given by Eq. 5.29 and, therefore, we have shown that the state given by
by Eq. 5.29 with U (t,to) satisfying Eq. 5.30, obeys the the time-dependent Schrodinger
equation.

The integral Eq. 5.30 can be formally solved iteratively, that is,

U(t,to) = ) U™ (t.to), (5.33)
n=0
UO (t,t9) =1, (5.34)
1 t
UD(t,to) = f/ dt' H(t'), (5.35)
ih Jy,
1 t t’
IO p—— / A H() / At H (), (5.36)
(Zh) to to

(o]

1 t t1
U™ (t,tg) = W/ dtlH(tl)/ dto H (ts)...
to 1
tn—1

« / dt, H(t). (5.37)

to

Therefore, we can obtain the evolution operator and, hence, the state |¢(t)) in any
order. This equation is also formally equivalent to the following equation:

(1)) = Te™ i IO gy, (5.38)

where the operator T is called the time-ordering operator and it acts on a product of
operators as follows:

roamn- (L) o

One can easily show by expanding the exponential, that for the nth order term there
are n! ways of arranging the operators in order to achieve a time-ordered sequence.
This cancels the 1/n! prefactor coming from the expansion and, in addition, it gives
rise to the same nested integrals as in Eq. 5.37.
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5.5 Problems

Problem 1

Consider the two-level system with Hamiltonian given by Eq. 5.8 in the basis

1) = ((1)) 12) = (?) (5.40)

We prepare the system, such as at ¢ = 0, it is in the state |1). In this chapter we
determined the probability that if we carry out a measurement after the elapse of time
t, we find the system in state |1).

a) Imagine that we repeat the measurement periodically in intervals of time extent
0T between measurements. Namely, we prepare the system in state |1) at time ¢ = 0.
Then, we carry out measurements at times ¢t = d7, t = 267, t = 307, ..., t = nd7, ....
What is the probability that the system remains in state |1) after n such successive
measurements?

b) Consider the limit d7 << T, where T' = %h. Show that in this limit the proba-
bility for the system to be continuously observed to be in state |1) decays exponential
with the elapsed total time ¢ = nd7. In particular, show that the probability is ap-
proximately given by

P(t)=e /", (5.41)
h2
t = nér, T= 7o (5.42)

Thus, the characteristic half lifetime goes to infinity in the limit where d7 — 07
Namely, the state becomes stable by continuous observation. This is the so-called
Quantum Zeno effect.

Problem 2

Consider the Hilbert space spanned by the two possible states |1) and |2) and a
Hamiltonian, which in this basis is given by the following 2 x 2 matrix

H= <_27 Zg) , (5.43)

where 7 is a real and positive number. Imagine that the state at ¢t = 0 is given as

1

[ (t = 0)) \/i(\1> +12))- (5.44)

Find the probability for the particle to be found in state |1) if an experiment is carried
out after time t.
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Problem 3

Consider Problem 1 of chapter 1 which is a three-state problem. Imagine that we
have initially (at ¢ = 0) placed the particle in position 1, that is, in state |1). What is
the probability, if we measure the position, to find the particle in state |1) after time
t?

Problem 4

a) Carry out the integral over k in Eq. 5.19 by completing the square. This calcu-
lation should yield the state given by Eq. 5.18.

b) Carry out the integral over k in Eq. 5.22 using the same trick of completing the
square in the sum of the exponents. Show that the result is Eq. 5.23.
Problem 5

Show by expanding the exponential in Eq. 5.38, that for the nth order term there
are n! ways of arranging the operators in order to achieve a time-ordered sequence.
Show that this cancels the 1/n! prefactor coming from the expansion and, in addition,
that it gives rise to the same nested integrals as in Eq. 5.37.

Problem 5

Consider the time-dependent Scrédinger equation in 1D for a time-independent
interaction potential:

ihd, U (z,t) = HU(x,t), (5.45)
. h2
H= —%83 + V(). (5.46)
Consider the transformation to imaginary time 7 = i¢, when it takes the form
—hd, ®(z,7) = H®(z, 7). (5.47)

a) Show that the formal solution to the above “diffusion”-type equation is of the
following form

O(x,7) = exp(f%ﬁgfﬁ(x,O), (5.48)

where ®(x,0) is the starting wavefunction at 7 = 0.

b) Show that in the long-time limit (7 — oo0) the normalized wavefunction ®(x, )
approaches the ground state of the Hamiltonian H above, provided that our starting
state is not orthogonal to the true ground state of H.



6
Simultaneous observables

In this chapter, we investigate when two observables, which are represented by op-
erators A and B, can be simultaneously observable. These two observables can be
simultaneously known if the operators A and B which represent them commute with
each other. If [/1, B] = 0 there is an uncertainty relationship which holds between these
two observables.

6.1 Uncertainty principle

Consider two operators A and B which do not commute; we wish to examine their
variances, that is,

(A4 = WA~ (4)[0),  (AB)* = (WI(B ~ (B)*). (6.1)

AA and AB give us a measure of the fluctuations of the possible values of the observ-
ables represented by these operators from their expectation values. We will show next
that if the system is in any arbitrary but given state |)):

AAAB 2 S|4, Bllw)]. (62)

In order to prove this we will take advantage of the so-called Cauchy—Schwartz in-
equality:

(XY < (xlx)(2l9)- (6.3)
Let us apply this inequality using as |x) and |¢) the following,

X) = (A= (A)|p) = aly),
6) = (B — (B) ) = Blv).

This leads to the following inequality:
(AAP(AB)? > |AlaBw) .
150168 — Ba)ke) + 5 {wl(ah + Balw)P
T, B P + 711 B} 7, (6.6)

A
B

where
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{6, 8} = 4B + B, (6.7)
that is, the so-called “anticommutator.” Notice that the cross terms vanish:
1 . . . R
7 LWl Bllv)(wlia, B3v)™ + (vlla, Bllv)* (I{a, B} ) | =0, (6.8)
due to the following relations:
(Wl[a, Bllv)* = <¢H57Oﬂ|¢>7 (6.9)
(Wi{a, BYHY)" = (Yl{a, B}Hv). (6.10)
Therefore, we find that
(AAP(ABY > 11(][6, Al (6.11)

This means that we cannot measure both observables with infinite accuracy. For exam-
ple, if the system is in a state which is an eigenstate of the operator fl, then (AA)? =0,
which means that we precisely know the observable A. In this case, the uncertainty
associated with the observable B must be infinite, because

(AB)? = —[(¥l[a, Bllv)[*/(A4), (6.12)

NG

As an example, consider the case where A =3 and B = Pz, that is, the z-
component of the position and momentum operators. In this case, since

(l[2,pllv) = |ih] = h, (6.13)
we immediately find that
h
AzAps 2 5. (6.14)

6.2 Commuting operators

Now, let us examine the case where the operators A and B , which represent the two
observables, commute with each other:

[/1, B} —0. (6.15)
First, we consider the eigenstates of the operator A:
A|a,n) =ala,n), n=12,., N, (6.16)

where the index n labels the different eigenstates of A which correspond to the same
eigenvalue a. Namely, N, is the degree of degeneracy of the eigenvalue «.
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To each and every definite eigenvalue «, there is a corresponding subspace S,
spanned by all the N, eigenvectors, |a, 1),|a,2), ..., |a, N). What is characteristic of
this subspace is that any vector from this subspace, that is,

Na
[Ya) =Y Cnla,n), (6.17)
n=1

is also an eigenstate corresponding to the same eigenvalue «, because

N, N,
Alpy) = Z CrA|a,n) = Z Chla,n)y = alty). (6.18)
n=1 n=1

Conversely, any state |¢,,) that we might encounter which turns out to be an eigenstate
of A with eigenvalue a belongs to S,, which means that it is a linear combination of
|a, n). Because if it cannot be written as a linear combination of just the other N,
eigenstates, that is, it does not strictly belong to the subspace S, then the degree of
degeneracy should be higher than the assumed degree of degeneracy N,,.

Now, given an eigenstate |1),) of A with corresponding eigenvalue «, the state

|Xa> = B|wa>7 (619)

Is also an eigenstate of A with corresponding eigenvalue also av. To prove it, let us apply
the operator A on this state and use the fact that the operators A and B commute:

A|Xa> = AB|wa> = BAW}OJ = aélwa> = a'Xa>' (620)

In the above we made use of the fact that Alt) = a|t)s). Therefore, the immediate
conclusion of the above is that the subspace S, is invariant under the action of the
operator B. Namely, when B acts on any vector

Na
|wa> = Zcﬁa‘aan% (621)
n=1

which lies inside S, the result is a vector which lies totally inside S:
Na
Bliba) = Cula,n). (6.22)
n=1

Since we seek eigenstates of B , and because of the above, we are allowed to demand
that:

B|’(/}a> = 5|wo¢>7 (623)

where (3 is some eigenvalue of B to be determined. Projecting both sides of the above
equation on any element |«, m) of the basis vectors which span S, we find the familiar
eigenvalue equation:
Na
> (e, m|Bla,n)CS = BCo,. (6.24)
n=1
The key point here is that there is no projection of the left-hand-side of Eq. 6.23
outside S,. This allows us to label the eigenstates of B found as solutions to the
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above equation as |, B) because they are eigenstates of the operator B and of the
operator A because they are inside the subspace S,. Thus, these two operators can
share eigenstates.

6.3 Symmetries of the Hamiltonian

Imagine that the Hamiltonian commutes with an operator P due to a symmetry. As
an example, consider the case where the Hamiltonian is invariant with respect to the
parity transformation, that is, under the transformation x — —x; then the operator
P defined as

Pi(a) = (), (6.25)

where ¢ (x) is any state of our Hilbert space, is the parity transformation operator.
In the one-body case, P commutes with the Hamiltonian when the external potential,
which is felt by the particle, is an even function of z, that is, PV (z) = V(—z) = V().
The reason is that the kinetic energy operator

. h? d?

T(x) = ———, 6.26

(@) =—5 -~ (6.26)

is also invariant under the transformation = — —x, because PT(z) = T(—x) = T(x).
In this case

[H,P]=0. (6.27)
To prove this, consider an arbitrary state ¢(x) and apply PH on it, that is,
P(Hp(x)) = H(=2)¢(=x) = H(z)(—z) = HPy(x), (6.28)
where by comparing the first and last side of the above equation, we conclude that
[P, H]yp(x) = 0. (6.29)

In the case where the Hamiltonian commutes with such an operator P, we can simul-
taneously diagonalize H and P. This means that they can share eigenstates as was
shown in the previous section for the most general case. Next, we prove this theorem
again for the particular case of the operator P and the Hamiltonian operator H.

Let us consider a particular energy level E and all the eigenstates |¢,,(z)) with
corresponding energy E,, = E. These states constitute the subspaces Sg of degeneracy
of H. These subspaces are invariant subspaces under the operation of P. This means
that when P operates on any state inside a given subspace Sg, the resulting state is
also inside the subspace Sg. To show this, let us consider such a state |¢) which is
inside S which implies that

HJp) = EJp). (6.30)

Now, the state |¢) = P|i) is also an eigenstate of H with the same eigenvalue E.
To see this let us apply the Hamiltonian on this state:
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H|g) = HPly) = PH|y) = EP|Y) = E|9),

—  Hl|¢) = E|9). (6.31)
In the second step of the above equation we have used the fact that P and H commute.
Since the state P|y) is an eigenstate of H with the same eigenvalue E, it belongs to
the subspace Sg. Therefore, when P acts on any state |¢) of Sg it produces a state
with no component outside of Sg. This means that the operator P can be diagonalized
in each of the subspaces Sg independently. To see that we can find eigenstates of P
inside such as subspace, consider as basis the states |n = 1,2,...,v) where v is the

degree of degeneracy of the level E and the dimensionality of Sg. These states are all
eigenstates of H, that is,

Hin) = Eln), — n=12 . (6.32)

The action of P on any of these states |n) gives a state inside Sg, thus, it can be
written as a linear combination of the same states,

Pln) = zy:dk,n|k>. (6.33)
k=1

With these properties at hand, we consider a state |i,) from Sg, that is,

v

[Pp) = Y cmlm). (6.34)

m=1
and we are asking if this state can be an eigenstate of }5, that is,

p|¢p> = plop). (6.35)

The left-hand-side of the equation is

174

Plig) =" en Y drmlk) =D exlk,). (6.36)
k=1 k=1

m=1

where e, k = 1,2, ...,v, are the components of a vector € obtained by applying the
matrix dy ,, on the vector ¢ with components ¢,,, m = 1,2, ..., v, that is,

ek = dimCm. (6.37)
m=1

Therefore, the eigenvalue problem (6.35) is equivalent to the following matrix diago-
nalization problem:

Z dk,mcm = PCk, (638)
m=1
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where as can be seen from Eq. 6.33 the matrix elements dj, ,,, are the matrix elements
of P in the basis |n), that is, di, = (k|P|m). Thus, the above equation takes the
familiar form

v

> (EIPIm)em = pek. (6.39)

m=1

Therefore, we can find eigenstates of P inside each of the subspaces Sg independently.
Any such eigenstate of P, must be labeled as |4, ) because, first, it is an eigenstate
of P:

Plp, E) = plp, E), (6.40)

with eigenvalue p, and, in addition, since it is inside Sg, it is an eigenstate of H with
eigenvalue F.

We can use this theorem in a useful way as follows. Since we know we are allowed
to search for common eigenstates of both operators, we first find the eigenstates of p.
This is typically easier than finding the eigenstates of H. For example, for the case
of the parity operator, which we discussed above, the eigenstates ¢,(z) of P can be
found as follows. Notice that

Poy(x) = pop(z), — P’¢p(z) = pPoy(),
= P¢,(x) = pPop(2). (6.41)

However, P2 = 1, because carrying out the transformation @ — —x twice leads to the
identity operation. This implies that

p? =1, — p ==l (6.42)

The corresponding eigenstates are:

Poy(z) =y (x), — o+ (—2) = ¢4 (2), (6.43)
that is, all the even functions of z and
Po_(x) = —¢(x), - ¢ (—z) = —¢_(x), (6.44)

that is, all the odd functions of . Thus, the approach becomes clear. Instead of looking
to diagonalize the Hamiltonian inside the full Hilbert space, we split it into subspaces
Sp, each characterized by a given value of the eigenvalue of the operator P. Namely,
for any state |¢,) from S, we have

Plép) = plép). (6.45)

We then diagonalize the Hamiltonian in each of these subspaces because they are
invariant subspaces of the Hamiltonian. In the example of the parity operator, this
means that we consider the even and odd functions separately.
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Now, if we consider all the symmetry operations of the Hamiltonian H, these
commute with H and form a group, the symmetry group G of the Hamiltonian. As in
the previous example, in this more general case also we need to find the irreducible
subspaces of the Hilbert space on which the Hamiltonian operates with respect to the
symmetry group G. These irreducible subspaces are invariant subspaces which have
no lower dimension invariant subspaces. An invariant subspace is a subspace S which
remains invariant under the operation of any element of the group G, namely, when
any element § of the group G acts on an arbitrary vector ¢’ of S the result is a vector
¥ which also belongs to S.

The Hilbert subspace spanned by the eigenstates |n) of the Hamiltonian which
correspond to the same eigenvalue E, span such an invariant subspace of G. To show
that, let us consider any element § of G, then the state |x) = g|n) is also an eigenstate
of H corresponding to the same eigenvalue, because:

H|x) = Hjln) = §Hn) = Egln) = E|x). (6.46)

Such an invariant subspace can be broken into irreducible subspaces, where we can
find irreducible representations of the group G. An irreducible representation in such
an irreducible subspace of dimension [, spanned by the [ basis vectors |I, m), is an [ x [

matrix D(l)

mm/’

(g) defined as follows:

glt,my =3"DL) (gl m'). (6.47)

m/’

The full study of this more general problem is generally discussed in a group theory
course and is beyond the scope of the present lecture notes. However, we will come
back to some useful theorems later in this book when we discuss the Wigner—Eckart
theorem in Chapter 18.

6.4 Problems

Problem 1

The momentum-space wavefunction of a 1D wavepacket describing a single particle
is given by
2

P(p) = Cexp(—ﬁj)- (6.48)

a) Find the normalization constant C'.

)
b) Using the above wavefunction show that the expectation value of p? is o2.
¢) Using the above given form for ¥ (p) find the wavefunction ¢ (z) in real space.
d) Use the real-space wavefunction 1 (z) to calculate the expectation value of 2.

e) Use your findings in the above parts a), b), and ¢) to show that

VAp?)V(z?) = g (6.49)
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Problem 2

Fig. 6.1

Consider the molecule of ammonia N Hg (shown in Fig. 6.1) which has a three-fold
symmetry rotation axis by 120°, represented in the figure as a vertical dashed-line,
which goes through the center of the N atom (represented by the black sphere in
the figure) and is perpendicular to the plane defined by the three hydrogen atoms
(represented in the figure as white spheres). The Hamiltonian describing the electrons
should, therefore, commute with the operator Ris00 which carries out such rotation
and with the operator R%QOO which carries out rotations by 240°. The Cg point group
is an Abelian group (that is, all its elements commute with each other) which contains
the identity £, Rys0e, and Rmoo Notice that ngoo = F, and, thus, the result of any
multiplication of these three elements is one of these three operators, thus, it forms a
group. Furthermore, the Hamiltonian commutes with all the elements of the C3 group.

a) Assume that we have diagonalized H and we found its eigenstates |n) and its
corresponding eigenvalues F,,.

b) Show that for any given eigenstate |n) of H, and any of the three elements of
Cs, say g, the state g|n) is also an eigenstate of H with the same eigenvalue F,,.

c¢) Show that the following three states

1
V3
where v is an integer and takes the values 0,1,2, are eigenstates of the elements of Cg
and in particular

) = == (In) + €727 Rizge [n) + =47/ By n)), (6.50)

Risge V) = eV#/3)0), (6.51)

d) Since the state [v) is an eigenstate of H, we have successfully found common
eigenstates between any of the g and H.
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Continuity equation and
wavefunction properties

In this chapter, we discuss the continuity equation and continuity properties of the
wavefunction and its spatial derivatives. In addition, we introduce other theorems
which are useful for calculations, such as the variational theorem.

7.1 Continuity equation

By imposing that the total probability to find a particle is normalized to unity, that

is,

/ddr\\y(m? _1, (7.1)

we imply the following conservation law: The particle must be somewhere, it cannot
disappear, that is, we imply the particle number conservation.
A conservation law can be expressed mathematically by a continuity equation:
dp = =
—+V-J=0, 7.2
2+ (7.2)
where p is the density of the conserved quantity, which in our case is the probability
density, that is,

p(7t) =[O (F 1), (7.3)

and J is the conserved quantity density current, which in our case is the probability
current density. This is to be determined by our equation of motion: the Schréodinger

equation.
The continuity equation in its integrated form is expressed as
oP(V - =
( ):—/ J-dS, (7.4)
Pv) = [ dhuop, (7.5)
1%

namely, P(V) is the total probability inside the volume V (see Fig. 7.1). We have used
Gauss’s theorem to convert the volume integral over the divergence of the current into

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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Fig. 7.1

a surface integral over the surface S which binds the volume V. This equation tells us
that the rate of change of the total probability to find the particle inside the volume
V equals the probability flow out of the volume through its surface.
All of the above are general statements, and in order to make them useful for our
case, we need to determine J. We begin from Schrédinger’s equation:
oY (7,t)

HU(F,t) = ih———~ .
(7, t) =ih pTat (7.6)

and we multiply both sides by ¥*(7,t)

DU (7, 1)
at

Then, we subtract from the above equation its complex conjugate to obtain the fol-
lowing equation:

U* (7, ) HU (7, t) = ihW* (7, t) (7.7)

A(T* (7, 1)U (7, 1))
ot '

The left-hand-side, using the familiar non-relativistic form for H, can be transformed
to:

U* (7 ) HU(F t) — U(F, ) HU* (7, t) = ik

(7.8)

U (F ) HO (7 t) — U (F, t) HU* (7, t)

_ (\1/*(1? HV2U(F,£) — U (7, 1) V2T (7, t))
2m b ) ) )
= —ihV - J, (7.9)
with J given by
7 h‘ * [ = — — * [ =
J= %(\1} (F)VU(F 1) — U(7, 1)V (r,t)). (7.10)

Notice then that we have derived the continuity equation, with J given by the above
expression.



46 Continuity equation and wavefunction properties

This is the expression for the probability current density J of non-relativistic par-
ticles. We can multiply both sides of the continuity equation (7.2 by a factor of m
(the mass of the particle) and then define the mass density as p,, = mp and the mass

current density as T = mJ. Then, the continuity equation expresses the conservation
of mass.

7.2 Conditions on the wavefunction and its derivative

Imagine that the potential has a discontinuity at a certain point x = a as shown in
Fig. 7.2. This is very typical in problems in which a piecewise potential is given to
solve. The wavefunction needs to be continuous and single-valued at = = a, namely,

U(zr=a—-0)="(r=a+0). (7.11)

If a discontinuous wavefunction were to be allowed, we would be in the absurd position
where we could not assign a unique probability to that point in space.

Vix)

Fig. 7.2

What is the condition on the derivative of the wavefunction? Let us consider the
Schrédinger equation in 1D:

2282\11(1;,&

0V (x, 1)
o2m Ox? ih

+ V(@) ¥ (1) = ih—p =, (7.12)

and integrate both sides from a — € to a + €.

2 a-+te 2 a+e
P dgcM —|—/ dzV () (x,t)
a

2m Jo_. Ox? e
a a-+te
= zha/ dx¥(z,t). (7.13)

The first term gives

h? (G\I/(a—ke,t) 6\If(a—e,t))
Oz oz '

- (7.14)
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We want to consider the limit of € — 0. In this limit, the above term becomes

h? ;0¥(a+0,t) 0¥(a—0,t)
_%( Oz ; ox )’ (7.15)

namely, the difference between the right and left derivative at x = a. However, the
integral of any function f(z), which is finite at « = a, that is,

lim " daf(z) = lig% 2ef(a) = 0. (7.16)

e—0 J,_¢

This implies that the right-hand-side of the equation (7.13) vanishes. Furthermore, if
the potential V' (z) is finite at * = a, the second term of Eq. 7.13 vanishes also. This
leads to the conclusion that the difference between left and right derivative, that is,
the term given by Eq. 7.15 must be zero also:

0¥(a+0,t) 0O0¥(a—0,1)

= . 1
ox ox (7.17)

This conclusion, however, is incorrect if the potential V(z — a) — oo. For example,
let us consider the case where

V(z) = Xo(xz — a). (7.18)

Then, the second term in the Eq. 7.13 for any finite ¢ becomes

/a+€ dazV (z)¥(z,t) = AVU(a,t). (7.19)

Therefore, the entire Eq. 7.13 yields

O¥(a+0,t) 9V¥(a—0,t) 2mA¥(a,?)
Oz oz N h? ’

which means that the derivative of the wavefunction is not continuous at x = a in this
case and the above is a cusp condition on the derivative of ¥(z,t) at z = a.

In a different case where the potential is infinite on the right of = a, then, while
U(a + 0,t) is zero, because otherwise the expectation value of the potential energy
would be infinite. In this case, Eq. 7.13 yields no specific condition on the difference
between left and right derivative of the wavefunction at z = a.

(7.20)

7.3 Non-negative kinetic energy expectation value

For any state |¥), suitable to describe a physical system, the expectation value of the
kinetic energy operator is non-negative. Namely,

52
<\I'|§—m|\ll) >0, for any |¥). (7.21)

To prove this statement is straightforward, if we notice that the norm of any |®) is
non-negative, that is,
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(®|P) = /dx|<I>(x)|2 > 0. (7.22)

We can apply this, using for the state |®) the following state
|®) = p|¥), (7.23)

where, p is the momentum operator and |¥) is the state of the physical system. There-
fore, we conclude that

(U|p?| W) > 0. (7.24)

This theorem implies that for any state |¥) suitable to describe a physical system, the
expectation value of the Hamiltonian

(U[H|) > (U[V|¥), (7.25)

where V is the potential energy operator. A weaker statement which follows from the
above inequality, is that the energy of the system is bounded from below by the lowest
value of the potential energy function.

7.4 Variational theorem

The variational theorem can be stated in the following way:
The energy eigenvalue equation

H|U) = E|U), (7.26)

is equivalent to the Euler-Lagrange equation of the following variational problem:
Determine the state |¥) which yields zero variation of the expectation value of H
under the constraint: (¥|¥) = 1, namely

5 .
2 _((w|H|w) — A \I/\If—l):(), 7.97
sy (D) = Awle) - 1) (7.27)
where A is a Lagrange multiplier, by means of which we take into consideration the
normalization constraint.

The above variational problem leads to the following Euler-Lagrange equation:

H|W) = \|D). (7.28)

Namely, the Lagrange multiplier plays the role of the energy eigenvalues.
For those readers who are not familiar with functional derivatives, we can prove
this by putting the Schrodinger equation on the lattice, as was done in chapter 1.
Using as a basis the states |n) labeled by the lattice sites n, we can write the
general state as

N
(@) = bln). (7.29)
n=1
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The Hamiltonian becomes an N x N matrix and the eigenvalue equation (7.26) above
takes a simple matrix-vector multiplication form:

N
(n|H|m)n, = B, (7.30)

m=1

which is a system of N equations.
Now, consider the function defined as follows:

f(d]lanw 7¢N7¢T7¢;7' 7¢N) <\II|H‘\II> (<\Il|\:[l>_1)

= 222 vntnlBlm) b~ A3 i~ 1) (7.31)

We can treat ¢, = u, + iw, and ¥, = u, — 1w, as 2N independent variables.
One might think that the real and imaginary parts of these 2V variables are related,
however, there the following 2N independent variables, w1, ug, ..., uy and wi, wa,
..., wy. We can, therefore, think of going to the 2N variables ¢,,,n = 1,2,.., N and
son=1,2,..,N as a transformation which also yields 2/NV independent variables.
Requiring that the above function f is stationary with respect to variation of any
of the ¢ variable, that is,

af(d’lﬂ?% ---JPNJPTJ#S’ sy ka)

=0 7.32

o , (732
leads to the following set of IV equations

> (] H[m)pn, = M, (7.33)

m

which is the same as Eq. 7.30, with the identification of A with the energy eigenvalue.
If we choose to make f stationary with respect to variations in ,,, we will obtain
the N equations which correspond to the complex conjugate of the above equations.

7.5 Practical use of the variational theorem

From the previously derived eigenvalue problem it is straightforward to conclude that
given an arbitrary trial state |¥r) which depends a number of parameters, say, «, 3, ...,
and which is normalized, that is, (U7 |¥r) = 1, the expectation value of the Hamil-
tonian, Ep = <\IIT\£T |Tr) yields an upper bound to the ground-state energy for all
values of these parameters a, [, ...

It is useful to obtain a lowest upper bound to the ground-state energy of a system,
because this gives us more information about the ground-state energy. For example,
suppose that we want to find out if a system of interacting particles is bound; if, using
a suitable ansatz for the ground-state wavefunction we find that Ep < 0 (and E7p is
measured from the energy of the particles at infinite separation from one another),
that is, an upper bound to the ground-state energy of the system is negative, this tells
us that the system is necessarily bound.
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A detailed example of the applicability of the variational theorem is given next.
Consider the case of the harmonic oscillator with the Hamiltonian

H=T+V, (7.34)
- h? d? N

and let us take as a trial state the following Gaussian wavefunction:

Yr(x) = Ce ", (7.36)
After normalization the constant C' is given in terms of A as
20\ i
C = (—) ' (7.37)
7r

Then, we can easily compute the expectation value of the Hamiltonian with this trial
state because it involves Gaussian integrals. First, the potential energy expectation
value is given as

~ S 1
(V) = (WrVIgr) = ome*(Wr|a®|¢r), (7.38)
oo 5 1
(@?) = (Yrl|2®|yr) = IC\z/ drz?e™ " = o (7.39)
- 1 mw?
V)=35— (7.40)
Similarly, the expectation value of the kinetic energy operator is given as
. . 1 .
(T) = (Wr|TlYr) = %<¢T|p2|¢T>7 (7.41)
. . o g? 9% 2
(0*) = (Wrlp*lYr) = IC’IQ/ dve ™ (—hQ@ Az7)
S (7.42)
. DY
(T) = o (7.43)

Therefore, the expectation value of the Hamiltonian with the trial state which we
considered is given by
R2A 1 mw?
Er(AN)=—+-
(V) 2m + 8 A
If we minimize the above expectation value with respect to A, we will find the lowest
upper bound to the ground-state energy:

(7.44)

OET () B R mw?
B\ h=xo =0, —  -—— =
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We have discarded the solution Ag < 0 because it leads to an unphysical, non-
normalizable wavefunction. Substituting the “optimal” value of the variational pa-
rameter A = )¢ in the energy expectation value and the trial wavefunction, we find
that

Br() = \o) = %hw (7.46)
Dr(h = Ao) = (%) e Bra®, (7.47)

As we will find out in chapter 11 this is the exact ground-state energy and wavefunc-
tion! Therefore, one of the things that this calculation tells us is that if we can guess
the form of the ground-state wavefunction we will obtain the exact parameters.

Notice that there are two “opposing” terms: The kinetic energy increases with
increasing A, while the potential energy decreases with decreasing A. Fig. 7.3 demon-
strates that while these two terms have “opposing tastes,” the sum of the two is to
be optimized and this yields a “compromise” solution, which is the minimum of the
total energy. The reason for the “opposing tastes” of these two terms is simply the
following. The potential energy is minimized by having the particle localized at the
potential minimum allowing for no quantum fluctuations of the position. Because any
fluctuation of position from the minimum will raise the potential energy. However, a
localized wavefunction, such as a Gaussian peaked at = 0 with zero standard devi-
ation, leads to an infinite kinetic energy because the kinetic energy operator, that is,
the second derivative, measures the curvature of the wavefunction, which is infinite at
z=0.

This can be shown also by the fact that the expectation value of the kinetic energy
is proportional to the variance of the momentum, that is, (Ap)? = (p?) — (p)? (notice
that (p) = 0 here, and take a look at Eq. 7.41), while the expectation value of the
potential energy is proportional to the variance of position, that is, (Az)? (notice
that (Z) = 0 here, and take a look at Eq. 7.38). These two quantities work against
each other because of the uncertainty principle which sets limits of the value of their
product. In fact using the results found in this calculation, we find that for the case
of the Harmonic oscillator potential:

(dp)(aw) = 7. (7.48)

Namely, the Harmonic oscillator attains the minimum possible combined uncertainty.

In general we will not be able to guess the exact form of the wavefunction. So, in
what way is this variational principle useful? If we can write down the approximate
form of the wavefunction in such a way to correctly describe the important features
that the true wavefunction should embrace, we will obtain a closer result to the exact
one. For example, let us consider the case where the potential is very repulsive in one
region; the form of the wavefunction should be such that it is smaller in that region,
and a variational parameter which describes the degree of how small the wavefunction
is in that region should be introduced which should be allowed to take its optimal value
by the variational approach. Furthermore, this lower value of the wavefunction, in the
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Fig. 7.3

region where the potential is large and positive should not occur two quickly (in space)
because the kinetic energy term (which measures the curvature of the wavefunction) is
going to grow large. The final best “compromise” is going to be made by the optimizing
power of the variational approach.

The variational approach has been used to approximately solve a number of prob-
lems in many-body quantum mechanics. It will be used in chapter 26 to derive a
mean-field solution to the interacting multi-electron atomic problem, namely the so-
called Hartree—Fock approximation.

7.6 Problems

Problem 1

Consider the electron in the hydrogen atom with a Hamiltonian of the form

2 2
L vy (7.49)

2m r

Consider a trial function of the following form
Yr(r) = Cexp(—r/N). (7.50)

(a) Find the normalization constant in terms of the parameter A.
(b) Calculate the expectation value of the Hamiltonian using the above trial state.
(c) Minimize the expectation value of the Hamiltonian with respect to A.

(d) Compare the optimum solution with exact ground-state energy and wavefunc-
tion of the hydrogen atom.
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Problem 2

Consider the 1D harmonic oscillator with the familiar Hamiltonian

0= = 51
dexQ—l—zmwx (7.51)

Now consider the following trial wavefunction for its first excited state.
o(z) = Az exp(—Az?). (7.52)

(a) Find the normalization constant A.

(b) Calculate the expectation value of the kinetic and potential energy.

(¢) Minimize the total energy expectation value with respect to the parameter .

(d) Compare your answer for the energy and wavefunction to the exact answer of
the first excited state of the Harmonic oscillator.

Problem 3

Consider a 1D problem with the Hamiltonian

- n? d?

= o — Vod(a), (7.53)

where Vy > 0. We will solve this problem exactly in the following chapter and the
ground-state energy is

__mlg
o= -8, (7.54)
with a corresponding wavefunction which can be cast in the form
vo(x) = VEexp(—klz]), (7.55)

2m| B
k=/ h|2°|. (7.56)

Now, assume that you have not solved the problem exactly and because the potential
is attractive at x = 0 you want to use a trial wavefunction of the Gaussian form:

Yr(x) = Cexp(—Az?), (7.57)

which has its peak at z = 0.
(a) Determine the constant C' for the above to play the role of a trial wavefunction.
(b) Determine the optimum value of A and the minimum energy.
(c) How does the energy compare with the exact expression above? Is it lower,
higher, and why is this so?



8
Bound states in one dimension

In this and in the following chapter, we review an important part of undergraduate
material, namely, solving for bound states and for scattering in 1D for the case where
the potential is constructed from different constant values in various regions pieced
together.

8.1 Square-well potential

Vix)

INNY
RS

il

Fig. 8.1

In order to illustrate the general method of solving for bound states in 1D, where
the potential is constant in various regions pieced together, we consider the square-well
potential shown in Fig. 8.1:

0 r < —3
Vie)={ -V -4 <e<s . (8.1)
0 r> 3

Since we are considering bound states, that is, states with energy less than the
energy of the particle at infinite distance from the potential, we need to take

—|VI|<E<NO. (8.2)

The lower limit is due to the theorem which we proved in chapter 7 that states that
the total energy is greater than the lowest value of the potential.

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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In this type of problem, we consider each region in which the potential is constant
separately. We find the wavefunction in each of these regions, and then we require the
wavefunction and its derivative to be continuous at the boundaries (see discussion in
chapter 7). In addition, the wavefunction has to behave well at infinity. Namely, it
should vanish as |z| — oo, in order to have a normalizable state.

Region I: The Schrodinger equation in this region is

h? d*y(x
T _ gy (a), (3)
with general solution

2m|E|

2
This region includes —oo, therefore the wavefunction ¥ (x) must vanish as  — —oo.
This requirement forces By to be zero, and so the most general wavefunction satisfying
this boundary condition is the following:

Yr(z) = Arek”. (8.5)
Region II: The Schrodinger equation in this region is
R )
2m  dx?

where, because of the constraint (8.2) on the energy, E+ |V| > 0 and, thus, its general
solution can be written as

Yr(x) = A" + Bre ™™,k (8.4)

= (E+|V])¢rr(z), (8.6)

2m(E + |V))
B2

If we take into consideration the symmetry of the Hamiltonian, that under the parity

transformation x — —z the Hamiltonian remains invariant, we can use the technique

discussed in chapter 7 of looking for simultaneous eigenstates of the Hamiltonian and

the parity operator. In this case we will write the solution in Region II as

[ A cos(K'x) even
wM@{&mﬁmom}'

This approach, at the technical level, simplifies our life a little. It does not mean that we
have to follow this approach. The problem can be solved (with some additional pain)
using the wavefunction given by Eq. 8.7. When there is a symmetry of the Hamiltonian,
it is always to our computational advantage to take it into consideration. When I was
grading exams and in homework problems, I noticed that students were making the
following common mistake. Imagine that we shift the origin such that the potential is
not centered at x = 0 but we take:

1/}]](:17) = Arr COS(]{I/I) + By sin(k’x), K= . (87)

0 z <0
V(z)=< —|V|0<z<a,. (8.8)
0 T >a

In this case, one does not have the right to separate even and odd states with respect
to z = 0. Still, there is a “reflection” symmetry of the Hamiltonian, but it is with
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respect to the new center of the potential, that is, xg = a/2; namely, the potential
remains invariant under the transformation: x — a — z. Therefore, if one wants to take
this symmetry into account, one should separate the solutions into A, cos(k'(x —a/2))
(“even”) and A, sin(k'(x — a/2)) (“odd”).

Region III. In this region, the form of the Schrodinger equation is the same as in
Region I. Therefore, we write the general solution in Region II as follows:

Yrrr(z) = Arpre®™ + Brire™*, (8.9)

where k is the same as in Region I. Now, this region includes +oo, therefore, A;;; =
0, and so the most general wavefunction satisfying this boundary condition is the
following:

$rir(x) = Brre . (8.10)

Now, since we are considering the even and odd functions separately because of the
symmetry of the potential, we must have that

Brrr = A, even,
BI][ = 7A[, odd. (811)

These relations simplify the algebraic problem significantly. However, remember: if
the origin of the potential is shifted, as discussed previously (Eq. 8.8), then one has
to keep both terms in Eq. 8.4 and in Eq. 8.9 and then impose the condition that the
even should map to each other and the odd should have opposite sign with respect to
the transformation x — a — x, such that they can be even or odd with respect to the
new center.

Now, we need to apply the boundary conditions for the continuity of the wavefunc-

tion and its derivative at x = —a/2. For the case of the even functions we find:
1/11(—g) = 7/111(—%), — Are %% = A, cos(k'a/2), (8.12)
1/)',(—%) - w’,,(—g), — Arke /2 = A k' sin(K'a/2). (8.13)

Since we have separated the solutions into subspaces of even and odd, the boundary
condition at © = a/2 does not yield additional information. If we decide to solve
the problem without taking this symmetry into account, then we need to start from
Eq. 8.7 and without the constraints given by Eqgs. 8.11. In this case we have two more
unknowns; however, the boundary condition at = —a/2 provides two additional
equations.

Now, by dividing Eq. 8.12 and Eq. 8.13 we find that

k =k tan(k'a/2). (8.14)
Similarly for the odd case we obtain:

k= —k cot(k'a/2). (8.15)
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These equations can be solved graphically. Let us consider the even case for illustration.
It is convenient to change variables and rewrite Eq. 8.14 as follows:

tan(z) = f(z), f(z)= (@>2 -1, (8.16)

T

ka m(E + |V])a? m|V|a?
— — ~ - 7 = . 1
T onz 0 0T a2 (8.17)

As illustrated in Fig. 8.2, in order for a solution to exist, the two curves, that is, the
tan(z) and the monotonically decreasing function f(x), should intersect at a value of
x < g because f(x) turns into an imaginary number for z > xg.

10 T

7 % & 1

Fig. 8.2 The red lines are some of the infinite number of branches of the tan(z) func-
tion. The blue line is the function f(z). The intersections of these two curves are
the solutions to Eq. 8.16. Notice that for the chosen value of xy = 7, there are three
solutions depicted as x1,x2, and x3 in the graph.

Therefore, for a given value of z there is a limited number 1,4, = [%2] +1 (here,
[2] stands for the integer part of z) of possible solutions and if xo < m, there is just a
single bound state. Let us examine what happens in the opposite limit, that is, when
xo >> 1, or when

\%4 —. 8.18
Vs> =2 (5.19)

When z¢ >> 1, there are many solutions for x such that f(z) ~ z¢/x. When zo/z —
oo we have that tan(z) — oo and so, x — 7/2. In this case we can write z = 7/2 — §
where § << 1 and, thus, tan(z) ~ cot(d) = 1/tand ~ 1/6. Therefore, Eq. 8.16
becomes
s 1
~— = z~—(1--). 8.19
52g v gl=") (8.19)

~

=— =

To_ %o 5
x  7m/2-=4

SN
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Using Eq. 8.17, this leads to the following value of k£’ and energy eigenvalues:

s 1
~—(1-— 2
b l(- ), (8.20)
h2m? 1
0

which is the result for the infinite square-well potential plus a correction due to finite
V1.

8.2 Delta function potential

Here we consider the case of an attractive delta function potential of the form
Viz) = -Vud(z), (8.22)

where Vy > 0, as illustrated in Fig. 8.3, and we are interested to find bound states
with E < 0.

I II

~V,5(x)

Fig. 8.3

To solve this problem, we also separate the space into Regions I and II as shown
in Fig. 8.3.

In Region I where the Schrédinger equation has V(z) = 0 and E < 0, the wave-
function can be written as

Yr(z) = Age™, (8.23)

2m|E
k =1/ hL | (8.24)

As in the square-well potential which is our previous problem, we have excluded the
term proportional to e *® because it does not behave well in the z — —oo limit.
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Similarly in Region II the wavefunction can be written as
L/J[[(CC) = A]]Bikw, (825)

and the k is the same as in Region I.
Boundary conditions at x = 0.
a) The wavefunction must be continuous

Yr(0) =¢r(0)  —  Ar=Am. (8.26)

b) The cusp condition on the derivative of the wavefunction. As we discussed in
chapter 7, if we integrate both sides of Schrodinger’s equation from —e to € and we let
€ — 0, we find the cusp condition (7.20) on the derivative of the wavefunction which
in our case reads:

M1 (+0)  0Yr(=0) — 2mVpips(0)
or oz m (8:27)

On the left-hand-side we need the function at x = 0; since we have imposed the
continuity condition ¢;(0) and ¢7(0) are equal and, thus, it does not matter whether

we choose 17(0) or ¥7(0) in the above equation.
Combining Eq. 8.26 with Eq. 8.27 we find

m| Vol mV§
E=- .
2 on2
Notice that the minus sign was added by hand because the first equation involving k
yields only the magnitude of E through Eq. 8.24.

k:

(8.28)

vy
wix)
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X

Fig. 8.4

Notice that there is a single bound state. In addition, notice that this is an even
function due to the continuity of the wavefunction at x = 0 and the fact that A; =
Arr # 0, otherwise the wavefunction would vanish everywhere.
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We can compare the results for the square-well potential with the results of the
delta function potential in the case where we consider the limit of a — 0. We need to
take the limit @ — 0 in such a way that we keep the product |V|a = |Vj| a constant.
As a result in this limit the square-well potential becomes the delta function potential
given by Eq. 8.22.

In this limit the square-well potential ground-state energy is obtained as follows.
First in the limit of @ — 0, V' = lim,_,0 Vo /a — oo and, thus, the equation for k" yields

m|Vola
Kaj2—/ TR (8.29)

which, by holding Vj to be a constant, becomes infinitesimal in the limit of a — 0.
Thus, tan(k'a/2) — k’a/2 and the eigenvalue equation for even eigenfunctions reduces
to

2 meo m[Vola m|Vel
= — E| = . 8.30
\/ h? h2a 2hr2 2l 2h2 ( )
which is the same result obtained for the delta function.
From the normalization condition on the wavefunction we find that
2‘A1’11|2/ G_ridl‘ =1 — A[J] = \/E (831)
0

The wavefunction is plotted in Fig. 8.4 along with the ground state of the square-well
potential for comparison. On the left, the wavefunction of the delta function potential
is schematically drawn. Notice that the wavefunction is a decaying exponential on
both sides, positive and negative, of the z-axis with a cusp at x = 0. On the right
part of Fig. 8.4 the wavefunction of the square-well potential is also schematically
plotted. Notice that it is also a decaying exponential outside the region of the attractive
potential, while in the region of the attractive potential the ground state is the even
function cos(k’z), with k’a — 0, which matches the decaying functions at the z = +a/2
boundaries as shown schematically in Fig. 8.4. Thus, for any finite a, there is no
discontinuity of the derivative of the wavefunction.

8.3 Problems

Problem 1

Consider a particle in the 1D potential given by

oo <0
Viz)y=< 00<z<a p, (8.32)
V zxz>a

which is illustrated in Fig. 8.5. In the limit of V' — oo the ground-state wavefunction
of this potential is given by
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V(x)

A)S 11 1SN0AENNNENEANENENNNENENANRNRNY

Yo(z) = \/gsin(kox), (8.33)
: (8.34)

and the ground-state energy is

21.2
Ey = ko (8.35)

2m

a) Find the equation for the energy E of bound states in this potential.

b) Provide a schematic graphical solution for the energy eigenvalues which correspond
to bound states.

¢) Based on your understanding gained from the above schematic graphical solution,
argue that in the limit of very large potential step V', that is, when E/V — 0,
the wave-number k = v/2mFE /h which corresponds to the ground state is close to
7/a (the case of V' — 00) and more specifically,

ka ~ 7 — e, (8.36)

and € — 07 as V — oco. What is the leading term of € in the large V' limit?
d) Determine the ground-state wavefunction, inside the classically forbidden region,

that is, when E < V, including the normalization constants, in the leading order
of i, where \g = v2mVa/h.
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Problem 2
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Fig. 8.6

Consider a particle in the 1D potential given as

oo x| >b
Viz)=<V |z|]<a ) (8.37)
0a<l|z|<b

which is illustrated in Fig. 8.6. We would like to study the large V limit of this
potential. In the infinite V' limit, the problem reduces to that of two infinite square-
well potentials separated by a distance 2a. However, for a finite but very large V', (that
is, V' is much larger than the energy E of the ground state), the tunneling rate between
the two zero-potential sides of the well is small and the particle can be thought of as
being in one of nearly two degenerate ground states |1) and |2), corresponding to being
localized in the left or in the right well, respectively, each with energy Eq = h%k2/(2m)
(where kg = 7/(b — a), in this case).

a) When V is finite but large compared to Ejy, find the wavefunctions of the two
states |1) and |2) in the leading order in E/V, by applying the findings of the
previous problem.

b) Having found the two localized states |1) and |2) in leading order in E/V, consider
these two states as the only states spanning the space of your problem. In such a
case you can write the Hamiltonian H of your system

n* a2

in the basis of these two states, as a 2 X 2 matrix

hll h12
) 8.39
(/m h22> (8:39)
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where the matrix elements h;; are the matrix elements

hij = / dw () Fpy ), (3.40)

between the wavefunction v;(x) corresponding to the states |1) and |2) which you
found above.

Calculate the above 2 x 2 matrix. Make sure that the wavefunctions ¢4 (z) and
1a(x) are centered around the correct part of space within the potential well.

c¢) Diagonalize the above matrix and find the eigenstates and eigenvalues. What is
the energy difference between the two energy eigenvalues.

d) Assume that the particle is in state |1) at time ¢ = 0. What is the probability for
a particle to tunnel from state |1) to state |2) at a later time ¢?

Problem 3

Now consider the potential shown in Fig. 8.7, that is,

-Vo<]|zl<b
Viz)=< 0 b<|z|<a (8.41)
oo, |z|>a

where V' > 0.

Vix)

RS N
RS N

|
Q

|
(e
o
(ep)
>

Q

Fig. 8.7

a) Find the equation that determines the negative energy eigenvalues.
b) Provide a graphical solution for the energy eigenvalues.
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Problem 4

A particle of mass m is under the influence of a 1D potential of the form
V(z) = V((S(ac —a)+d6(x+ a))7 (8.42)

where V' < 0.

a) What is the wavefunction for a bound state with an even parity?

b) Find the expression that determines the bound-state energies for even parity states,
and determine graphically how many even parity bound states there are.

c) Solve for the even parity bound state analytically in the case where m|V|a/h? <<
1.

d) Repeat parts (a) and (b) for odd parity. For what values of |V| are there bound
states?

e) Find the even and odd parity state binding energies for a >> h%/m|V|. Explain
physically why these energies move closer and closer together as a — oo.

Problem 5

A particle of mass m is under the influence of a 1D potential shown in Fig. 8.8,
that is, of the form

o, Jal > a (8.43)

V(z) = { ~V(2) 0 < |z < a}

where V' > 0. More simply the particle is in an infinite square well with a delta function
at the center of the well.

Vi(x)
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Fig. 8.8
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a) Find the equation that determines the negative energy eigenvalues.

b) Provide a graphical solution for the energy eigenvalues.

c) In the large a limit, that is, when ¢ = h?/(mVa) << 1 show that the ground-
state energy is given by

K2 k(2)
2m’

E= (8.44)

where kg to first order in € can be approximated by

1
ko ~ — 8.45
0 CL€7 ( )

Namely,

mV?
E= T (8.46)

Problem 6

V(x)
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Fig. 8.9

A particle of mass m is under the influence of a 1D potential shown in Fig. 8.9,
that is, of the form

Viw) = {va(x) 0< |z| <a} (8.47)

0, |z| > a

where V' > 0. More simply the particle is in an infinite square well with a delta function
at the center of the well.

a) What should be the sign of the energy eigenvalues in this case where V' > 07?
Find the equation that determines the energy eigenvalues.
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b) Provide a graphical solution for the energy eigenvalues.
c) In the limit of a very weak delta function potential, that is, when € = 2mVa/(wh?) <<
1 show that the ground-state energy is given by

h2 k2
E=_2 4
s (5.49)
where kg to first order in € can be approximated by
koa ~ g + e (8.49)

d) Provide a schematic drawing of the ground-state wavefunction. Explain how it
behaves near z = 0.

Vix)
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Problem 7

A particle of mass m is under the influence of a 1D potential of the form (see also
Fig. 8.10)

oo <0
Vio<z<a
0,a<z<b
oo x>b

V() = (8.50)

where V' > 0.

a) Find the equations that determine the energy eigenvalues for the case where 0 <
E<V.

b) Find the equations that determine the energy eigenvalues for the case where E >
V.
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¢) Consider the limit V' — 0 in both case a) and case b) above. Which one of the two
cases leads to a possible solution which is the same as the solution for the energy
eigenvalues as the infinite square-well potential of size b (that is, the same as in
Fig. 8.10 with V' = 0)? Explain why only one of the two leads to the correct limit.
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Scattering in one dimension

In this chapter we investigate the case of scattering in 1D. First, we consider simple
examples; we analyze the case of tunnelling, and the analytic structure of the scattering
amplitude. We also discuss the concept of a resonance.

9.1 Step barrier potential

Consider an incident particle represented by a plane wave in Region I which scatters
against the potential shown in Fig. 9.1. In what follows we are considering the case
where E > 0. However, we have two separate cases to consider: 1) £ < V and 2)
E >V, where V is the size of the energy barrier.

As in the case of bound states, our strategy starts with separating the regions
where the potential remains constant.

a) First, we consider the case where £ < V.

In Region I, the wavefunction is written as

) s 2mFE
Yr(x) = Are™™™ + Bre ™ k= 2 (9.1)
We keep both coefficients A; and Bj different from zero and the interpretation of the
e~ term is that it represents a reflected wave.
In Region II, the Schrodinger equation takes the form

2 &)

o gz = B V), E-V <O, (9.2)

which has a solution of the form:
Yir(z) = Arre™*'®, (9.3)
YT 08

The other solution e*' is excluded because it diverges as x — 4o00.
Boundary conditions at = 0: The wavefunction and its derivative must be con-

tinuous:

¢r(0) =1r(0) = Ar+ Br = Ay, (9.5)
¥7(0) = 47,(0) — ik(Ar — Br) = —k'Apy. (9.6)

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.
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Here, we are only interested in finding the ratio of the coeflicients as opposed to the
coefficients themselves. From the above two equations we find that

Arqr 2ik
— = . 9.7
Ajp ik — k' (07)
The Barrier penetration probability is given by
oo oo , 1
P :/ da|iprr(x)] = |AH|2/ e = |AH|227€,~ (9.8)
0 0

We can measure the total penetration probability relative to the incident flux of par-
ticles. The probability current density of the incident particles can be calculated using
the expression (7.10) and is given by

hik
Jo = —|A[% (9.9)
m

Therefore, the penetration probability relative to the incident particle flux is propor-
tional to

P m |A[[|2 - hk h

== == . 9.10
Jo  2RkK A[2 TV \Jam(V - E) (9:10)

This is proportional to the scattering cross-section using the analysis discussed in
chapter 19. In 1D the reflected wave (scattering angle # = 180°) and the transmitted
(scattering angle 8 = 0°) waves are parts of the scattered wave using the scatter-
ing geometry which corresponds to the 3D case. Notice that the relative penetration
probability diverges as £ — V.
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Now, let us examine the wavefunction in the classically forbidden region. It decays
exponentially from the point of entrance in the classically forbidden region (x = 0)
within a characteristic length A\ given by

A= =} (9.11)

Notice again that as £ — V —, the penetration depth A — oco.

Is the conservation of energy violated in this case? How do I reconcile this with
the uncertainty principle?

b) Let us now examine the case where £ > V.

Region I: the wavefunction in this region is the same as in the previous case where
E <V, that is, it is given by Eq. 9.1.

Region II: In this case the Schrodinger equation is given by Eq. 9.2, with the
difference that £ —V > 0 and thus

2m(E -V)

Grr(x) = Ape™ 4+ Brre™ ™, k= =

: (9.12)

However, we need to set By; = 0 because we do not have a wave coming from +oc0.
Application of boundary conditions at « = 0 yields:

A1+BI:A]], (913)
ik(A; — Br) = ikApr. (9.14)

Therefore, in this case we can define the transmission amplitude ratio as:

A]] 2k
T=—= = 9.15
Ar k+k (9.15)
and the reflection amplitude ratio as:
By k—k
R=—= = 9.16
Ar k+k (9.16)

9.2 Tunneling

Here, we wish to study tunneling of an incident particle, represented by a plane wave,
through the square barrier shown in Fig. 9.2. We consider the case where the energy
E of the incident particle is less than the height V' of the barrier.

In Region I, the solution to the Schrédinger equation is the same as in Region I of
the previous problem, which is given by Eq. 9.1.

In Region II, the energy FE is less than V', therefore the solution can be written as

2m(V — E)

Yrr(z) = Ajre ™ 4+ Brreb'®, K = =

. (9.17)

In this region, in general we keep both solutions because neither +oo nor —oo is
included in the region.
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V(x)

Fig. 9.2

In Region III, the acceptable solution is of the form
Grrr(x) = Arrre’™, (9.18)

because by our initial condition there is no particle coming from +o0.

Notice that the origin of our axis could be shifted to make this potential symmetric
under parity transformation. In this case, however, while parity is a symmetry of the
Hamiltonian, our initial conditions are such that it breaks this symmetry of the parity.
Namely, the particle comes from —oo and “part of it” goes through the barrier traveling
to the positive direction of our axis. As a result the symmetry of the Hamiltonian under
the parity transformation is not useful in this case.

Let us now apply the boundary conditions at = 0:

¢r(0) =11(0) = Ar + Br = Arr + B, (9.19)
$7(0) = ¢71(0) — ik(Ar — Br) = k'(=Arr + Bir). (9.20)
Furthermore, application of the boundary conditions at = = a yields:
wll(a) = 1/1111((1) — Ajjeikla + B[]@k/a = AIHeika, (9,21)
Wi(a) = iy (a) — K (Arre™* — Brret'®)
= ikAret*e. (9.22)

We can solve the system of Eq. 9.21 and Eq. 9.22 for A;; and By in terms of Aj; to
find that
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kK —ik
AII - 2k’ e(lk+k )aA][], (923)
E' 4k in_iya
BII = 2k’ 6( k=K A][]. (924)

We can solve the system of Eq. 9.19 and Eq. 9.20 for A; considering A;; and By as

knowns to find that
ik — K ik + K
A = A Byr. 2
I i T =+ i U (9.25)
Therefore, using the above and Eqs. 9.23 and 9.24 we find that

k2 _ kl2
2kk’

Ap "
_ _Zezka|:

sinh(k'a) + icosh(k'a)] . (9.26)
Arrr

The relative transmission probability is given by

B AIII‘Q B 1

T —
Ap

(9.27)

= 73 .
1+ 4E(V—E)sinh?(k’a)

In Fig. 9.3 T(E/V) is illustrated. Notice that as E — V'~ the transmission probability
is finite and given by
1

mVa? "’
1 + 2h2

T(E = V") =Thas = (9.28)

9.3 Attractive square-well potential

We consider scattering of a particle with energy £ > 0 from the potential well shown
in Fig. 9.4.
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As usual, we separate in regions where the potential is a constant; in the present
case we need to consider the three regions indicated in Fig. 9.4 as I, II, and III where
the wavefunction is given as follows:

. | omE
Uy (z) = Are™*® 4 Bre=* = 4/ ’;‘2 : (9.29)

\I/H(l‘) = A[[@ik/m + B[]@iik,m, (9.30)
2m(E+V

K = % (9.31)

Uppr(x) = Arrre™™. (9.32)

Notice that we have not centered the potential at = 0 in order to make it symmetric
under the transformation x — —z. The reason is that this symmetry is not useful
because the wavefunction of the incident and transmitted wave breaks this symmetry.
We have assumed that there is an incident particle from the left of the square well,
part of it is reflected back and part of it is transmitted through the well. As part of
the statement of the problem, we have assumed that there is no wave coming from the
right of the well, thus, our imposed condition on the wavefunction breaks the inversion
symmetry which we took advantage of in chapter 8.

Next, we apply the boundary conditions of the continuity of the wavefunction and
its derivative at x = 0 and x = a:

Ur(0) = ¥(0) = A+ Br = Apr + B, (9.33)
U (0) = W), (0) — kA — kB = K' Ay — K Bip, (9.34)
Uri(a) = Urrr(a) — Ape™® + Brre=i'e

= Aqrre™, (9.35)

tr(a) = W (a) = K Ape®'s — k' Brre=ita
= ke (9.36)
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The system of the last two equations, that is, Eq. 9.35 and Eq. 9.36, can be solved to
find A;; and Byy in terms of Ajyg:

1 k. . /

A= 5(1 -+ ?)el(kik )aA[[], (937)
1 k. . /

B[[ = 5(1 — y)ez(lﬁLk )aA[][. (938)

Similarly from Eq. 9.33 and Eq. 9.34 we obtain:

1 K 1 K

Ar= 50+ A+ 51— B (9-39)
1 k 1 k

Br =51~ 25)An+ 51+ ) B (9.40)

By substituting the expressions found for A;; and Bj; in the above equations, we
obtain:

A[ o ]. k/ k i(k*k/)a
Ty~ Al P e

v _ My ji(k+EKE)a
+ 1= )= e } (9.41)

The ratio of the amplitudes of the transmitted wave to the incident wave is given by
expression

A —ika
= Aur © . (9.42)

Ar cos(k'a) — (& + E)sin(k'a)

S(E)

9.4 Poles of S(E)

In several diverse areas of physics we carry out scattering experiments to find out
information about the properties of the target, such as in the case of scattering from
a static 1D square-well potential, we can find information about the shape and bound
states of the potential. The particles which are scattered by the target have positive
energy, that is, they are unbound, thus they provide direct information about the
scattering cross section for E > 0. Bound states in any attractive potential correspond
to a state of the particle with negative energy relative to its energy at infinite distance
from the potential. Is it possible to use the information obtained from the transmission
probability T(E) for E > 0 to characterize the region of £ < 0 where there may be
bound states?

It turns out that the analytic structure of S(E) contains a lot of information about
the potential of the target. In order to reveal this information, we need to analytically
continue this function of E to the entire complex plane of E. First, we show below
that the poles of S(F), on the negative real axis of the complex E-plane, are at the
bound state energies.
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The poles of S(E) are the solutions of the equation:

= Lk K
cot(k'a) = 5 (k’ + 2 ) (9.43)
This equation can be transformed using the trigonometric identity
1 1
using for 20 = k’a. This leads to the following equation for the poles:
1 vk K
r = tan(k'a/2). (9.46)

This is a quadratic equation for x with solutions

K k
which lead to the equations This is a quadratic equation for x with solutions
ktan(k'a/2) = —ik’ (9.48)
k' tan(k'a/2) = —ik. (9.49)

By analytic continuation to E < 0, these equations become the same to those obtained
for even and odd parity bound states in the case of the same square-well potential.

Conclusion: When we analytically continue S(E) to the complex E-plane, the poles
of S(E) on the negative E-axis are the bound states of the potential.

9.5 Resonances
The relative transmission probability, that is, T(E) = |S(E)|? is obtained as

sin?(k'a) =1
T(E)=[1 ] 9.50
E) =" mvarem (9.50)
T(F) can be expressed as a function of the dimensionless quantity
2mEa?
€= (9.51)

and it is illustrated in Fig. 9.5 as a black solid line in the range of 0 < € < 200, for the
case where the only other dimensionless variable in the problem

2mVa?
h2
is equal to 100. Notice that the transmission probability becomes unity at specific

values of the energy. These are the so-called resonances. The resonances occur when
sin?(k’a) = 0, that is, when

¢ = (9.52)
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Fig. 9.5 Each of the resonance peaks of the transmission probability for the square-well
potential are approximated by a single pole.

Ka=nm, (9.53)
or equivalently, at € = ¢,,,, where
€n = n’m% — ¢. (9.54)

In order to have a resonance we need to have ¢, > 0 which implies that the lowest
energy resonance for given value of V' is

Tomin = [\/g} t1 (9.55)

and for the case of the graph in Fig. 9.5 this means that n,,;, = 4.
Near a resonance, that is, when the quantity § defined below, which is a measure
of the deviation from resonance, that is,

d=kKa—nm, (9.56)

is a small quantity, it is straightforward to show that we can approximate 1/S(FE) up
to linear order in the quantity

de=€—ep (9.57)

as follows:

|e=en56) (9.58)

and to linear order in de, we took
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cos(v/ € + ¢) = cos(v/ €, + ¢) = cos(nm) = (—1)". (9.59)

In the above, we have neglected terms of order (6¢)?. As we will see later, this is not
going to lead to a good approximation. We do it here because many textbooks do it,
but we will show that it is actually incorrect.

If we define
v AlVare T Ve oc T |
then, S(€) takes the following form
S(e) = (—1)"6_““727/ (9.61)

de +1iv/2

and ~y can be calculated to be

2,2 /55 _
7:8n7r /AT ¢ (9.62)
2n2w2 — ¢
and to show the above we have used the relation given by Eq. 9.54.

The transmission probability T'(¢) can be calculated using Eq. 9.61, which leads to
a Lorentzian approximation for T'(e), that is,

(0/2)?

1O = Gz + (/22 (9:63)
and we have plotted it for values of € near the first and second and third resonance
peaks in Fig. 9.5. Notice the disagreement in the width of the peak. What is the reason
for the disagreement?

The reasons are the following:

1) First, the expansion which we carried out above, where we only kept up to linear
terms in Je, is valid as long as |de| << 1. However, using the above solution, we find
that near the pole, de = iv/2, and, thus, for the expansion to be valid being near the
resonance peak is not sufficient; we need to also have a very sharp resonance, that is,
v/2 << 1. The expression for v in Eq. 9.62 indicates that for most values of ¢, this
condition is not satisfied.

2) The approximated form for 1/5(¢) leads to the inverse of the Lorentzian expres-
sion for 1/T(e). This expression is quadratic in our expansion variable de. However,
when we approximated 1/5(e) we only kept terms which were correct only up to linear
order in the variable de. If our intention is to ultimately approximate a quantity such
as 1/T(e) to order (6€)? correctly, we need to make sure that we do not leave out any
terms in the expansion in powers of de which, when we take the absolute magnitude
of S(e€) to compute T'(¢), give contribution to the coefficient of (d¢)2. For example, if
we expand cos(v/e + ¢) near the resonance, we obtain

1
cos(+/€+ @) = cos(nm) (1 - W(&e)z), (9.64)

and the square of cos(v/e + @), needed in the expression for T'(¢), will have a term
of order (J¢)?. On the other hand, we do not need to worry about expanding the
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Fig. 9.6 Each of the resonance peaks of the transmission probability for the square-well
potential are approximated by a pair of poles, with negative imaginary parts.

imaginary part of the denominator in the expression (9.42) beyond terms linear in Je,
because in the absolute magnitude of S(e) any term beyond the linear yields higher
than second order.

We combine the two factors, that is,

e iha 1 iy /2
S(e) = 9.65
(€) cos(nm) 1 — W(dé)z de +iv/2 (9.65)
which leads to
S(e) = —— — 8(”2”)2 . (9.66)
cos(n) (§¢)2 + i%& — 8(nm)?

Here we have neglected terms of order 3. Now, we find the poles of the above expres-
sion:

(2(nm)? — ¢) (2(nm)? — ¢)?
0y = —i——2——""t + | ————— + 8(nm)2. 9.67
+ ) — o (nm)2 — ¢ (nm) ( )
As a result S(e) can be written as
B 1 8(nm)?
S = = Costam) Be =0, ) (e =) (9.68)
which implies that the correct way to approximate T'(¢) near the peak is
64(nm)?
T(e) = . .
(&) = Ge =5, 70 =3 T2 (9.69)

This is shown in Fig. 9.6.
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9.6 Analytic structure of S(F)

In Fig. 9.7 the analytic structure of S(F) is schematically illustrated. As discussed, if
analytically continued to the entire complex E plane, S(E) has poles on the negative
real axis, which represent the bound states. It has a branch cut along the positive real
axis and this is associated with the multi-valued function: f(E) = +/E. In addition,
there are poles at E = En — i7/2 where E, > 0 and v > 0, and these poles represent
the resonances. The closer these poles are to the real positive axis, the longer lived the
resonances are. This is so because in the next section we will show that the lifetime of
a resonance is 7 = ii/7.

N ImE
Bound states Re E
PR Branch cut ‘
[ ]
[ ]
Resonances d
Fig. 9.7

9.7 Meaning of the resonance

In practice an experimentalist prepares the incident wavepacket with a distribution
of k near some k( as discussed in section 5.3. Thus, the incident wavepacket is of the
following form:

Uz, t=0)= /%Al(k:)e“m. (9.70)

The transmitted wavepacket is of the following form:
dk —Z ikx
- / ALR)S(B) e hEWE, (9.71)

where E(k) = h?k*/(2m). We can change our integration variable from k — E, using
the transformation F = h?k?/(2m). We find that:

Urrr(z,t) = m [ dE A;(k(E))

_ — LBt ik(E)a
2] 2 kB S(E)e"n"% , (9.72)
where k(E) = \/2mE/h2.
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Let us assume that we are dealing with a very sharp resonance. In this case we can
approximate S(F) by a single pole, that is, using Eq. 9.61 and this may be true in a
case of a very sharp resonance. In such a case the integrand is sharply picked near the
resonance and the integral above for W ;(x,t) can be approximated as

Ar(k(E, i .
Urrr(z,t) = cos(mr)gzlk((én) ) e~ T Enteik(En)(z—a)

b /2 — (BB}t i(K(B)~k(Bn))(o—a)

— 2 ntet nINE=A) 9.73
/27r (E— B, +il/2" ¢ (0.73)

and this is so because of the fact that the integrand is sharply peaked near £ = E,,,
we have taken all other slowly varying functions of E outside the integration and we
evaluated them at £ = E,,. Now, we can further simplify this integral by noting that
for E near E,,

K(B) ~ k(B = B2 (B~ )
= wEy B (9.74)

This approximation allows us to write the integral in Eq. 9.73 in the following form:

©dE T2 g

/_OO o B+ i02¢ (0.75)
m

¢ = (B (x —a) —t, (9.76)

and the new integration variable is E/ = E — E,,. Because the integrand is only non-
zero very near the resonance, the integration limits can be extended to be from —oo
to +o0.

E —plane LR

\ -
ir2

Fig. 9.8 Left: Contour C; chosen for the case where £ > 0. Right: Contour Cs chosen
for the case where £ < 0.

Depending on the sign of the real parameter £ above, the contour of integration can
be extended to include the semi-circular path illustrated in Fig. 9.8. If £ > 0, we can
choose the integration path illustrated on the left part of Fig. 9.8, the contribution
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of the added semi-circular arc is zero, because along this path the imaginary part
E; of the integration variable E' = E, + iE; is positive and, therefore, the factor
ernB'é = e Eilei Bré hecomes exponentially small and negligible along this part of
the integration. Thus, we can write

e3¢} / ; . / ) i
/ dE'_iL72 _ ipe =]{ A5 L2 e, (9-77)
w 2m E'+il/2 c, 2m B +il'/2

The integration along a closed path is the sum of the residues of the poles of the
integrand which are enclosed by the path. However, the integrand has only one pole
at —iI'/2 and this lies outside the integration contour. Therefore, the integral in the
case of £ > 0 vanishes.

On the other hand, in the case where £ < 0, we cannot close the contour as
before, because the contribution of the added semi-circular part does not vanish. We
can, however, add the semi-circular part shown in the right part of Fig. 9.8. The
contribution of this part vanishes for £ < 0. Therefore, the integral of our interest in
this case becomes

o 21 E' +il/2 o, 2m B +iT/2
r re

= —5 ep(3). (9.78)

Therefore, the wavefunction in Region III takes the form:

0, £E>0

rrr(x,t) = {Ce—;;Enteik(En)(x—a) exp(—Tt), € < 0} : (9.79)
The condition £ < 0 means that v,t > a, where v,, = hk,/m, that is, the “classical
velocity” of a particle moving with a momentum #k,,. Thus, the wavefunction in Region
IIT becomes non-zero after an elapse of a time which is required for the wavepacket to
cross the region of the potential well. After this time the wavepacket is approximately
a traveling plane wave apart from a decaying envelope with a characteristic decay time
of the order of

= (9.80)

This characteristic timescale plays the role of the resonance lifetime.

9.8 Problems

Problem 1

Find a complete set of equations and unknowns which determine the scattering
amplitude S(F) for scattering from the following potential:
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\
\
NS

(9.81)

Problem 2

Show explicitly all the steps leading to Eq. 9.69 starting from Eq. 9.50 for the
transmission probability for scattering from the 1D attractive square-well potential.

Problem 3

Consider scattering of a particle with energy E > 0 from the following attractive
delta-function potential

V(z) = —\o(x). (9.82)

(a) Find the scattering amplitude and compare the result with that obtained in this
chapter for the attractive square-well potential in the limit where a — 0 and V' — oo
in such a way that Va — .

(b) Find the bound states by analytic continuation to £ < 0.

(c) Are there resonances?

Problem 4

Consider scattering of a particle with energy E > 0 from the following attractive
delta functions potential

V(z) = A6z +a) + 6(z — a)). (9.83)

(a) Find the scattering amplitude S(E).
(b) Study the resonances of S(E) as was done in this chapter for the case of the
square-well potential.
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Periodic potentials

In this chapter, we explore the consequences of the translational symmetry of a periodic
potential, namely, we consider a single particle under the influence of the following
Hamiltonian:

N ﬁz

H= om +V(z), V(z+a)=V(zx), (10.1)
that is, the potential is periodic with a period a.

In addition, we are going to consider periodic boundary conditions, that is, that

after IV steps of translations by a we go back to the same spatial position, that is,
x+Na — x. This means that we have the topology of the circle considered in chapter 1.

10.1 Bloch’s theorem

The case discussed above is a particular example of the more general case of a symme-
try group of the Hamiltonian. The symmetry group is a group with elements operators
which commute with the Hamiltonian. In general this problem requires knowledge of
group theory and how to find the so-called irreducible representations of the group.
In the present case, the group consists of translations T, by a finite amount a and
because the group is essentially the Abelian U(1) group, the problem becomes rather
simple and we will do it here.

Let us define the operator T}, which carries out translations by a when acting on
any arbitrary function ¥(x):

To(z) = ¢Y(xz + a). (10.2)
We can easily show that
[T,, H] = 0. (10.3)
This can be shown by operating with T,H on any function t(x)
To(H(2)) = Hi(x + a) = HT (). (10.4)

The second step above is obtained by using the facts that V(z+a) = V(z) and that the
kinetic energy term is also invariant under such translations because of the following:
d d d d

dz+a)dz+a) drvdr (10.5)

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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The fact that the operators H and T, commute means that we have the “green-
light” to go ahead to look for shared eigenstates. Following the strategy discussed in
chapter 7, we first look for eigenstates of Ty, that is,

Touor(x) = Apa(z). (10.6)

Since we are considering periodic boundary conditions, we must require that after N
such steps we must go back to the same spatial location. This means that

TYoa(@) = MWoa(@), = dale+Na) = AVgx(a), (10.7)
and, since ¢x(z + Na) = ¢ (z), we obtain:

AV =1, 5 A=¢"e k= 2—7Tm, m=0,41,42, ... (10.8)
Na
Namely, A is the Nth root of unity and there are exactly N different such roots, or
solutions to the above order-N algebraic equation. Therefore, we need to restrict the
value of N in the so-called first Brillouin zone, a concept which has already been
discussed in chapter 1.
Now, let us consider eigenstates of H:

Hip,(2) = Epton (). (10.9)

If ¢, (x) is an eigenstate of H with corresponding energy eigenvalue F,, = E, then the
state xn(z) = Totn(z) is also an eigenstate of H corresponding to the same energy
eigenvalue because

— Efun(a) = Exa(a) (10.10)

In fact any power of T}, acting on ¥n(x) yields an eigenstate of H with the same
eigenvalue F,, = FE. Namely, the state

is an eigenstate of H with the same corresponding eigenvalue E,, = E. This means
that the energy level with energy F is at least N-fold degenerate.
This means that we can make the following linear combinations:

N-—-1
U (@) = 3 em M, (x + la), (10.12)
=0
27 N N
= < - )
k Na 5 Sm< (10.13)

These N different states are simultaneous eigenstates of H and T,. First, they are
clearly eigenstates of H because each of the NV states which participate in the linear
combination is an eigenstate of H with the same corresponding eigenvalue E. This
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means that if we apply H on this linear combination, each state will produce itself
and the same factor £ which can be factorized from all the other states too.
Why are they eigenstates of the operator T;,?

N-1 N-1
Taql,i")(x) = e AT by (z + la) = Z e~ klay, (x4 la + a)
1=0 1=0

zZ

=Y e MY (@ 4 V)
I'=1
N

etha Z ey (z +1'a), (10.14)

=1

where I’ is defined as I’ = [ + 1. Now, the sum over I’ is from 1 to N. However, the
Nth term ¢, (z + Na) = ¢, (), that is, it is the same as the Oth due to our periodic
boundary conditions. In addition, the factor e=**Ne = ¢=#27™ — 1 which is also the
same factor when I’ = 0. Therefore, the states given by Eq. 10.12 are also eigenstates
of T, with corresponding eigenvalue e?*®:

1,0 () = e*oul™ (). (10.15)

Now, we are ready to state Bloch’s theorem: Common eigenstates of H and T, can
be written as:

(" (2) = e*ru(M (z), (10.16)

where u;n)(x) is a periodic function, that is,

ul (@ +a) = ul” (@), (10.17)

with period a.
This can be proven immediately by considering the function

ul™ (z) = e u™ (1), (10.18)

and showing that it is a periodic function with period a. This is obvious by means of
the property given by Eq. 10.15.

10.2 The Kronig—Penney model
Consider the periodic potential shown in Fig. 10.1, which has period a, that is,
V(z+a)=V(z), (10.19)

and within a period —a +b < x < b, it is given as

Vo for —a+b<z <0,
V(a:)—{o for  0<z<b } (10.20)

We are interested to solve this problem for 0 < E < V.
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V(x)

Vo _—
I II 11
X
— _ 0
a a+b b a 2a
a !
Fig. 10.1

In Region I (—a +b < = < 0), where V(x) = Vjp, the solution to the Schrédinger
equation for F < V{ can be written as

2m(Vy — B)

¥r(z) = Are?® + Brre 1%, ¢ = 2

(10.21)

In Region II, (0 < x < b) where V(z) = 0, the solution to the Schrédinger equation
can be written as

Yrr(z) = Arre'™ + Brre "%, g = R (10.22)

The solution in the other regions of this periodic potential are related to the above
simply by Bloch’s theorem. For example, the wavefunction and its derivative in Region
I above are related to the wavefunction in Region III as follows:

Yrrr(x) = ¥r(x — a)e*® oy (x) = ) (x — a)e™, (10.23)

where k is Bloch’s index which is limited inside the first Brillouin zone and it is due to
the periodic symmetry of the potential. Using the above expression, we can compute
the wavefunction and its derivative at © = b+ ¢ (e — 0) in terms of the wavefunction
in Region I above.

Now, we are able to apply the boundary conditions at x = 0 and at x = b.

The boundary conditions at x = 0 yield:

¥1(0) = ¢r1(0) — Ar+ By = A+ By, (10.24)
¥7(0) = v7,(0) — ¢'(Ar — Br) = iq(Arr — Bir). (10.25)

The boundary conditions at = b (with the aid of Eq. 10.23) yield first, the boundary
condition on the wavefunction

Urr(b) = Pr(b— a)e’™ (10.26)

leads to
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Apret® + Brre—iab = (Aleq'(b—a) + Ble—q/(b—a))

x etka, (10.27)
and the condition on its derivative:
$h1(6) = ¥4(b— a)eit (10.28)
leads to
iq(Ar7€ — Brre™') = ¢/ (A;e? =) — Bje= (b=a))gika, (10.29)

We have a system of four homogeneous linear algebraic equations and four unknowns.
Namely, the above four equations can be written as

MX = 0, (10.30)
Ap
By
X = , 10.31
Ay ( )
Brr

and the matrix M of the coeflicients is the following matrix

1 1 -1 -1
4 B A
—e—4 (a—b) ezk:a —ed (a—0) ezka equ efqu

(10.32)

_q/efq'(afb)eik:a q/eq'(afb)eika Z'qeiqb _Z'qefiqb

The trivial solution (X = 0; that is, A; = A;; = By = By; = 0) is always there.
However, we are seeking a non-trivial solution and in order to guarantee its existence we
must require that the determinant of the matrix M must be zero. After some amount
of algebra and factorization we obtain the following expression for the determinant:

det(M) = 8iqq'e™** D, (10.33)
q/2 _ q2
D= - sinhlg (a — b)] si
cos(ka) 507 sinh[¢'(a — b)] sin(gb)
— cosh[q'(a — b)] cos(gb). (10.34)

Therefore, we obtain the following equation for the energy eigenvalues

cos(ka) = IQ(I—qu sinh[q'(a — )] sin(gb)
+ cosh[q'(a — b)] cos(gb). (10.35)

This is a rather general expression and it can be specialized to the case of a periodic
array of delta functions in the limit where a —b — 0 and Vj — oo in such a way



88 Periodic potentials

Fig. 10.2

that the product (a — b)Vy — V where V is kept constant. This limit represents the

periodic potential

V)=V Z d(z — na).

n=—oo

In this limit it is straightforward to see that

2mV;
¢ =\ :
and, so the term
- . ¢*(a—b) _mV
h b)) —=—.
o sinbly'(a =) = 52—
Thus, Eq. 10.35 becomes
cos(y) = asm(gc) + cos(z),
mVa
y=ka, x=gqa, a= 2

(10.36)

(10.37)

(10.38)

(10.39)

(10.40)

This equation is solved graphically in Fig. 10.2. The solid line represents the right-
hand-side of the above equation. The horizontal lines represent the bounds of the left-
hand-side for which —1 < cos(y) < 1, thus, there are only solutions in the red-shaded
areas. As can be concluded by examining the graphical solutions, the same value of
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Energy

Fig. 10.3

y = ka can yield an infinite number of solutions for x = ga. For a given value of k,
these different solutions for x, which correspond to different values of ¢, that is, ¢; (k),
g2(k), ..., correspond to different values of the energy, say, E1(k), Ea(k), .... These
solutions form bands, that is, continuous functions of k with k ranging from —7/a to
7/a (a has been set to unity in the figures), that is, inside the so-called first Brillouin
zone. These bands are separated by energy gaps as illustrated in Fig. 10.3. The gaps
fall in the regions of x = qa, where there are no solutions because the right-hand-side
of Eq. 10.40 falls outside the [—1, 1] interval.

10.3 Problems

Problem 1

Solve the problem of an array of delta functions, that is, a periodic potential of the
form

V)=V i d(z — na). (10.41)

n=—oo

and show that the energy eigenvalues for given value of the Bloch index k are given
as solutions to Eq. 10.40.
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Problem 2

Consider the Kronig—Penney problem as described by the eigenvalue Eq. 10.35.
Assume that this describes a 1D solid with non-interacting electrons.

Assume that the electron filling-factor corresponds to one electron per delta func-
tion (that is, per unit cell of the periodic potential).

(a) Find the Fermi energy.

(b) Calculate the “Fermi velocity” defined by the following derivative,

 19E(k)

Ve = 5ok

(10.42)
when evaluated at the momentum which corresponds to the Fermi energy.

From now on, assume that the electron filling-factor corresponds to two electrons
per delta-function (that is, per unit cell of the periodic potential).

(c) What is the energy of the highest occupied state in this case? What is the
energy of the lowest unoccupied state? Find the effective mass for electrons near the
conduction band edge, that is, near k = 0.

(d) Calculate the effective mass for electrons near the conduction band minimum,
that is, near k = 0.

(e) Calculate the effective mass for holes near the top of the valence band, that is,
near k = 0.

Hint: The effective mass is defined as:

1 1dB(k)
m* h? dk?

(10.43)



11
The harmonic oscillator

In this chapter we discuss the 1D harmonic oscillator. We begin by analyzing the
conditions in which the harmonic approximation can be used. We then transform the
Hamitlonian of the harmonic oscillator in terms of “ladder” operators and find its
eigenvalues and eigenstates.

Vix)

X0

Fig. 11.1

11.1 Why is it useful?

We consider the case of the 1D potential landscape illustrated in Fig. 11.1. Any such
potential can be approximated near its minimum x = xq as follows:

V(z) = V(zo) + V'(z0)(x — z0) + %V”(wo)(m‘ —20)2+ ... (11.1)

and the linear term vanishes, because z¢ is the minimum of V'(x). Therefore, we can
rewrite the above expression as

1
V(z) = V(xg) + im(,uQ(Aac)2 + .. (11.2)
1
W2 = 1% 75132‘0) >0, Ar = x — x. (11.3)

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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Since, the constant V' (zg) can be absorbed into the definition of the zero in our energy
scale, we have obtained the harmonic oscillator Hamiltonian.

This approximation can be used, for example, to describe small oscillations of
atoms in a solid near the minimum of their interaction energy landscape. It can also
be used to describe small oscillations of atoms in molecular systems, and so on. It can
always be used to describe the motion of a particle in any rather complex potential
when its mass is rather large which may restrict the zero point motion in such way
that the term

%V"(mo)«x — 0)?) (11.4)

is small as compared to the average of the next surviving term of the expansion of V (z)
near the minimum. As we will see later in this chapter, for the harmonic oscillator

(o~ w0)?) = 20 (115)

which means that a large mass and/or high curvature of the potential near its minimum
limits the fluctuations of the position near its classical minimum.

Since, we can solve the harmonic oscillator problem exactly this can provide useful
information and insight in real systems.

11.2 One-dimensional harmonic oscillator

Let us begin from the Hamiltonian of the 1D harmonic oscillator:

2 ﬁQ 1 2,..2

We wish to find the energy eigenvalues and eigenstates:

We change variables from 2 and p to the dimensionless variables XandY respectively
to keep the kinetic and potential energy terms looking symmetric:

1 .

imw2§:2 — hwX?, (11.8)
V& 59
— — hwY=. 11.9
Sy (11.9)

Notice that we have pulled out a prefactor of hw because it has dimensions of energy,
and this makes both X and Y dimensionless operators. More precisely, we define the
transformation:

X =/ =%, (11.10)

Y= ——p. (11.11)
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This transforms the Hamiltonian to the following form:
H=hw(X?+7?). (11.12)

Namely, in units of 7w the Hamiltonian is simply X2+ Y2 and if we define the complex
operator

a=X+iY, (11.13)
and its adjoint
af =X —iy, (11.14)
because we have that
ata=X? 4+ Y2 4+i[X,Y] :X%W—%, (11.15)
the Hamiltonian is simply
H = hw(afa+ %). (11.16)
We define
N =ala. (11.17)

This will turn out to be the so-called “number operator,” but for now, it is just a
symbol in terms of which

H = hw(N + %). (11.18)

Let us figure out the properties of these operators and their spectrum. First, we can
easily show that the commutation relation

[&,p] = ih, (11.19)
leads to
[a,af] = 1. (11.20)

We denote the eigenvalues and eigenstates of the operator N as n and |n) respectively,
namely that

Nin) = nn), (11.21)
without implying anything about the nature of n. We will show next that n takes

integer values. First, it is straightforward to show that N is Hermitian. This is S0,
because

N

Il
Q>
j= 3
=
Il
—~
>
Rl
Q>
~—
i
Il
Q>
pirl
—
[=3
pirl
S~—
-

I
Q>
Q>

(11.22)
Furthermore,
(n|Nn) > 0. (11.23)

This identity can be easily shown by considering the state |¢) = a|n). For any state |¢)
it is true that (¢|¢) > 0. By immediate substitution, this leads to the relation (11.23).
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Now, the following statement is true: If |n) is an eigenstate of N with eigenvalue
n, then, a) if n # 0, the state |¢) = a|n) is an eigenstate of N with eigenvalue n — 1,
b) if n = 0, then a|n) = 0.

The proof of this statement is simple. Using the commutation relation between a
and a' given by Eq. 11.20, we can write:

R(1¢)) = N(aln)) = alaaln) = (aa ~ 1)aln)
= aN|n) — a|n) = na|n) — a|n)

= (n—1)|¢). (11.24)

Thus, we have shown that apart from a normalization constant |¢) = da|n) is an
eigenstate of IV with eigenvalue n — 1. This allows us to write:

aln) = Cpln — 1), (11.25)
where is a normalization constant which can be determined as follows:
(nlata|n) = |Cnl*(n — 1|n — 1). (11.26)

Now, we demand that (n—1[n—1) = 1, that is, we have used the symbol |n) to denote
normalized eigenstates of N, for any n. The left-hand-side is simply n because it is
(n|N|n). Therefore, we conclude that C,, = /n and, thus, we arrive at the conclusion:

aln) = v/njn — 1). (11.27)
This equation also tells us that
al0) = 0. (11.28)

In a parallel derivation, starting from proving the statement that the state defined
as |¢) = af|n) is an eigenstate of N with a corresponding eigenvalue n + 1, we can
show that

a'ln) = vVn+1jn+1). (11.29)

Now, we are equipped to prove next that: n is an integer.

Let us see what happens if n is not an integer. It is true that if |n) is an eigenstate
of N with eigenvalue n, then, |[n—1), [In—2), ..., ]n—m) are also eigenstates of N with
corresponding eigenvalues n — 1,n — 2, ..., n — m respectively. Let us keep increasing
the value of the integer m, starting from m = 1 and keeping m < n until its difference
from n is less than 1. Then, we write n = m + ¢ where m = [n] and 0 < € < 1. Then,
the state [n—m = ¢€) is an eigenstate of N with corresponding eigenvalue e. However, if
€ # 0 the state |e — 1 should also be an eigenstate of N with corresponding eigenvalue
e—1 < 0! However, this cannot be true because we have shown that (e— 1\1\7|e— 1) > 0.

What went wrong? Our assumption that € # 0, that is, equivalently, that n is not
an integer, is not true. How is the problem fixed if ¢ = 07 We can no longer repeat the
last argument above which led us to the incorrect conclusion. Namely, in this case, we



Eigenstates 95

are not able to reason that if the state |¢) is an eigenstate, the state |e — 1) = a|0) is
an eigenstate of N. The reason is that a|0) is not a state, it is the real number 0 (see
Eq. 11.28). This can also be shown from the fact that |0) is an eigenstate of N with
eigenvalue 0, that is,

N0y =0, afajo)=o0. (11.30)

The only way the last step could be true is if a|0) = 0.
_ Since the Hamiltonian is a linear function of N (see Eq. 11.18) the eigenstates of
N are the same as the eigenstates of H, that is,

|thn) = n), (11.31)

and

- 1
H|n) =M(n+§)\n>, n=20,1,2,.. (11.32)

11.3 Eigenstates

What about the eigenstates of H and of N? In addition, can we determine (z|n)?
First: |0) is the ground state and the excited states |n) can be produced by acting
on the ground state with the operator af, as follows:

1) = af|o), (11.33)
2) = af 1) = (dT)Q 0 11.34
H_EH_\@H’ (11.34)
3) = al 2) = (&T)B 0 11.35
H—EH—\@I), (11.35)

(11.36)
my = @ (11.37)

In order to determine the eigenstates in the position representation, we consider:

(2]4]0) = <m|1/%§c+iq/2njhwﬁ|0>. (11.38)

However, (z|a|0) = 0, precisely because of the fact that a|0) = 0. Therefore, a first
order differential equation will ultimately arise from the above equation as follows:

mw, . .
%<$|$|O> +1

\/772772)a”@”"()> i ﬁ(—ih%mm) =0. (11.39)

Since (z|0) = o(x) is the ground-state wavefunction, we obtain from the previous
equation the following differential equation for ¥g(x):

DT (x]pl0) =0, —
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dipo ()
dx

- _%wo(m). (11.40)

which can be integrated for 1o (z) and we find that

Po(z) = Cexp(—%ﬁ), (11.41)
and by normalizing this state we find that
mw\ 1/4
C= (ﬁ) . (11.42)

Now, how do we determine the first and higher excited states? This is simpler
than the previous step where we determined the ground-state wavefunction. The first
excited state |1) has the following corresponding wavefunction

Yi(x) = (x|1) = (zlat|0) = (a]y [ T —i pl0),

= ,/%"mm) - ,/%%moy (11.43)

However, since (z|0) = 1(z), and since we have already determined o (z), to deter-
mine 1 (x) requires a simple differentiation. The result is

d(e) =\ T yoe). (11.44)

In general for the nth excited state we find that

1 mw

where H,(§) is the nth order Hermite polynomial.

11.4 Problems

Problem 1

A particle of mass m is under the influence of a 1D harmonic oscillator (HO)
potential with a Hamiltonian of the form

~ h? d? 1 5,
__ a1 11.4
9 A2 + 5w e (11.46)
Assume that the ground-state wavefunction is a Gaussian of the form
Y(z) = Aexp(—az?). (11.47)

a) Determine the pre-factor A such that the state ¢ (z) is normalized.
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b) Calculate the expectation value of the HO Hamiltonian with the state given
above as a function of the parameter «, that is,

E(a) = ($|H|¢)). (11.48)

¢) Determine the parameter o by minimizing the expectation value E(«) with
respect to a. What is the value g at which the energy has a minimum?

d) Compare the energy and the wavefunction obtained by using the optimum value
« found above, with the exact ground-state energy and wavefunction for the HO.

e) Plot the energy expectation value E(«) as a function of . In a different figure,
plot together the potential as a function of x and the wavefunction as a function of x.
Use three different values for a, o = ag, @ = /2, and a = 2. The classical lowest
energy state is the one in which the particle is at the minimum of the potential, that
is, at x = 0, which corresponds to a state obtained as a limit of & — co. Explain why.
What is the expectation value of the Hamiltonian in this limit?

Problem 2

A particle of mass m is under the influence of a 1D potential of the so-called

Lennard—Jones form
V(z) = —46((2)6 - (;)12> (11.49)

with a Hamiltonian of the form

. n? d?
H=——+V(x). 11.50
sz V(@) (11.50)
a) Draw this potential and show that its minimum is at xo/o = 21/6.
b) Now assume that the amplitude of the zero-point motion of the particle in the
ground state is small; this assumption allows you to expand the potential near the
minimum z = xy. Show that the leading term is of the form

V(z) =V(xo) + %mwQ(x — x0)?, (11.51)

namely, there is no linear term in = — zy. What is the value of the parameter w
introduced above?
c) What is the ground-state energy of the Hamiltonian using the harmonic approxi-
mation (given by Eq. 11.51) for the potential? What is the ground-state wavefunction?
d) Calculate the expectation value

(Az)? = (thol(x — 20)[th0), (11.52)

in the ground state within the harmonic approximation (11.51).
e) Find a critical value A. for the dimensionless combination
h2
A= — 11.53
mo2e’ ( )

such that for A > A, there is no bound state.
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f) What is the value of Az /o as the value of A\ becomes the critical A.? Do you
think that the harmonic approximation could still be valid for A = A\.7
Problem 3

A 1D harmonic oscillator with the familiar Hamiltonian
— + smwz®, (11.54)

is prepared in an initial state with a wavefunction of the following form

o(z) = Az? eXp(fﬂ;—;;:cz). (11.55)

a) Find the normalization constant A.

b) Write the above initial state as a linear combination of the eigenstates of the
harmonic oscillator.

c¢) Assume that the harmonic oscillator at ¢ = 0 is in a state described by the above
wavefunction. Find the state of the system [¢(t)) at a later time ¢.

d) Show that the expectation value of 7 is zero at all times. Find the expectation
value of #2, that is, (1(¢)|22|¥(t)) as a function of time. Plot the quantity

o(t) =V (b(1)|22[¢(1)), (11.56)

as a function of ¢. Can you interpret your result?
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WKB approximation

Here we present a simple way to derive the semiclassical approximation of Wenzel,
Kramers, and Brillouin (WKB). This approximation is valid in the limit where the
external potential varies smoothly over a length-scale much larger than the particle
local de Broglie wavelength as illustrated in Fig. 12.1.

A

Vi(x)

Classical Turning

\J

X Xc

Fig. 12.1 A potential which is slowly varying over a scale much longer than the wave-
length of the particle. The wave representing the particle is schematically shown by a
wave which varies fast on the scale over which the potential changes. The dashed line
is the energy E which we are considering, and the point at x. is a classical turning
point, that is, V(z.) = E, and the region = > z. is a classically forbidden region.

12.1 The approximation

Let us consider the 1D time-independent Schriodinger equation. A smoothly varying
potential introduces smooth variations to the wavelength. The potential should vary
over a length-scale much larger than a wavelength. A local “wavelength” may be
defined as

M) = 27h _ 2mh (12.1)

p(x)  /2m(E -V (z))

which corresponds to a local “momentum” defined as

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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p(z) = /2m(E — V(x)). (12.2)

In the limit of i — 0, the wavelength A\(x) also approaches zero. In such a case
any potential appears smooth. So what we need is an asymptotic expansion of the
solutions of the Schrodinger equation in h. We will find such solutions by writing

Y(z) = et 5@, (12.3)

This is an exact transformation provided that we allow S(z) to be complex. Substi-
tuting this expression into the 1D Schrodinger equation yields the following equation
for S(x):

—8%(x) + ihS" (x) + p*(x) = 0. (12.4)
Next, we expand S(z) in powers of A, that is,
S(z) = So(x) + hSy(x) + W2 Ss(x) + ... (12.5)
and we substitute into the equation for S(z) and obtain an equation of the form
ap(x) + a1 (x)h+ ... + ap ()" + ... = 0. (12.6)

Then, by considering i as a variable which takes a continuum of values, all the co-
efficients a,(x) for n = 0,1,... should independently vanish. This way, we obtain
an infinite number of coupled equations, the first two of which (the ag(xz) = 0 and
a1 (z) = 0) are the following:

—S¢(x) + p*(z) =0, (12.7)
=250 ()81 (z) + 1Sy (z) = 0. (12.8)

If we just keep the zeroth order term above by integrating the first equation we obtain:

x

So(x) = So(x) + / p(a)da, (12.9)
o

which implies that the approximate wavefunction can then be written in terms of the

phase accumulated from zg to x as

(@) = (ag)e T o PN, (12.10)

where =+ corresponds to the right/left moving wave.

Within the full WKB approximation, we also keep the second equation in Eq. 12.8.
After substituting the solution to the first into the second equation and integrating
we obtain:

Sy (z) = Sy (0) + %m (12.11)

Therefore, the WKB wavefunctions are
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Vi (2) = (o) Z;D((x;))eié Jag e’ (12.12)

Let us discuss an interesting consequence which can be drawn from this resulting WKB
expression for the wavefunctions. The probability density |¢(z)|? is

1
2

|vh()] @) (12.13)
This dependence on the local momentum can be obtained from classical mechanics
if we consider a particle confined in some region in space. The probability to find
it between x and x + dz is proportional to the time it spends in this interval. This
amount of time is given by mdz/|p(z)|, which is exactly what the amplitude of the
WKB wavefunction yields.

12.2 Region of validity of WKB

In order for the truncation of the infinite series to make sense, which allows us to keep
the first few terms in an expansion in powers of A, we must require that

) 55 S @) (12.14)

h2 h
which leads to

[ ()]
n

A
>> |p/ (2)] — |d7~|| << 2m, (12.15)

Clearly, the above conditions are not satisfied for x near the so-called classical turning
point z, which is defined by V(z = z.) = F (see Fig. 12.1) because the momentum at
such a turning point vanishes: p(z.) = 0. The WKB approximation breaks down in the
vicinity of such turning points, as is clear from the divergence of the wavefunctions.
Exactly how close to the turning point do we need to be so that we can no longer trust
the WKB approximation?

In the vicinity of a turning point z., we expand the potential V(z) and we keep
only linear terms

V(z) =V(ze) + V' (ze)(x —xc),  V(ze)=E. (12.16)

The linearized approximation Eq. 12.16 is valid when the second order term is small
compared to the first-order term in the expansion (12.16). Namely, it is valid in the
region:

2|V (x|

Tr— 2. << —7.
= el << ]

(12.17)

In this regime where the linearization is valid we can write

p?(z) = 2m(E — V(x)) ~ —2mV’'(z.)(z — x.). (12.18)
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Using this linearized approximation near x., the condition for the validity of WKB,
that is, Eq. 12.15 becomes

h2/3

2(mV’ (xe))'/3 -

| — xc| >>
As expected as i — 0, the region where WKB breaks down shrinks.

12.3 Exact solution near a turning point

For x sufficiently close to the turning point z. the Schrodinger equation becomes

B ()

2m  da2

+ V'(ze)(z — ze)b(x) = 0. (12.20)

Vix)

Fig. 12.2

Now consider a turning point as shown in Fig. 12.2 where the slope of the potential
at the turning point is positive. Using the following scale transformation

2mV'(z.)\ 3
¢ = (T) (& — z0), (12.21)
it is straightforward to show that the Schrodinger equation takes the form
d?ey
b —o0. 12.22
. (12.22)

This is known as the Airy or Stokes equation. Its solutions are the Airy functions Ai(&)
and Bi(£). So, a general solution is of the form

¥(&) = v1(§) + ¥2(8), (12.23)
¥1(€) = adi(§),  ¥2(§) = bBi(S). (12.24)
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What we need from this problem is only the asymptotic behavior of each of the
individual solutions given by

1 2.3
Ai(§ — +00) — We*é“, (12.25)
Bi(§ — +00) — 7\/%21/4@%5%, (12.26)
and

1 2
Ai(§ = —00) = —=rerrry Sin<§|§\3/2 +7): (12.27)

1 2
Bi(€ = —00) = —=i COS(§\§|3/2 +7)- (12.28)

As will become clear, we will need to asymptotically match the WKB solution with
the exact solution of the linearized Schrédinger equation in the region where there is
overlap of the validity of the two methods.

In this limit, the first part, that is, aAi(€) of the general solution to the linearized
equation can be written

F 1o
P(z =) = % sin [ﬁ/ p(x')dx’ + % , (12.29)
Pi(z — af) = I A (12.30)
2/Ip(z)]

One may show, by carrying out the integrals above, that we obtain the asymptotic
forms Eq. 12.25 and Eq. 12.27 above.

In addition, it can easily be shown that the second part bBi(x) of the general
solution to the linearized equation can be written as:

1 [%
(e = x,) = ]ix) cos[ﬁ/ p(z)dz' + % , (12.31)
+ SEP Y e
Yo — 2)) = ——=enJec . (12.32)

VIp(z)|

One may show, by carrying out the integrals above, that we obtain the asymptotic
forms Eq. 12.26 and Eq. 12.28 above.

Now, we consider the case where the potential has a negative slope as shown in
Fig. 12.3. It is straightforward to show that using the following scale transformation

§= (%Ql(x)) ; (. — ), (12.33)

the Schrodinger equation takes the same form as before, that is, the form of the Airy
equation (Eq. 12.22).
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In this limit, the first part, that is, aAi(§), of the general solution to the linearized
equation can be written as

F 1 ., =
Yi(z— xf) = p(x) sm[ﬁ /xc p(z")dz" + Z}’ (12.34)

V1o — a7 = L ] (12.35)
2\/7 [

In addition, we can show that the second part bBi(x) of the general solution to the
linearized equation can be written as:

Yoz — xf) = ¢ cos[1 /I (z')dz' + %}, (12.36)

\/r
oz — ] ) = ﬁexp[l/ ) |p(x')|da:’}. (12.37)

V(x)

Fig. 12.3

12.4 Matching of WKB and exact solution: right turning point

We will need to asymptotically match the WKB solution with the exact solution of
the linearized Schrodinger equation in the region where there is overlap of the validity
of the two methods.

First notice that as A — 0 not only the region of invalidity of the WKB ap-
proximation near the turning point shrinks, which makes the overlap region with the
exact solution of the linearized equation larger, but, in addition, as can be seen from
Eq. 12.21, limp_,0 & — oo or —oo depending on whether we are above or below the
turning point respectively if the slope of the potential is positive. Keeping the distance
from the turning point |x — x| constant and within the validity of WKB (by letting
h — 0) we find that as h — 0, £ — 400 which allows us to use the asymptotic forms
of the Airy functions to match with the WKB solutions.
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Now, we can write the WKB solution as follows:

A Tc d !

Ywrp(x < ) = ———=sin [/ p(aj’)i + a}, (12.38)
p(z) @ h

Ywrp(r > xo) = Le_% J7e Ip(a")|da” (12.39)
Ip(z)]

Forming a general linear combination of the two solutions given by Eq. 12.12 leads to
the above expression (12.38) where the two constants A and « are to be determined
by boundary conditions: this means by matching it with the exact asymptotic solution
to the linearized equation given by Eq. 12.25. In Region II, there are also two WKB
solutions, one given by Eq. 12.39 above and another with a positive exponential which
is excluded because it goes to infinity as x — oo. While the constants A, B, and « are
unrelated within WKB, using the asymptotic match with the exact solution (Eq. 12.29
and Eq. 12.30) near the turning point, they will be constrained to be:

™

A=F, B=F/2, a= e (12.40)

and the WKB solutions become
wis(e < z.) = Ziz)sin[/:c p(x’)d%/ + ﬂ (12.41)
E bz e (12.42)

Ywrp(x > x.) = m

Now, the wavefunction has only one common undetermined coefficient F' which is to
be determined by whatever boundary condition exists on the left.

12.5 Two turning points: bound states

Here, we consider the case of the two turning points shown in the case of the potential
in Fig. 12.1 and we will call x; the left turning point where the slope of the potential
is negative and x5 the right turning point where the slope of the potential is positive.

The WKB solution for turning point x5 is the one which we have derived in the
previous section, that is,

F 2 de’
Ywrp(@ < x2) = W s {/ P(l’/)f 1 (12.43)
L e
Ywip(x > 29) = ——=¢€ "2 . (12.44)

2¢/Ip()|

For the left turning point x; we can do a similar calculation as we did in the
previous section for the right turning point. We find that:

G z /Y| dz’
Ywrp(r < 1) = ————eJ " PEIF (12.45)
Y2/l
xT d /
vwicn(e > 01) = — —sin [/x p(x/)% + ﬂ (12.46)
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Now, the solution for z > x; and the one for x < x5 should match and, therefore,
we find that we must require that

o d ! x d !
Fsin {/ p(x')% + 2] = G'sin [/ p(x/)% + % . (12.47)

This should be valid for a continuum of x values in the interval z; < = < 5. We
can satisfy this requirement by rewriting the sin in the right-hand-side of the above

equation as follows:
. 1 [* ndr 1 [ ndr' o
s[5 [0 G g [ o+ ]

vz dx’ vz d! 7
— _ @1 / _ / -
= —sin[ [ a5 [ oS- T),

1
T2 dx/ T T2 dI/ T
o " - nN_" _ -
= sm[/z p(z’) R /a:1 p(x") - 2] (12.48)

Now, because sin(¢ + mm) = (—1)™sin(¢) where m can be taken to be a negative
integer, it becomes clear that if we require that

F = (-1)""q, (12.49)

1 [*2 ™
—h/‘r1 p(z')dz' — 5 = mm, (12.50)
m=—1,-2,-3, .., (12.51)

the left and right solutions match. Finally, we can write the last equation as follows

o 1
fdw’p(w’) = 2/ p(z)da’ = 2rh(n + ) (12.52)
1
where n = —m — 1 = 0,1, 2, ..., which is the old Bohr—Sommerfeld quantization con-

dition.

12.6 Tunneling within the WKB approximation

Consider the problem of tunneling through a barrier as illustrated in Fig. 12.4 within
the WKB approximation.
In Region I, we can write the WKB wavefunction as a linear combination of an
incident and a reflected wave, that is,
ffl dz'p(z") BI

Ar ¢4 n o~ J2, dn'p) (12.53)

Y= NGO

In Region II, which is the classically forbidden region, because E < V(z) for z; < z <
o, we write the wavefunction as a sum of two exponentials

A _Llrz gy z’ B 1 (e gt 2!
) = AL PO (125
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Vix)

X, X
Fig. 12.4

In Region III, because we have no other wave coming from +oo, we write the wave-
function as

A l x I, zl
Yrrr(w) = 7%(1;)“ Joy ') (12.55)

We need to relate these coefficients. However, boundary conditions at z = x; and
x = x5 are not applicable because these WKB wavefunctions become less and less
valid as we approach these turning points.

We will use the approach established in the previous two sections, where by asymp-
totically matching the solutions with the exact solutions in the vicinity of each turning
point, we end up relating the coefficients of the above WKB wavefunctions.

We can rewrite the above wavefunctions in each region so that they acquire the
same form with the exact solutions found in the previous problem. In Region I, we
rewrite the WKB solution to have the following form:

Yr(x) = % COS(% /:1 da'p(a’) + 041>7
+ Zl(a:) sin(f% /:1 dz'p(z) + ﬂj). (12.56)

where the real quantities: ay, ay, by, B are related to the coefficients A; and By as
follows:

1 , ,

Ar =3 (ia;e_w” + bIe_ZBI), (12.57)
1 | |

B = (—m,e“” + bfe—“?f). (12.58)

Next, we apply asymptotic matching in the vicinity of x = x; with the exact
solutions of the linearized equation. We use the forms introduced in Section 12.3,
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allowing for a linear combination of an Ai(§) and Bi(§) for the general solution. This
determines the phases and relates the coefficients of the solutions in Regions I and II.
We find that

™ s

Z = — 12.
4’ 6[ 4’ ( 59)
a[:QAH, b[ :B]]. (1260)

oy =

We need to express the wavefunction in Region II using the turning point x5 as
reference, that is, as follows

/ /
AU paeen) . B ke aeipen) (12.61)

) = @ o

~

In order for the two different forms of the same wavefunction, that is, Eq. 12.54 and
Eq. 12.61, to be consistent, the coefficients A}; and Bj; should be related to the
coefficients Aj; and By in the following way:

Brr = M}, Arr = Bi/, (12.62)
A= F L palds’ (12.63)

Now, we rewrite the wavefunction in region III as

A 1 [*
Uirr(z) = |Ari] (cos(ﬁ/ p(x")da' + arrr)
p() 2

1 xT
+ isin(ﬁ/ p(x’)dx’—i—oqn)). (12.64)

2

The purpose of doing this is in order to match these WKB solutions for Regions 11
and III with the exact solution at the turning point x5. Using forms introduced in
Section 12.3 for a left turning point, we find that

™

anr = (12.65)
|Arri| = By, (12.66)
i|Arr| = 247, (12.67)

Our plan is to calculate the relative transmission probability through the barrier,
defined in the usual way as

A 2
Prrans = ||fﬁ[2 i (12.68)

In order to calculate this we need to express both |Arr7| and |Af| in terms of the
same variable and take the ratio. We choose this variable to be Bf;. For |Ajy|, this is
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achieved through Eq. 12.66 and for Aj this is achieved using Eq. 12.57 and Eqs 12.60.
We find that

1 .
A= (QiAH + Bn)e_”/4. (12.69)

Then, by combining Eq. 12.66 and Eq. 12.67 we find that iB};, = 2A4’,. Using this
relation and Eq. 12.62 we find that

1 A .
Ar=i(5 + Z)B}Ie—”/‘*. (12.70)
Therefore,
4
Ptrans = (1271)
3P
In the limit where A << 1, we find that
Pt?“ans ~\= 6_% f”:lz ‘p(w/)‘dxl. (1272)

This is the well-known WKB result for the probability for tunneling through a potential
barrier.

12.7 Problems

Problem 1

Show by carrying out the integrals in Eq. 12.29 and Eq. 12.30 that you obtain the
asymptotic forms Eq. 12.25 and Eq. 12.27 above. Show that F = D(2mhV’(z.)/+/7)"/C.

Problem 2

Show by carrying out the integrals in Eq. 12.31 and Eq. 12.32 that you obtain the
asymptotic forms Eq. 12.26 and Eq. 12.28 above. What is the common constant G
which you obtain?

Problem 3

Consider the WKB approximation for a particle in a symmetric double-well poten-
tial. Assume that the energy of the particle is below the top of the barrier.
Show that the condition which determines the energy eigenvalues is the following

T2

tan(% /I2 p(r)dr + o) = £2 exp(/ |p(z)|dx), (12.73)

1 1

where x1 and 9 are the classical turning points in one of the separate wells and « is
a constant which depends on the boundary conditions.
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Quantum mechanics and path
integrals

In this chapter we discuss the Feymann path-integral approach to quantum mechanics.
First we derive a path-integral expression for the evolution operator. While we work in
1D, the approach can be straightforwardly generalized to any number of dimensions.
Next we show that the classical equations of motion, that is, those obtained from
the least-action principle, are obtained from the path-integral formulation in the limit
where the variation in the action of the problem at hand is small compared to f. Last,
we discuss how the WKB approximation is derived from the path-integral formulation.

13.1 Derivation of the path integral in 1D

Consider a particle in 1D which is described by a time-independent Hamiltonian
H= 5 H V(@) =T+ V(&) (13.1)

We are interested in finding the probability amplitude

K (x,t;x0,0) for the particle to be in position x at time ¢ given that at ¢ = 0 the
particle was in position zg. Under the influence of the time-independent Hamiltonian
for elapsed time t, the particle is in the state

) = e~ F 1t |z). (13.2)

Therefore, the probability amplitude K (z,t; o, 0) is given as follows:
K (2, ;20,0) = (a|t)) = (ele™ ' |x). (13.3)

How do I calculate this matrix element? Let us consider the free case (H = Zf’) first,
where:
52

]
Ko(z,t; 70, 0) = <x|exp<—ﬁ§’—mt>|xo>

= [ 2 ot exp( 1 L i)

2
— [ o expl— g 2 t)alp) o), (18.4)

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.
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dp
27h

operator eigenstates. We recall that (z|p) = e#?* and we write:

where I have inserted the unit operator |p)(p|, where |p) are the momentum

dp gt (72 a0

Ko(x,t;20,0) = 57 ¢

(13.5)
Once again we are facing a Gaussian integral; we can do it by completing the square in
the exponential by adding and subtracting the square of the constant ¢ = m(z —xg)/t.
The final result is

. _m im(x — 70)?
Ko(x,t;10,0) = Dy exp[h 5 ] (13.6)

Notice that if we were working in imaginary time, we would obtain

_ I m 1 m(z — x9)?
KO(.’,C,T,QE0,0) = onhir exp {_ﬁT}, (].37)

which describes diffusion of the particle.

Now, how do we proceed if V(z) # 0?7 One straightforward approach is to assume
that we have solved the eigenvalue problem of H , that is, we found the eigenstates
|t,) and corresponding eigenvalues E,, of the Hamiltonian operator and using the
completeness relation

> [n) (| =1 (13.8)

we can write

K (w,ty0,0) = 3 ole™F ) (o)
= > e Pty (20)¢n (). (13.9)

This expression, however, requires the full diagonalization of the Hamiltonian and to
carry out the sum in the above equation which in general has infinite terms.

Here, we are going to follow Feynmann’s approach. We can break the exponential
operator in Eq. 13.3 in a product of M terms, such that M At = t, as follows:

exp(—%f]t) = exp(—%f]At) exp(—%f]At)...exp(—%ﬁAt). (13.10)

Then, we insert the identity [ dz’|2’)(z'| = 1 M —1 times between every two successive
factors above and so the expression given by Eq. 13.3 takes the following form:

i
K(x,t;20,0) = (x| exp(—ﬁHt)pcO) =
/dl?ldlfg...dl‘]\/[_l<$|€7%ﬁAt|l‘1\/1_1>

i

X (zar_1le” FEA 2 o). (a e HHA o). (13.11)
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Thus, we need to figure out how to calculate the quantity
K(zyq1,At;20,0) = (Tp41] exp(—%ﬁAt)Lrn), (13.12)

for small At. Since At is infinitesimally small, we are going to use the so-called Trotter
approximation or breakup:

exp(—%(rf’ + V)At) ~ exp(—%’f’At) exp(—%VAt), (13.13)
and the correction is of the order of O((At)?). For our purposes this approximation,

which is correct only to linear order in At, as we will see in a few steps, is going to be
good enough. Therefore, we obtain

VAPPSR i
(wnal exp(— (7 + V)AL [2n) = (@nssle” 5T a,)
x e~ #V (@Al (13.14)
and in order to obtain the above expression we have used the fact that |z,) is an

eigenstate of any function f(&) of the operator & with eigenvalue f(z,). Therefore, we
conclude that

K(xpy1,At;2y,0) =~ Ko(xpt1, At; zy,0)e” hv(‘r")m (13.15)

where we have already computed the free propagator and so the final expression is
given by

i menp—en)? o 20) A
K(me,At;xn,O):ceh[ e ) , (13.16)

and as discussed before, we have neglected terms of order O((At)?).
Therefore, the original integral (Eq. 13.11) takes the following compact form:

M—1
K(z,t;20,0) ~ C'/ H dznen”, (13.17)
n=1
Mol A
S = bm 3 Tn4l ZFnyy V(mn)]At, (13.18)
n=1
¢= [2777i5t2} ) (13.19)

In the limit of At — 0 and M — oo, while keeping the product Mt constant and
equal to the elapsed time ¢, we can formally write:
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K (z,t;20,0) = C/D[x(t)]e%s, (13.20)
§= /O [%m(%f V()] (13.21)

M-—1
Dla(t)] = lim_ IT dzn. (13.22)

t 1M-1
m } (13.23)

C= m [thMi

Notice that, now, we have replaced the ~ sign by the equal sign because the terms of
order O((At)?) make no contribution since At is infinitesimal, only the linear terms
in At survive in the exponent and lead to the integral over dt. In practice, however,
in order to calculate the above integral, which is a functional integral, an integral over
paths, one would need to go back to a the discrete number of integrals and then take
the limit of At — 0. In this process one needs to make sure that the corrections of
order (At)? are removed in a controlled way.

X(t) S A A B 2 AN B R
X ":'fffff'f'f':':":/fffffff\f/r ()

L1 t Time

Fig. 13.1

In Fig. 13.1 we illustrate the meaning of this functional integration. First, there are
M —1 integrations over x1, T3, ..., Tpr—1. These are shown by the M — 1 vertical lines
which are placed at t; = At, to = 2A¢, ..., tpr—1 = MAtL. There is nothing peculiar
or special about where we placed these z-integration axes, we just placed them at
different times to remind us that they come due to our introducing the completeness
associated with this particular x variable in this particular “time slice.” In addition,
the “time derivative” of x used in the above expression given by Eq. 13.23 is meant in
this sense, namely that in order to define dz/dt = lima_0(Zn4+1 — 2, )/ At the values of
Zpy1 and of z, should be close to each other, but they may not be. Now, the product
of the M — 1 integrals, if we also discretize each spatial integral, becomes a product of
M — 1 sums. This product can be written as a sum over all possible products of terms.
An example of such terms is shown in Fig. 13.1. In this sense we are thinking of the
above infinite product of integrals as a path integral. This is illustrated in Fig. 13.2
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where the integration variable is an entire path with fixed end points, that is, the
integration is over paths which start at ¢ at ¢t = 0 and end at z at time ¢.
As a result we can formally write the integral as follows

K (x,t;x0,0) C/x(t)_x Jer Sz (13.24)
S(ten = [ L), 3 at, (1.25)
L(a(0),(0)) = 5mi(t) ~ V(a(0)). (13.26)

Namely, the path integral is over all possible paths connecting the initial and final
position at time t. Each path contributes the same magnitude but with a different
phase. The phase is just S/, where S is the action of this path. Schematically,

z(t)=x .
K(z,t;20,0) = C Z eXp(%S(path)). (13.27)

paths:z(0)=xzq

x(t)
X » (%)
X
x(t)
0 t Time
Fig. 13.2

In simulations, the fractal dimension of the path contributing to the integral is 2,
reminding us of the fact that in quantum mechanics the velocity is not defined and if
you zoom in on any path you will find that there is more and more structure to it at
any length scale.

13.2 Classical mechanics as limit of quantum mechanics

Here we would like to take the limit of # — 0. This means the limit where £ is small
as compared to any other action in the problem, such as the integral of the kinetic
energy of the particle. So, what types of paths, subject to the constraints x(0) = xq,
z(t) = x, contribute the most to the integral in this limit?
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To make the question clearer, let us consider the contribution of two such paths
x1(t) and x5(t) to the path integral, that is,

eRSE) 4 i S(@2) — e SE1) (] 4 o7 (S(r2)=S@1))y (13.28)

Clearly, the combined contribution of two paths which differ in action significantly,
such that §S/h ~ 7, is zero. However, in the limit with # — 0, the phases of paths
with even close action wildly differ and their combined contribution will vanish. Only
paths near the extrema of S (extrema with respect to variations in z(t)) will contribute
because the linear deviations from such paths give no contribution of §.5. Thus, only
paths which make S stationary will contribute in the limit of &z — 0, namely:

0S({=(1)})

raa (13.29)

This variation under the constraints that z(0) = ¢ and z(¢t) = x leads to the Lagrange
equations of classical mechanics:

d 0L(z,&) _ OL(z,i)
d 0i Ox

(13.30)

which leads to Newton’s equation of motion for the single particle problem described
by the Hamiltonian (13.1) under consideration here:

mi = —dZix), 2(0) =20, (t) =z, (13.31)

where its solution is the classical path x(t) = z.(t) connecting the positions z¢ and x
at t = 0 and at time ¢ respectively.

The fact that the least action condition leads to the Lagrange equation of classical
mechanics can be obtained as follows. We consider small deviations in a given path
and the change this causes in the action is obtained as

K oL oL
_ ! n- . nY~
58 = /0 dt (6x(t)ax —|—6ac(t)aa,:). (13.32)

We can rewrite the second terms as follows:

oL  d oL
55 = /dt(S 7 @%)

/ ' dt, )gi ) (13.33)

Notice that the second term is the total time derivative so it is equal to the func-
tion dz(t )67 evaluated at the limits of integration. At the limits ¢ = 0 and ¢ of the
integration dz(t) vanishes because all paths are subject to the initial and final condi-
tion. Therefore, the conclusion is that the first term vanishes for all independent path

variations, which leads to the Lagrange equation (13.30).
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13.3 WKB from path integrals

First, the following equation holds between the wavefunction at t = 0 and the wave-
function at ¢:

P(z,t) = /dm’K(Jc, t; ', 0)y(x’,0), (13.34)
and this follows in a straightforward manner from the evolution of the state vector

9(0)) = exp () 1(0)) (13.35)

Because of the facts that the wavefunction is given by ¢ (x, t) = (x| (t)) and K (x,t,;2’,0)
is given by Eq. 13.3, Eq. 13.34 follows as a direct consequence of these facts.

Suppose that the system is prepared at some initial state given by the Gaussian
wavefunction

1 (x — z0)?
Y(x,0) = (@ro?)1/A eXP(—T)- (13.36)
Notice that we have chosen the constants such that
/dm|w(x70)\2 =1, (13.37)

and we shall consider the limit of ¢ — 0, when the particle can be said to be localized
at © = xg. Starting from this initial wavefunction, the wavefunction at a later time ¢
and for small o is obtained from Eq. 13.34 as

Y(x,t) = coK(x,t; 0,0), (13.38)

where ¢y = (2v/270)'/? is a constant. We have shown that in the limit where & — 0
only the classical path contributes to the path integral expression of K and, thus,

U 1) ~ exp (7 8((0)), (13.39)
S(z(t)) :/0 dt'L :/O dt’(p% —H)

x t
:/ pdx—/ dt'H. (13.40)
o 0

Since the Hamiltonian is time independent, the integral of H along the classical path
is simply the energy E times the time interval. Thus, we find that

vlant) v [

Zo

where p is the momentum along the classical path, that is, p = /2m(E — V(z)).
Therefore, we find the same phase of the wavefunction as in the WKB approximation.

Furthermore, it can be shown (see B. R. Holstein and A. R. Swift, Am. J. Phys.
50, 929 (1982)), by integrating out the quadratic fluctuations of paths near the clas-
sical path, that the amplitude prefactor is the same as the one found in the WKB
approximation.

x

pda — E(t — to)), (13.41)
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13.4 Further reading

For further reading about the path integral formulation of quantum mechanics, the
reader is referred to the classic book by Feynmann and Hibbs:

R.P. Feynmann and A. R. Hibbs, Quantum Mechanics and Path Integrals, McGraw-
Hill, New York (1965).

In addition, the book contains problems for the student to practice and applications
of path integrals.



14
Applications of path integrals

In this chapter we discuss some applications of path integrals. First, we illustrate
how their qualitative use can yield insight. As an example, we apply it to the so-
called Bohm—Aharonov effect. Then we discuss the generalization of the path-integral
formalism for the so-called many-body problem. We only treat distinguishable particles
(what we call Boltzmannons) in this chapter. We will discuss indistinguishable particles
in chapter 25. We will also discuss the formulation of quantum statistical mechanics
of Boltzmannons.

14.1 Bohm-Aharonov effect

Consider a particle under the influence of a magnetic field. In this case the Hamilto-
nian is obtained from the non-interacting free-particle Hamiltonian by replacing the
momentum 7 with p — e/ cff, where A is the vector potential, and the Hamiltonian
takes the form:

=L %E)Q. (14.1)

For the path integral we will need the Lagrangian in order to calculate the action. It
is straightforward to find the Lagrangian corresponding to the above Hamiltonian:

L= -¢— H, (14.2)

where ¢ is the generalized coordinate which is conjugate to the canonical momentum
p, that is,

0H

=" 14.
7= 55 (14.3)

However, since the Lagrangian is a function of ¢ and ¢ only we need to use the above
expression to eliminate the variable p. From the above equation we find that

A

[SIN

P=md+ (14.4)

)

and by mere substitution of this expression for p in the expression (14.2) for L we
obtain

1 . R
L= mlif® + E(j- A (14.5)

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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Therefore, we are ready to compute the action

1 ,dq  dq e
5—2 /dtdt’ dt’+ /Odtdt’A

1 dq / -
—m | 47 a7 A (14.6)
2 path dt/ path

Now, imagine that we have a “perfect” conductor shown in Fig. 14.1 which is wrapped
around a solenoid that produces a magnetic field through the conducting wire re-
stricted only to the circle shown in the figure.

path 1

path 2

Fig. 14.1

Imagine that the current enters the loop through wire at point 1 and it is extracted
at point 2. Following the discussion in the previous chapter, the total amplitude for
an electron which enters the circular wire at point 1 at time t = 0 to be observed at
point 2 at some later time is proportional to the following sum:

e%’S(pathl) _'_e%S(pathQ) — e%S(puthl) (1 +€%AS>7
AS = S(path2) — S(pathl), (14.7)

where S(pathn) is the action along either path 1 or 2. Now, we can rewrite this
difference of action as follows:

= —fffi’- dq. (14.8)
C

Notice that the kinetic energy contributions from the two paths are equal due to
symmetry and cancel. The last step above was obtained by noticing that in the line
integral along path 2 the path can be reversed which gives rise to only a minus sign
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difference. Using Stoke’s theorem we can convert the last line integral over the closed
path to a surface integral of the curl of A integrated over the area of the circular
conductor, that is,

AS:—E/Vxﬁ-d:i (14.9)
C

=2 /é .d§ = o, (14.10)
C (&

where B = V x A is the magnetic field and ® is the magnetic flux through the area
of the closed conducting loop.

Therefore, apart from a multiplicative factor (of absolute magnitude 1) the prob-
ability amplitude K for the electron to be observed at point 2 is proportional to

K~ 1+ehe®, (14.11)

and the probability is proportional to |K|?. This means that constructive interference
occurs at well-defined values of the magnetic flux, that is, when the phase in the second
term becomes a integer multiple of 27, which implies that

d = ngy, (14.12)
$o = % (14.13)

Namely, at these discrete values of the flux the electrical current will be maximum.
This was observed experimentally by Chambers in 1960 (R.G. Chambers, “Shift of an
electron interference pattern by enclosed magnetic flux,” Phys. Rev. Lett. 5, 3(1960))
and can provide an accurate measurement of the combination of the fundamental con-
stants, Planck’s constant h, the speed of light ¢, and the electron charge e, hc/e =
4.135 x 107" gaussx cm?. The effect was discussed by Aharonov and Bohm in a paper
published in Physical Review: Y. Aharonov and D. Bohm, “Significance of electro-
magnetic potentials in quantum theory.” Phys. Rev. 115 485 (1959).

14.2 The harmonic oscillator and path integrals

In the case of the harmonic oscillator we can calculate the path integral for the
Feynmann propagator exactly. Let us begin from the path-integral expression for
K (x,t;x0,0), namely:

z(t)=z ) ,
K(z,t;xo,O):/ Da(t')er =], (14.14)
z(0)=z¢
tor 1
Sla(t)] = / dt/[fm:tszmwzﬁ . (14.15)
0 2 2

In order to calculate the path integral we shift the path variable as:

a(t') = zc(t') + y(t'), (14.16)
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where z.(t') is the classical path which minimizes the action under the constraints
z.(0) = zo, z.(t) =x (14.17)

and, thus, satisfies the Euler-Lagrange equation which yields the classical equation of
motion:

Fo(t') + w?z.(t') = 0. (14.18)
The constraints on the new variable y(t') are
y(0) = y(t) =0. (14.19)

We substitute Eq. 14.16 in the action given by Eq. 14.16 and we find that

Sta(t)) = gm [t (@) + () = wlt) +u(E)?

=g /0 it [£2(1) + 9(1')? + 20 (1)
— WR@2() + () + 2 )y()). (14.20)

The first cross term can be integrated by parts as follows:

/ dt' 2. () (') = 20 (" )y(t) L=, — / dr'2i.(t)y(t). (14.21)
0 0

Now, the boundary term vanishes because of our Eq. 14.19. The two cross terms
together yield:

-m /Ot dt’ (:’éc(t’) + w2xc(t'))y(t’) —0, (14.22)

because the term in the parenthesis is the equation of motion (Eq. 14.18). Thus, the
action takes the following form:

1 t
Sle(t)] = 5m / dt’ [@3(#) —oﬂxz(t’)]
0
1 t
+ 5m/ dt’ [QQ(t') - w2y2(t')}. (14.23)
0
This leads to the following simplified form of the path integral:

K (z,t;20,0) = K(0,;0,0)en S0, (14.24)

where
Slze(t')] = /0 dt'[%mfnc(t/)z - %mw%c(tﬂ, (14.25)
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and
y(t)=0 ; ,
K(O,t;0,0):/ Dy(t)ew W] (14.26)
y(0)=0
where
¢ 1 2 1 2
Sly(t")] :/ dt’[img)(t’) —§mw2y(t') } (14.27)
0

Notice that K(0,¢;0,0) does not depend on xg or z. For our application which follows
next this is very important, and we do not need the explicit form of K(0,¢;0,0). A
rather cumbersome calculation yields:

/ mw

The calculation of the action of the classical path S[z.(t)] which is needed is straight-
forward. The most general solution to the harmonic oscillator equation of motion
(Eq. 14.18) can be written as

z.(t') = Acos(wt’) + Bsin(wt'), (14.29)
where by applying the initial and final condition given by Eq. 14.17 we find that

x — xg cos(wt)

A=z, B= (14.30)

sin(wt)
By substituting the expression given by Eq. 14.29 in the action given by Eq. 14.25 for
the classical path, and doing a straightforward integration over ', we find that

mw

Slze(t)] = 2 sin(wt)

[(mz + 22) cos(wt) — 2.%‘.’170}. (14.31)

Therefore, the final expression for the Feynmann propagator is

K(x,t;20,0) = /#;(wt) exp [%S[mc(t)]] (14.32)

14.3 Projection of the ground state

Next, we are going to apply a computational method which projects the ground-state
wavefunction from an initial trial wavefunction for the case of the harmonic oscillator.
We will make use of our result of the previous section for the Feynmann propagator
of the harmonic oscillator.

In a problem assigned in chapter 1, we discussed the following theorem. Given an
initial ansatz |®g) which has a non-zero overlap with the true ground-state |¥g) of a
Hamiltonian H, we can project the exact ground state from the state |®g) as follows:

W) = € Jim. e~ PH|Dy). (14.33)
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To prove this theorem, we just need to expand the initial state |®g) in the complete
set |¥,,) of the eigenstates of the Hamiltonian:

[Bo) = en| W), (14.34)

H

and subsequently apply the operator e~ on this state:

2 &
e PH| ) = cyePEo (|\110> + S E) ) 4 ) (14.35)
0

Notice that in the limit of 8 — oo, provided that there is an energy gap between the
ground state and the first excited state, all the terms with n > 0 in the parenthesis are
negligible as compared to the first term. Therefore, this operator projects the exact
ground-state wavefunction. Eq. 14.33 in the position representation is written as

(@] Wo) = C lim (x]e="7|®q)
B—00

=C lim [ do(z|le P2 |2\ (2| D).  —
B—o0
Wo(x) = Jim / da’ (z]ePH |2 ) Dy (). (14.36)

This theorem is the basis of a many-body computational technique which is based
on Monte Carlo simulation to obtain the ground-state wavefunction. The method is
called Green’s function Monte Carlo. (For further reading of the GFMC method, the
reader is referred to the second reference at the end of this chapter.) According to this
method one begins with a population of walkers distributed according to (x|¢g) and
then these walkers move in configuration space according to the transition probability

G(x',x,8) = <1‘|676H|Q?/> = K(z,t = —ihf3;2',0). (14.37)

At the end of a sufficiently long iterative scheme, the distribution of the positions of
walkers is proportional to the true ground-state Wy (x).

Notice that since we have calculated K (x,t;xo,0) for the case of the harmonic os-
cillator, the expression for G(z' — z, ) can be obtained by simply making the analytic
continuation to imaginary (Euclidean) time, that is, ¢t = —iA8. This is straightforward.
Using Eq. 14.32 and Eq. 14.31 we obtain

mw((x2 + 2'?) cosh(Bhw) — Zxx’)
2h sinh(Bhw) } ’

G(x',z,B) ~ exp[ (14.38)
where the proportionality constant is a function of 5, w, and m; we did not calculate it
in the previous section, because it does not depend on x or z’. In the limit of Shw >> 1,
we obtain

G(z',x,8) ~ exp [%(1‘2 + x’z)} . (14.39)
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Inserting this expression in Eq. 14.36 we obtain

To(z) = De™ 557 (14.40)
where
D~ /dx'e_ 50 g (2), (14.41)

namely, an integral independent of x, which is the overlap (¥o|®g). Thus, apart from
an unknown normalization constant, we have obtained the exact ground-state wave-
function.

14.4 Application to many-body physics

Let us consider N interacting non-relativistic particles described by the Hamiltonian

N =2
H=S"2L L S v, 14.42
Y gt V0 (14.42)
where V' (7;;) is a pairwise interaction which depends only on the distance r;; between
particles ¢ and j. Here, we will assume that while these particles have the same mass
and the interact in the same way, we are dealing with distinguishable particles. In such
a case the positions basis is defined as

|{’Fz}> = |’I?1,’I?2, ,FN> = |'F1>1|7?2>2|7?N>N7 (1443)

where the state |7); spans the Hilbert space of a the ith particle and, when in this
state, the ith particle is in position 7.

The probability amplitude such that, given that the particles were at positions f{o),

77§0)7 ey 77(18)7 at time t = 0 to be found at positions 7, 7%, ..., ¥y at a later time ¢, is

given by
K({7i} (77}, 0) = ({7ple #1177, (14.44)

In the very same way which we used in chapter 13 to derive the expression for the path
integral of a single particle in one dimension, we can show that the above amplitude
can be expressed as follows:

71 4. (70 — 7 (HerSUR M)
K ({7} {7 },0) C/Tw il;[an(t)ef : (14.45)
where the action S is given in terms of the Lagrangian as follows:

ST () = / L7} {7 (1)), (14.46)

N
S ., 1 :
L{r®}Ar®)}) = §mzf§2 = V(ry). (14.47)
i=1 i<j
This is a very useful expression in quantum many-body physics and its analytic con-
tinuation to imaginary time will be used in the following section.
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14.5 Quantum statistical mechanics

X X X X
Fig. 14.2

Within the canonical ensemble, equilibrium properties in statistical mechanics are
obtained by calculating the partition function:

Z =Y ek, (14.48)

where the summation is over all microscopic eigenstates of the interacting Hamiltonian
and FE, is their corresponding eigenvalues. Namely, this is the trace of the following
operator

Z =Tre PH. (14.49)

Since the trace is independent of the choice of the basis, we can change the basis to
the many-body basis given by Eq. 14.43 and compute the trace in a different way, that
is,

Z = /dFldFQ...dFN<{ﬂ}|e‘5H|{Fi}>. (14.50)

Now, compare the integrand with the kernel K calculated using path integrals. We
notice that the integrand can be obtained by simply going to imaginary time (also
called Euclidean time), that is, taking for time ¢ = —iT where 7 = A8 and by taking
the initial and final positions to be the same and equal to {7;}. As a result, by making
the above transformation of variables, we can express Z as follows

N
secf fosmesn,

Se{r}) = /Ow dr [%m i DY V(rij] : (14.52)

1<J
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Now, we are thinking of the particle trajectories 7;(7) as occurring in the variable 7
(the imaginary time variable), which takes real values from 0 to /3 and has dimensions
of time. Notice that the exponent of the integrand is the so-called Euclidean action
SE; Sk is no longer the integral of the Lagrangian but rather the integral of a function
of {7} and {7;}, and it is equal to the total energy of the system. In addition, notice
that the particles end up at the same position as their starting position; namely,
this is a path integral over all many-body paths which start and finish at the same
positions over which we also integrate. Fig. 14.2 illustrates these many-body paths
in one spatial dimension for three particles. Therefore, we have periodic boundary
conditions in imaginary time.

When we discuss identical particles we will see that the paths which contribute are
all the paths considered here but, in addition, paths in which two or more particles
exchange their positions at the end of their trajectory in Euclidean time.

The above expression (14.52) for the quantum many-body partition function has
become the basis for Monte Carlo simulations in quantum statistical mechanics. The
reason is that the integrand contains only real (not imaginary) quantities which can be
interpreted as sampling probabilities in a stochastic integration approach. A stochastic
integration becomes overwhelmingly more advantageous as compared to any numerical
integration method when the number of integration variables is very large. For further
reading on this, the reader is referred to the first reference at the end of this chapter.

14.6 Further reading

For further reading about path-integral Monte Carlo techniques and Green’s function
Monte Carlo method, the reader is referred to the following review papers:

1. D. M. Ceperley, “Path integrals in the theory of condensed helium,” Rev. Mod.
Phys. 67, 279 (1995).

2. E. Manousakis, “The spin-1/2 quantum Heisenberg antiferromagnet on a square
lattice and its applications to the cuprous oxides,” Rev. Mod. Phys. 61, 1 (1991).
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Angular momentum

In this chapter we discuss the algebra, the eigenvalues, and the eigenstates of angular
momentum operators.

15.1 Angular momentum operators

As in classical mechanics and using the correspondence principle the angular momen-
tum operator is defined as

. L s — 2Py
L=rxp=|1L, |=|20—2p: |. (15.1)
L. Epy — ip-

Using this definition and the commutation relations between position and momentum
operators, the commutation relations between the angular momentum operators and
the position and momentum operators are obtained as follows:

{Ei, @} — (15.2)

Here, we are following a short-hand notation where 7, j, or k, each, independently,
take the values 1,2,3 and correspond to the x-, y-, and 2- component respectively.
Thus, 7y = &, 72 = g, and 73 = Z. Similarly L1, Lo, and Ls stand for the -, y-, and z-
components of L. Here, €;;1 is the totally antisymmetric tensor. These commutation
relations follow directly from the more basic commutation relations:

[7i, D] = ihdyj. (15.3)

Similarly, using the above commutation relations, it is straightforward to show the
following two families of commutation relations:

[ii,ﬁj] . (15.4)
Lo L] = ine L. (15.5)

In Fig. 15.1 the spherical coordinate system is illustrated. The gradient operator can

be written in spherical coordinates as

0 ;1 0 410
rsinf ¢ r oo’

V=7

where 7 is the unit vector along the direction of 7 in addition, qg is the unit vector
along a direction perpendicular to the plane defined by the z-direction and the vector

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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and the unit vector @ is on this plane and in addition it is perpendicular to the vector

,’?
7. In terms of the Cartesian unit vectors ¢, j, and k they are given as follows

7 =sinfcos¢ i+ sinfsing j + cosf k, (15.7)

= —sing i+coso J, (15.8)

6 = cosfcosg i+ cosfsing J —sinb k. (15.9)
Z

9 3 F (X,y,Z)

Fig. 15.1

In the representation in which the position operator is diagonal, the angular momen-
tum operator is given as

(FILI) = L) = —ibr x V() (15.10)
[= —ih(é% - éSiiG%.). (15.11)

The last equation is obtained by simply substituting for V its expression given by
Eq. 15.6 in spherical coordinates and by calculating the cross product between the
vector 7 and V.

Now, using the expressions given by Eq. 15.9 for (;AS and 0 in terms of i, 7, and k we
find that
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L. = ih(sind)% + cot f cos gsa%), (15.12)

ﬁy = —ih(cos qb% — cot@sinqb%), (15.13)

L. = —z‘ha%, (15.14)
2

£? = 2 [ﬁ%z n ﬁ% (me%)] (15.15)

15.2 The spectrum of angular momentum operators

Each of the angular momentum operators ﬁ:c, ﬁy, and L. commutes with ﬁQ; however,
they do not mutually commute. Therefore, for the maximum set of commuting angular
momentum operators, we can choose L? and only one of the three projections, say the
L. We are allowed to search for common eigenstates of L? and L,. Let these common
eigenstates be labeled as |I,m) and let

L2|1,m) = R21(L+1)|Im), (15.16)
L.|l,m) = hml|l,m). (15.17)

Here, we have simply expressed the eigenstates of L? and ﬁz, which have units of A2
and A respectively, by means of some yet unknown dimensionless real numbers [ and
m. We imply nothing further about the specific nature of these numbers, and we will
investigate this next.

First, we notice that the expectation value of the operator L? with any physical
state |1} is non-negative,

(L2 [y) > 0. (15.18)

If we consider the state |¢) = L[1)), because of the Hermitian nature of the operator
L we have that (¢|L2[¢)) = (¢|¢) > 0. If we use for [¢) = |I,m) we conclude that
the combination of [(I + 1) > 0. Given a value of A which is the actual, that is, the
measurable eigenvalue of L2, this value can be obtained by two different values of I:

1

1 1
I =—\/>+Ar=Z<0. 15.2
1 HA—5 <0 (15.20)

We can remove this double valueness of the parameter [ by choosing the non-negative
value. As discussed before, [ is just a parameter which parametrizes the physically
observable quantity A which is non-negative. There are two choices for [ both of which
lead to the same non-negative value for the actual observable, we just choose the
non-negative.
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Therefore, in the following we are allowed to take [ > 0 and any allowed non-
negative value of the eigenvalue A of L? can be constructed as A = I+(I4 + 1) using
the non-negative value of [ given above.

Next, we define the so-called angular momentum raising and lowering operators as
follows:

Ly =L,+il,, (15.21)

and the justification of their name will become clear below. First, it can be easily
shown that

{[A/zaf/i} = +hLs, ( )

LiyL_=1%-1%+hL., (15.23)

L Ly=1L%-1%-hlL., (15.24)

[i+,/i_] = 9hL,. (15.25)

Because of the fact that the state |lm) is an eigenstate of L. with corresponding

eigenvalue fin, the state |k) = L_|lm) is also an eigenstate of L, with corresponding
eigenvalue fi(m —1). This can be shown easily by taking into account the commutation

relation [IA,,,I:Z}, as follows

L.|k) = L.L_|l,m) = (L_L,—hL_)|l,m)
= hi(m — 1)|x). (15.26)
Therefore, the above equation means that the state |x) apart from a normalization
constant is an eigenstate of L. with eigenvalue i(m — 1). Since within our notation we

defined the state |I,m — 1) to be the normalized eigenstate of L, with corresponding
eigenvalue ii(m — 1), we have found that

L_|l,m)=C|l,m —1), (15.27)
le|> = (I, m|Ly L_|l,m). (15.28)
Carrying out a simple calculation using Eq. 15.23 we obtain:

L_|l,m) = i/I(1 +1) — m(m — 1)|I,m — 1). (15.29)

Using a very similar argument and very similar calculation we can find that
Lo|l,m) = h/I(I+1) —m(m + 1)|l,m + 1). (15.30)
The above two equations justify the use of the term raising and lowering operators for

i/+ and L_ respectively.
Then, we can easily show that

(I, m|LoL_|l,m) > 0. (15.31)

This follows directly from the observation that if we define a state |¢) = L_|I,m),
then the above expectation value becomes

Lyl |l m) = (919), (15.32)
because (L_)t = L. The inequality (15.31) follows from the fact that (¢|¢) > 0.
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By means of substitution of Eq. 15.23 in Eq. 15.31 we obtain
I(1+1) —m?+m >0, (15.33)
which implies that
—I<m<I+1. (15.34)
In a very similar way we can show that
(l,m|L_Ly|l,m) >0, (15.35)
which together with Eq. 15.24 lead to the inequality:
(14+1)—=m? —=m >0, (15.36)
which implies that
—(+1)<m<L (15.37)

Since the two inequalities, given by the relations (15.34) and (15.37), should be simul-
taneously valid, we obtain that

—1<m<l. (15.38)

Now, using these bounds on the possible values of m, we can show that both m —
and m + [ are integers. The argument is very similar in spirit to the one we used in
the harmonic oscillator case to show that n is an integer. It goes as follows: Let us
consider an eigenstate |lm) of L. where =1 < m < I according to Eq. 15.38. The
states |l,m —1), [l,m—2), ..., |l m —m’) are eigenstates of L, according to Eq. 15.26.
However, if [ + m is not an integer then we can write

I+m=1[1+m]+¢, (15.39)
0<&<l, (15.40)

where [l +m] denotes the integer part of I +m. Then, we can consider the case where
the integer m’ used above takes the value m’ = [[4+m]; in this case we obtain the state
[I,m —[l+m]) =|l, =l +&). As a result, according to Eq. 15.29, we find that

Lojl, =148 =hm/i(l+1) - (1 -1 —-E+1)
X |l, =1 —14+¢&), (15.41)

and, as shown, this should be an eigenstate of L. with corresponding eigenvalue M =
—I — 14 & which is less than —[ because 0 < ¢ < 1. This contradicts the bounds given
by Eq. 15.38. Therefore, our assumption that [ + m is not an integer is not valid.

How is this contradiction resolved if [ + m is an integer? In this case £ = 0 and
Eq. 15.41 reduces to

L_|l,~1l)=0, (15.42)

and this ends the ladder process and there is no contradiction about this.
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Similarly we can show that [ —m is an integer by starting from the state |I,m) and
applying the raising operator E+.

We have, therefore, reached the conclusion that [ + m and | — m are integers. By
adding or subtracting two integers we obtain an integer, therefore, 2[ and 2m are
integers. Conclusion: [ and m can be either both integers or both half-integers.

In the next section, we will see that for orbital angular momentum the case of
half-integer [ and m should be excluded. It is interesting, however, that the angular
momentum algebra by itself allows half-integer values for the total angular momentum
and its projection. We will see later that spin-operators obey the same algebra as the
orbital angular momentum operators. In this case half-integer spins are allowed.

15.3 Eigenstates of angular momentum

Now we wish to find the common eigenstates of L? and L., that is, |I,m) in the position
representation. First, we consider the L,:

L.(r,0,8]1,m) = hm(r,0, ¢|l,m), (15.43)
—ih(,%(r,&,qﬁﬂ,m} = hm(r,0, o|l,m). (15.44)

This is a simple first-order differential equation to solve for the azimuthal angle ¢. The
solution is

(r,0,6|l,m) = €™ (r,0,0|l,m). (15.45)

Notice that the eigenfunction has to be single valued when we make the transformation
¢ — ¢ + 27w because we return to the very same spatial position. This requirement
forces the value of m to be an integer. Thus, the facts that a) m must be an integer
together with b) the constraint given by Eq. 15.38, imply that there are only 27 + 1
possible values of m, the following —I, -l +1,—-1+2,...,0,....,1 — 1,1.

Using the expressions (15.15) for the angular momentum components in position
space representation we find that

N . N 0 0
— L — _ihet® (s —
Ly =Ly +1iL, = —1he (289 cot 06 ), (15.46)
. . N .0 0
_ o _ ipa—id
L_ =Ly —iL, =ihe (z—ae + cot0—8¢>. (15.47)

Let us apply the operator ﬁ+ on the state (r,0, ¢|l,1) knowing that

Ly (r,0,0|1,1) = (r,0,¢|Ly|I,1) =0, (15.48)
which implies that
) B,
(z% — cot 9%) (r,0,0l,1) = 0. (15.49)

Using Eq. 15.45 which gives the ¢-dependence of (r, 6, ¢|l,1) we obtain:
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.0
(z% ~lcot 0) (r,8,|1,1) = 0. (15.50)
This differential equation can be solved by separation of the variables r, 8, and ¢ as
(r,0,0lL,1) = f(r)©(0)2(¢), (15.51)
O(¢) = €, (15.52)

and f(r) is any (spherically symmetric) function of r. The differential equation which
is satisfied by the function ©(0) is the following:

d
(@ — I cot 9)@(9) =0, (15.53)
which can be integrated as follows:
do do
0 lcot 0O — o= [ cot 0dO
(S} sin 6
= ln(@—()) = zm(smeo). (15.54)
The last equation leads to the solution
0(0) = C(sind)’, (15.55)

where C is an integration constant C' = O /(sin fy)!. Therefore, we found that

(r,0,01,1) = f(r)Y1,1(0, ¢), (15.56)
Yi.1(0, ) = Ce'?(sin0)’, (15.57)

where C' is treated as a normalization constant. The function Y7 (6, ¢) is a member of
a family of functions Y} ,,, (6, ¢) called spherical harmonics which will be found next by
finding the eigenstates (r, 8, ¢|l, m) for all 2] 4+ 1 possible values of m. We will impose
the following orthonormalization condition on these functions:

/ AV (0, 8o (0. 0) = 610G (15.58)

For the special case where | = I’ = m = m/, that is, for the case given by Eq. 15.57,
the normalization constant C' is determined from the condition:

2 T
|c|2/ d¢/ df sin f(sin 6)* = 1. (15.59)
0 0
Therefore,
IC|? = ! (15.60)
2mlo41’

Iml:/ df(sin §)2+1, (15.61)
0
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In Appendix B, we calculate the integral Is; 11 above. Using this calculation, the
normalization constant C above is given by

_(—l)l (20 + 1)!
¢= 2l dr

(15.62)

where we have added by hand the phase factor (—1)! following the traditional conven-
tion.

In order to find the other spherical harmonics we use the lowering operator L_
(Eq. 15.47) as follows

1 A
le,l71(97¢) - <07¢|lvl - > h\/l 7[ I— 1) *<97¢|lvl>
= —CV21e''""1? cos f(sin 9)l L (15.63)

Therefore, we can find the spherical harmonic Y7, (6, ¢) by applying the operator £_
(I —m) times on the spherical harmonic Y; (0, ¢).
Using this technique we can determine the first few spherical harmonics as follows:

1
Yoo = T (15.64)
YVio = 1/ = cosf Yii = Fy/ — 5 sin fe*i?, (15.65)
0=\ ) 11 = F - .
)
Yoo =\ — Tom (3cos? 6 — 1), (15.66)
15 i’b(ﬁ
Yor1 =F & sin 0 cos fe (15.67)
15 . 2 n, +2i¢p
Yoio = 35, Sin fe (15.68)

15.4 Legendre polynomials and spherical harmonics

Since (r, 0, ¢|l, m) are common eigenstates of £? and L., apart from a multiplicative
function of r, we may write them as

<Ta0a¢|lam> = f(r)yvl,m(av(ﬁ)v (1569)
Yi.m(0,¢) = ©(0)e™?. (15.70)

The eigenvalue equation for ﬁz, that is, Eq. 15.16 using the expression for L2 given
by Eq. 15.15, takes the following form:

1 0 00 m?2
— —_— 1 =0. 15.71
Sin989( 089) sin29®+l(l+ )6 =0 (15.71)

If we change variables to s = cos 6, the above equation is transformed to
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d d m?
%Ul_sz)d{] — SIS =0, (15.72)

where f(s) = ©(0). In the case where m = 0 the above equation takes the form of the
Legendre equation:

% [(1 - SQ)d]ZiS)} +Ul+1)Fi(s) =0. (15.73)

The solutions to this equation are the Legendre polynomials which can be generated
as follows

1 d, .,
In Appendix C, it is shown that the above expression generates solutions to the Leg-
endre equation, that is, the Legendre polynomials.
The prefactor of the Legendre polynomials are determined via the condition P;(0) =
1. Therefore, their orthonormalization is as follows:

1
2
/_1 dSH(S)B/(S) = ﬁal’l/. (1575)

Since, we have found that for m = 0 the equation which determines the spherical
harmonics is the Legendre equation, we conclude that

2+ 1
Yio(0,6) = | = Pi(cos ). (15.76)

15.5 Problems

Problem 1

(a) Explicitly construct the 3 x 3 matrices that represent the operators im, ﬁy, and

L, in the space of [ = 1, that is,

B = (= 1 mlLall = 1,m) = / 4OY;,, (0, 6)
X i/iyl,m’(aa ¢)v (1577)

where i = x,y, 2.

(b) Show by explicit calculation that these three matrices obey the commutation
relations of angular momentum.

(¢) Find the matrices that represent the “ladder” operators, L, L_, and also L2.
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Problem 2

A quantum system is described by the following Hamiltonian
H = \L? - BL,, (15.78)

where L, and L, are the z and 2 components of the angular momentum operator. Here,
A and B are parameters. Consider the [ = 1 subspace of the total angular momentum.
(a) Find the eigenvalues of the above Hamiltonian.
(b) Find the eigenstates of the Hamiltonian.
(c¢) Imagine that we prepare the system in the initial state

[t =0)) =l =1,m=1), (15.79)

namely, with projection of the angular momentum along the z-axis characterized by
m = 1 at time ¢ = 0. Find the probability for the system to be observed in state
[l =1,m = —1) at time ¢ > 0.

Problem 3

Given the fact that the spherical harmonics Y; ,,, (6, ¢) form a complete basis for the
angular part of any function of the spherical coordinates r, 0, ¢ expand the following
functions

=z, fa=y, [fi=z (15.80)
fi=2 =y fs =2 fo=uay, (15.81)

as a linear combination of the spherical harmonics, that is,

fi = ¢i(r)zc(l7m)}/l,m(ev¢)’ (15'82)

lLm

where ¢;(r) are specific functions of r only. Find the coefficients ¢(I, m).

Problem 4

Consider the 2D harmonic oscillator, with

1
Vir)= imw2r2. (15.83)
r? = 2% + 2 (15.84)

(a) Find the energy and wavefunctions by working in Cartesian coordinates. What
are the wavefunctions of the ground state and each of the first excited states? What
is the degree of degeneracy of the ground and first excited energy level?

(b) Use polar coordinates and find wavefunctions for the ground state and the
excited states which correspond to the ground-state energy and the first excited energy
level.
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(c) How are the approaches a) and b) related?

Hint: Use the states which you found in part (a) to span the space of degeneracy
of the first excited energy level. Show that you can make linear combinations of these
states to construct eigenstates of the only angular momentum operator in 2D. Does the
corresponding energy eigenvalue change when you make linear combinations of states
which span the space of degeneracy? Show that these states satisfy the Schrodinger
equation in polar coordinates.

Problem 5

(a) Reproduce the derivation that the Legendre polynomials generated as follows:

1 d !
satisfy the Legendre equation:
d dPy(x)
— (122 1)P(z) = 0. 15.
Zla- = 0+ )R =0 (15.86)

(b) Show that the Legendre polynomials defined in part a) obey the following
orthonormalization:

+1 2
[1 dIH(I)B/(z) = T_H(su/. (1587)

Problem 6

(a) Show that the following expansion is valid

Pz 15.88
V1—2xs+ VI—2zs+ 52 Z 1 ( )

(b) Show that the following relationship exists between the spherical harmonics
and the Legendre polynomials

20+ 1
47

Yi0(0,0) = Fi(cos0). (15.89)

Problem 7

Consider a particle in 3D with a wavefunction given by

U(r,0,p) = W(r,0)Asin? ¢, (15.90)
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where the W part of the wavefunction is a known function and it is normalized as

follows:

/ der/ df sin §|W (r,0)]* = 1. (15.91)
0 0

(a) Determine the coefficient A.

(b) Find the probability of measuring different values of the z-component of the
angular momentum L,.

(c) What is the expectation value of L, and IE?
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Bound states in spherically
symmetric potentials

In this chapter we will deal with bound states in the case where the potential is
spherically symmetric.

In the previous chapter we found that the V operator in spherical coordinates is
given by Eq. 15.6. Using this expression and the expressions (15.9) of the unit vectors
7, é, and (;3, we can find the expression for V2:

vQ

9 20 1( 1 02 8>. (16.1)

-~ 2 4z = 9 02
o Trar T \anZgae T a0

In order to derive this, we need to make sure that we take into account the contribu-
tions arising from the angular dependence of the unit vectors, specifically that

or

b %6 = sin 6, (16.2)
- g—z = cos 0, (16.3)
g % =1. (16.4)

Using the expression for £2 given by Eq. 15.15, the above Eq. 16.1 can be conve-
niently written as

sziﬁ( 28) £ (16.5)

r2 Or " or)  h2r2

Using this expression, the Hamiltonian for the case of a particle in a spherically sym-
metric potential can be written as

i rﬂig(ﬂ) L2

omr2or " ar (16.6)

2mr?’

Notice that the Hamiltonian commutes with both £2 and ﬁz. This allows us to look
for eigenstates which are shared by H, £2, and L. In addition, in order to diagonalize
the Hamiltonian we are justified to seek eigenstates of the form:

U(r,0,¢) = Ri(r)Yim(0, ¢), (16.7)

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.
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where Y] ,,, are the spherical harmonics which are eigenstates of £2. Using the expres-
sion (16.7) the Schrodinger equation, HU = EV takes the following form:

R 18 ,0R(r)\ A1+ 1)
T G ) R b O K

= ERy(r). (16.8)

The reason why we have assigned the angular momentum label to R;(r) is now obvious.
Next, if we make the transformation

Ry (’I") = ’ (169)
the radial part of the Schrodinger equation (i.e., Eq. 16.8) is transformed to

+ V(r)|w = Bu(r). (16.10)

h? 92, [h%(l +1)

" 2m Or? 2mir?

This is exactly like a 1D problem with an effective potential of the form:

R+ 1)

Veps(r) = V() + — 5

(16.11)
The last term is the centrifugal potential which acts as a repulsive potential. Fur-
thermore, notice that for [ = 0, this term is absent and the problem reduces to a 1D
problem.

16.1 Spherical Bessel functions

First, we deal with the case of a V'(r) which as a function of the distance r consists of
various regions in which the potential remains constant, an example of which is shown
in Fig. 16.1.

In any one particular region in which the potential is a constant, say V', the radial
equation (16.8) may be written as follows:

—%%(TQ aRéiR)) + l(l; 1)Rz(R) = k*Ry(r), (16.12)
k= w (16.13)

Using the variable p = kr, this equation is transformed to the so-called spherical Bessel
equation:

R dR,
2 l l 2

20— —(l+1 = 16.14
@2+p@4(p 1+ 1) R =0, (16.14)

where R;(p) = Ry(r).
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Fig. 16.1 This potential is constant in the three regions of r. It is —V; for 0 < r < q,

it is V5 for a < r < b, and it is zero for r > b.

By making the same transformation as (16.9), that is,

Ru(p) = 10 (16.15)
p
the spherical Bessel equation becomes
A2 I+ 1)y ~
(~gpz o )lo) = (o). (16.16)
Let us define the following two operators
d 1+1
af = —+ —, 16.17
d 1+1
a=—-——+— 16.18
ot (16.18)
The transformed Bessel equation (16.16) now reads
(af a)in(p) = (o). (16.19)
Now, by multiplying both sides of this equation by a; we find that
(aa; )i (p) = wi(p), (16.20)
wi(p) = aty(p). (16.21)

However, using the definitions given by Eq. 16.18, it is straightforward to show that

+_ +
aay = a4,

(16.22)
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which leads to the conclusion

(a7 a1) i (p) = wi(p). (16.23)

Taking into consideration our notation that Eq. 16.19 defines the state @;(p) as the
eigenstate of the operator afal with eigenvalue 1, the above equation (16.23) means
that apart from a normalization constant the state w;(p) is nothing but @;1(p). This

simply implies that

alﬂl(p) = Clﬂl_;,_l(p), (16.24)

where we have explicitly substituted the definition of w;(p) from Eq. 16.21. Here, ¢; is
a normalization constant which we will set equal to 1, and we will remember that the
solutions are normalized in this way.

The above equation implies that we can find all the solutions to the spherical Bessel
equation recursively starting from g (p) and using

d I+1
U+1(p) = | —— + — Ju(p). 16.25
)= (=g, + =, )ul) (16.25)
In the case of [ = 0, however, Eq. 16.16 takes the form
d?i
“(P) 4 o(p) =0, (16.26)

dp?

for which we can choose the linearly independent solutions to be
Uo(p) = sin p, (16.27)
to(p) = — cos(p). (16.28)

Let us reformulate the recursion relation (16.25) for the solution R;(p) to the
spherical Bessel equation. The manipulations are straightforward:

pRi1(p) = (—dip + HTl)pRz(p), —

Rialp) = (5 + ) Rilo)

Ruaat) = () D

Rlpﬁ(lp) (- % dgp )Rlp(lp)' (16.29)

We can iterate this recursion relation to find that:
N 1 dn! -~

(N

Rulp) = (=)' (= 1) Bolo): (16.30)

This is the so-called Rayleigh formula. Therefore, as expected for a second-order dif-
ferential equation, there are two families of solutions. First, there are the so-called
spherical Bessel functions which correspond to starting from
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Ro(p) = jolp) = Sirplp, (16.31)

which are obtained when we use the solution @g(p) = sinp. The second family of
solutions are the so-called Neumann functions, which are obtained from the | = 0

solutions for g (p) = — cos p, that is, using as zeroth order the following function:
Ro(p) = no(p) = —C‘fp. (16.32)

Using the Rayleigh formula we can calculate the first few spherical Bessel functions
and we can plot them:

cosp sinp

J = + , 16.33
() = =204 2 (16.33)
3 1 3
=|— ——)sinp— — cosp, 16.34
j2(p) (p3 p) P 5 08P (16.34)
sinp cosp
n =- - , 16.35
1(p) 5 = (16.35)
3 1 3 .
na(p) = f(ﬁ - ;) cosp — P sin p. (16.36)

The asymptotic small p and large p limits of the spherical Bessel and Neumann
function can be obtained from the Rayleigh formulas. In the case of j;(p) we may
expand jo(p) in an infinite series as

R N G DA
Jo(p) = kZ:O mﬂ ,, (16.37)

and then, following Eq. 16.30, we apply the operator

A 1d
O(p) = odp (16.38)

[ times. Notice that the first time we apply it we eliminate the constant. The second

time we eliminate the £ = 1 term, and so on. Thus the leading term after [ applications
comes from the term k& = [. This term gives,

‘ 2!

The case of the spherical Neumann function is simpler. We are looking for the most sin-
gular term and this comes by simply differentiating the leading term of the expansion
of ng(p), that is, from —1/p. First we find that

;jp}l; = (—1)(=3)(=5)...[ (2 — 1)]p~@+D), (16.40)

[
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° o o
> D oo

=
)

Spherical Bessel functions

- Jyp)
— Jylp)
= Jy(p)

Spherical Neumann functions

--- nyp)
— n(p)
-~ - Ny(p)

Fig. 16.2 The spherical Bessel (top) and Neumann (bottom) functions for [ = 0,1, 2.
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The prefactor can be conveniently written as (2)!/(2!!) and, thus, we obtain:

@) 1

(16.41)

In the limit of large p, that is, p >> [, the most important term (the one with the
lowest power of 1/p) is the one which is obtained by differentiating the sinp in the
case of j;(p) or the cos(p) in the case of n;(p). This way we obtain that

1
Jip >> 1) ~ ;sin(p—lg), (16.42)
1 T
ni(p>>1) ~ - cos(p — 15). (16.43)

Note that for any given value of [ after taking the derivative [ times we will end up
with either a sin(p) or a cosp depending on whether the value of [ is even or odd.
Adding a multiple of 7/2 inside the argument of the sin or cos results in either itself
or the other depending on whether or not ! is even or odd. This also automatically
takes the case of the overall sign.

In Fig. 16.2 the spherical Bessel (top) and Neumann (bottom) functions for [ =
0,1,2 are illustrated. Notice that the j; start as p' for small p, while the n; diverge as
1/p"*1. Also, notice that the places where the zeros of these functions occur move up
by approximately /2 as we increase [ by one.

It may be convenient to use instead of the spherical Bessel and Neumann func-
tions, the so-called Hankel functions of first and second kind defined as the linear
combinations:

hu(p) = ji(p) + iru(p), (16.44)
hi (p) = Ju(p) — inu(p). (16.45)

They are both singular at small p and they diverge in the same way as the spherical
Neumann functions. For large p their asymptotic form is the following

ip
hi(p >>1) ~ (71)”1%, (16.46)
" 1€
hi(p>>1)~(-1) T (16.47)

16.2 Relation to ordinary Bessel equation

The spherical Bessel equation (16.14) maps to the ordinary Bessel equation:

d*y dy

2 2 2

P +p + « =0 16.48
12 l (p )Y ) ( )

when we use the transformation:

~

Ri(p) = y(p. (16.49)
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Then, the spherical Bessel equation (16.14) becomes the ordinary Bessel equation with

1
a=l+s. (16.50)

The ordinary Bessel equation has, as solutions, the ordinary Bessel functions of
first kind given by the following infinite series:

100~ 3 a3 (16.51)

This solution is finite at p = 0. Since, when o — —a the equation remains the same,
the J_,(p) is also a solution. The Bessel function of second kind is defined as

Ja(p) cos(am) — J_a(p)
sin(ar) '

Ya(p) = (16.52)

When « is an integer say n, J_,(p) = (—=1)"J,(p), and, thus, in this case, J,, and
J_, are linearly dependent. In this case, as a second solution one considers the above
expression (16.52) by considering « to be non-integer and by taking the limit o — n.

The mapping of the spherical Bessel equation to the ordinary Bessel equation by
means of the transformation given by Eq. (16.49) and (16.50) relates the solutions to
these two equations as follows:

Jilp) = \/ZJI+1/2(10)7 (16.53)
n(p) = \/;erl/z(ﬂ)- (16.54)

Here, a constant prefactor y/m/2 has been inserted.

16.3 Spherical Bessel functions and Legendre polynomials
The spherical Bessel function j;(p) can also be written as an integral, as follows:
1 1
qilp) = QH’iill! /_1 e (1 — 2)lds. (16.55)

It is rather straightforward to show (see Appendix D if you have cannot show it by
yourself) that this expression satisfies the spherical Bessel equation.
Next, we can transform this integral to the following:

. 1ot
Jilp) = 271/16”’51’1(8)618, (16.56)

where P;(s) are the Legendre polynomials. The above expression can be shown by
utilizing the expression (15.74) for the Legendre and by integrating by parts I times.
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16.4 Bound states in a spherical well

Next, we will seek bound-state solutions (E < 0) in the case of the spherical-well
potential shown in Fig. 16.3 and given as

| —Wiorr<a
Vi(r) = { 0 forr> a} : (16.57)
Vi(r)
I II
a
r
)

Fig. 16.3 The spherical-well potential.

In this case there are two regions:
Region I: r < a. In this region, the radial part of the wavefunction satisfies the
spherical Bessel equation (16.14) with

2m(Vo + E)
k= 2 (16.58)
and this &’ is a real number. Therefore, the general solution
RV (r) = A ji(k'r) + B (k). (16.59)

However, we need to take Bl(l) = 0 because the Neumann functions are not well-
behaved at r = 0 which is included as part of Region I.

Region II: In this region the radial part of the wavefunction also satisfies the
spherical Bessel equation (16.14) with an imaginary value of k, and it is given by
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2m|E|
k2= — ot (16.60)

2m|E
k=ip,  p=1 ”;LL 3 (16.61)

Since the value of k in the argument of the spherical Bessel function turned out to be
imaginary in this region, we will use the Hankel function to write down the solution
as

R (r) = A" hGipr) + B b (ipir). (16.62)

Here, we need to deal with the boundary condition at r — oco. If we keep both contri-
butions, for large r we obtain:
(-1

Rl(H) (r = o0) = ;

(ATDempr . U gpry (16.63)

Therefore, we need to set Bl(H) =0.
Now, we need to match the two solutions and their derivatives at r = a. Namely,
AP Gy (k'a) = Ay (ipa), (16.64)
AD (k' a) = A0 (ipa). (16.65)
where j/(k'r) and h) (iur) denotes the derivatives of j;(k'r) and hy(ipr) with respect

to r and not the full argument. Taking the ratio of these two equations we obtain an
equation which determines the energy eigenvalues for bound states to occur.

_ Mlipa) (16.66)

This is the equation which determines the energy eigenvalues and can be solved nu-
merically or graphically.

16.5 Expansion of a plane wave

The application of spherical Bessel functions and Legendre polynomials, which we are
about to discuss, is going to be very useful in our discussion of three-dimensional
scattering in chapter 19.

We consider a plane wave in three dimensions characterized by a wavevector E,
and let the z-axis defining the vector 7 be taken along the direction of k. Then,

eik“f" — eikTCOSG, (1667)
where 6 is the polar angle in spherical coordinates. Utilizing the completeness of the

Legendre polynomials, we can expand this function of cos 6 using Legendre polynomials
as follows:



Problems 149

gihreost — Z Ci(r)Py(cos ). (16.68)
1=0

The coefficient ¢;(r) which is a function of r can be determined by multiplying both
sides of the above equation by Py (cos) and integrating over the angle 6 as follows:

/dcos@Py(COSH ikr cos§ ZC; /dcosHPl(COSG)
X Pp(COb 0). (16.69)

Using the orthogonalization properties of the Legendre polynomials (Eq. 15.75) we
obtain

o0

ikr cos 6
[1 dcos 0Py (cos e = ;cl(r)maw. (16.70)
which leads to
204+ 1 s
Ci(r) = T+ dse’k”Pl(s). (16.71)
-1
Comparing this expression with Eq. 16.56 we conclude that
Cy(r) = (20 + 1)it 5, (kr). (16.72)
As a result we found that
"= (20 + 1)ji(kr) P (cos 6). (16.73)
1=0

16.6 Problems

Problem 1

Consider a particle enclosed in a sphere of radius R. Namely, the potential is zero
for 0 < r < R and infinite for » > R.

(a) What is the general form of the wavefunction if the radial part is a function of
r, which you consider known at the moment.

(b) What is the equation that the abovementioned radial part of the wavefunction
obeys?

(c) Provide the general form of the wavefunction. Write it as a linear combination
of the spherical Bessel and Neumann functions. Show that for { > 0 the normalization
condition cannot be satisfied unless the coefficient of the Neumann function in the
above linear combination is zero. For the [ = 0 part consider the expectation value
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of the energy with the above linear combination and show that the Neumann term
makes the energy diverge.

(d) Apply the boundary condition at » = R and find the equations which determine
the energy eigenvalues.

(e) Determine the energy levels for | = 0. Graphically find the energy levels for
I = 1. What is the order of energy level (that is, is it the ground state, is it the first
second, third, ... , excited state?) of the lowest energy state for [ = 17

(f) Draw the wavefunction of the second excited state for [ = 0 and the wavefunc-
tion of the lowest energy state for [ = 1.

Problem 2

Consider a particle in a 3D square-well potential of finite depth, namely

—Vor < R} , (16.74)

V(T){ 0 r>R

which is shown in Fig. 16.4.

Vi(r)

Fig. 16.4

(a) Give the equations which determine the eigenvalues of bound states in the
above potential for angular momentum [ = 0,1, and 2.
(b) Solve these equations graphically for the case where

2mV0R2
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Problem 3

Consider a 2D isotropic harmonic oscillator in polar coordinates. The energy eigen-
functions, which are simultaneously eigenstates of the only angular momentum oper-
ator in 2D, can be written as

U(p, 9) = u(p)e™?, (16.76)
where M = 0,+1, 42, .... Show that u(p) satisfies the following radial equation

2

1 M
(' = )+ (8 = NP =0, (16.77)

where k = vV2mFE /h and A = mw/h. Putting
u= lelef’\”Q/ZP(p), (16.78)
show that P(p) satisfies the following differential equation

P (2|M/|)+1 _ 2Ap)p' _ (2)\(|M| +1)— kQ)P
. (16.79)

Now use the transformation of variables to t = A\p? and show that P satisfies the
following equation:

d*pP dP 1 k2
— M|+1)—t)— — =((|M]|+1)— —=)P
to (M +1) =) = (M +1) - o)
=0. (16.80)
By writing the solution for P as a series in powers of ¢, that is,
P(t) = Py + Pit + Pot? + .. Ppt" + ..., (16.81)

show that in order for the solution to exist (not-diverge) the function P(t) must be
a polynomial of order n, (n, =0,1,2,..., an integer) and, thus, the energy of the 2D
harmonic oscillator is given by

E = hw(|M|+ 1+ 2n,). (16.82)

Problem 4

Consider bound states (E < 0) of a particle which moves in a 3D centrally sym-
metric potential of the following form:

0 for0<r<a
V(iry=q¢ —Wfora<r<b (16.83)
0 for r>0

where Vy > 0. This potential is illustrated in Fig. 16.5.
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A

Vi(r)

Y%

Fig. 16.5

(a) Write down the wavefunction for given angular momentum ! which is a solution
to the Schrédinger equation in each of the regions where the potential remains the
same. Make sure that you keep only the special functions which behave well at r = 0
and infinity.

(b) Apply the boundary conditions.

(c) Explain how many equations and how many unknowns you have. You are
interested in finding the bound-state energy eigenvalues. Without actually doing all
the algebra from this point on, explain in detail what needs to be done to find the
energy eigenvalues.
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The hydrogen-like atom

In this chapter we solve the problem of two particles interacting via a 1/r type of
interaction, just like in the case of the hydrogen atom. We find the eigenstates and the
energy eigenvalues of this system. This requires a discussion of the Laguerre polyno-
mials.

17.1 The general two-body problem

Here we will solve the problem of two particles interacting via the Coulomb interaction,
that is,

2
Vir)= —Z—e. (17.1)
r
This problem finds applications in the case of the hydrogen atom, the positronium
atom, an exciton in a semiconductor, and so on. It also has applications in the multi-
electron atom, within some “mean-field” approximation.
The Hamiltonian for this problem has the following general form:

N P B3

H=""1 4+ 22 4y 17.2
oy 2mg T (r12), (17.2)

PL= —ihVy, Pr=—ihVs, T2 =|F — 7). (17.3)

Let us transform the Hamiltonian into the center of mass and relative position coor-
dinate system. Namely, we transform our coordinates from 7 and 75 to the following:

M1T1 + Mot

F=Ty— T, R= p—, (17.4)
Now, the corresponding conjugate momenta are given by:
p=—ihVy  P=—ihVg, (17.5)
because with these definitions, they satisfy the canonical commutation relatons
[74,p;] = ihdy;, [Ri, P;j] = ihdy;. (17.6)

How are these new momenta related to the old ones? We need these relationships in
order to transform the Hamiltonian in terms of the new variables. In order to find

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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them, we just need to use the transformation 7 = (z1,y1,21),72 = (%2,Y2,22) to

—

7= (x,y,2), R = (X,Y,Z) and the derivative-chain rule:
0 Or 0  0X 0

—_——— 17.7
9, 92,0z | 02, 0X (a7.7)
which simply leads to
0 0 0
7:_74-&—, (17.8)
0x1 oxr mq+mg 00X
and consequently to
my
Vi = —-Vg4+ ——V5, 17.9
L= Vet v, (17.9)
which implies that
2, 2, my 5
=—p+———P 17.10
Pr=pt (17.10)
In a similar way we obtain:
2, 2, m2 5
=p+ ———P 17.11
Pr=pt (17.11)
These relations can be easily inverted to find
P = py + s, (17.12)
5 MmipP2 — mQﬁl
_ L 17.13
P mi + me ( )

Substituting ]5'1 and ]3’2 in terms of ;3’ and P in the expression for H, we find that

A2 2

2 p
H="—+—+4V 17.14
1 1 1
M=my+my, —=—+—. (17.15)
2 my ma

This can be found by treating the problem as one of classical mechanics. The eigenvalue
problem for the above Hamiltonian becomes

o, h_, L= L=
S TTAL Rt V(r)] o(7, R) = Erd(F, R), (17.16)
where Er denotes the total energy, that is, the center of mass energy E. plus the energy
E of the system on the center of mass frame. By means of separation of variables, that
is, by writing:

—

O(7, R) = We(R)y (), (17.17)
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we obtain
—h—zv%xpc(ﬁz) = B,V (R), (17.18)
oM R
VR VO] = Bu), (1719
Er=E+E,. (17.20)

Thus, as expected, the center of mass moves as a free particle with mass M and,
therefore,

U (R) = Cen PR, (17.21)
2
E.= éj—cM. (17.22)

The equation (17.19) which describes the relative motion is discussed in the next
section.

17.2 The relative motion

The relative coordinate part looks like a one-body problem in a central potential.
Therefore, we may write

V() = Ri(r)Yi,m (0, ¢), (17.23)

and by substitution in Eq. 17.19 we find that the radial part satisfies the already
familiar radial equation

21 0 40R(r) R+ 1)
*@ﬁa(r o)t o2 FVO)] R(0)
= ERy(r) (17.24)

with the reduced mass p. Once again, if we use the transformation (16.9) we obtain

_Fﬁ 02y {h2l(l +1)
2 Or? 2ur?

+ V(r)}ul = Buy(r). (17.25)

Next, we are going to find the behavior of u;(r) as r — 0 and as r — oo.
First, in the limit » — 0, Eq. 17.25 takes the simple form:
d>uy(r) 11+ 1)

— g2 T2 w(r) =0, (17.26)
because among the terms, [(1+1)/r%, V(r), and E, we kept just the first term, because
in the limit of » — 0 it dominates over the second, which only diverges as 1/r, and
over the third, which is only a constant.

The most general solution to the above equation is of the form

w(r) = Ar'tt + Br=, (17.27)

however, because, in general, the second term does not behave well in the limit of
small r, we need to take B = 0.
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Conclusion:
u(r — 0) = Ar'TL, (17.28)
In the limit of large r, Eq. 17.25 takes the simple form:

d?uy(r 2uk
d;g ) _ (), (17.29)

and, because we are interested in finding bound states where 2 < 0, we conclude that

w(r — 00) = Be ™ *", (17.30)

2u|lE
k=] h|2 | (17.31)

Therefore, by taking into account the above found asymptotic limits, that is, the r — 0
and r — oo limit of w;(r), we consider the following ansatz

w(r) = p*e="x(p), (17.32)

where p = kr. This ansatz satisfies both asymptotic limits and the constants have
been hidden in the function x(p) which needs to be determined next.
First, the radial equation for the function @;(p) = w;(r) is the following:

0%y (+1) A -
S~ | o+ lu=, (17.33)
27e%u
A= (17.34)

Next, we substitute the ansatz (17.32) in the above equation and we find the following
differential equation for x;(p):

pxi +20+1= )i — (20+1) = M) =0, (17.35)
a=20+1) -\ (17.36)

Now, let us expand the function y;(p) as a power series, that is,

xi(p) = bup”, (17.37)
v=0

Xi(p) = bup (17.38)
v=0

X7 (p) =Y vy —1)bp" 2, (17.39)
v=0

and we simply substitute in the differential equation for x;(p) to find that:



The relative motion 157

o0

Z [l/(l/ — Dbyp” P+ 201+ wb,p” ™' — 2ub,p”
v=0

- (2(1 +1) - )\) bl,p”} —0. (17.40)

For this to be valid for a continuum of values of p, the coefficient of the p” should
vanish, that is,

(v + Dwbysy + 200+ 1) (v + Dbysy — 20b, — (2(1 +1)— A) by
=0. (17.41)
First, the equation for v = —1 leads to the conclusion that b_; = 0. From this and
the above equation, we conclude that all other coefficients b, for ¥ < 0 also vanish.

Thus, the wavefunction starts from a constant bg. Furthermore, this equation leads to
the following recursion relation of the coefficients

by+1: 2(V+l+1)—/\
b, (u+1)[y+2(z+1)]

(17.42)

Assuming that the series does not terminate for a given maximum value of v, for large
values of v we obtain:

. bu+1 2
lim —= = . 17.43
p | (17.43)
This implies, that asymptotically
=1
X(p = 00) = ), Z(20)" = . (17.44)
v=0 "

Therefore, this leads to the conclusion that
uy(r — 00) ~ e — oo, (17.45)

which is non-normalizable. Hence, the series must terminate at some maximum value
of v. In order for this to happen, it is necessary and sufficient that A\ = 2n, n is an
integer. In this case, there is a maximum value of v = N defined by the equation

2(IN+I+1)—2n=0, — N=n-1-1, (17.46)

such that, for v > N, the coefficients b, = 0 (see Eq. 17.42). As a result, the function
X(p) is a polynomial of degree N and u;(p) at very large p behaves as e”” as can be
inferred from Eq. 17.32. Therefore, we conclude that in order to have a normalizable
solution

A
5 =n= integer, (17.47)
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in which case wu;(p) is given by Eq. 17.32, where x;(p) is a polynomial of degree N =
n — [ — 1. Furthermore, using the expression (17.34) for A we conclude that the energy
must be quantized and given by the following expression:

7%, 1
22 h— 19

En: 2h2 ﬁ’ g Ly eens

(17.48)
Given a value of [, the possible values of the integer n start from [+ 1 and higher, that
is,n >1+1.

In addition, any given energy level which corresponds to a given integer value of n
is the same for all possible values of [ = 0,1,2,...,n — 1. For a given value of n and a
given value of [, there 2] 4+ 1 possible states for different values of the quantum number
m. Therefore, excluding spin, the total number of states for a given value of n is

n—1 n—1 n—1
Degeneracy = 2(21 +1)=2 Z I+ Z 1
1=0 1=0 1=0
=n(n—1)+n=n2 (17.49)

17.3 Wavefunctions

Using our findings about the energy spectrum, the parameter k = /2u|E,|/h? can be
written as
1 h?

k:knzia ag

= — 17.50
nag Ze2u’ ( )

that is, ag is the Bohr radius. Therefore, the total wavefunction has the following form:

G (1,0, 8) = Cple™x\™ (p)Yi.m (6, 9), (17.51)
'

= — 17.52

P= e (17.52)

where C' is an overall normalization constant. Notice that the function xl(n) (p) is the
same as the function x(p) considered in our previous discussion. Now we have just
added explicitly its dependence on the values of the principal quantum number n and
the angular momentum value .

Given the values of the principal quantum number n and of the angular momentum
l, we can compute the polynomial, the so-called associated Laguerre polynomial, which
gives the radial part of the wavefunction directly, by computing the coefficients b, of
the polynomial of order N =n — 1 — 1 given by the relation

2v— N
bz“ - (v - N)  v=0,1,..N. (17.53)
v (1/—4—1)[1/4—2(14—1)]
N=n—1[-1 (17.54)

Next, we would like to determine a few examples for the ground state and a few excited
states of the hydrogen atom, using the above approach.
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1) The ground state of the hydrogen atom corresponds to n = 1 and, thus, [ = 0.
In this case N = 0 and, thus, the corresponding polynomial is just a constant. Using
the form given by Eq. 17.51 the total wavefunction for this case is given as

@/1100(7") = Ce—r/ag7 (1755)
and in order to normalize the wavefunction
1
C = = (17.56)
Tagy

2) First excited state n = 2, I = 0. This means that the polynomial is of order
N =1 and using Eq. 17.54 we obtain the relation of the two coefficients:

b
=1 (17.57)
0
which means that
T —Tr a
Yaoo(r, 6, 9) = C(1 = 5=)e"/ (), (17.58)

and by normalizing the wavefunction we find that

-1 (17.59)

2y/2ma3
3) n=21=1. We find that N = 0, thus, the polynomial is just a constant. Thus,
Yo (r,8,6) = C5—e ™"/ )Y, (8, 0), (17.60)
ao
and by normalizing we find that
1

Vo

17.4 Associated Laguerre polynomials

C =

(17.61)

It is customary to link the solution xJ'(p) with the associated Laguerre polynomials
as follows. By substituting for A = 2(N + j + 1) the equation for x;(p) takes the form

(n) (n)
pd*x, dx; (n)
= l+1—p)——+N =0. 17.62
Using the change of variable p to x = 2p, this equation maps to the following equation
2
y dy
where y(z) = Xl(") (p) with
a=20+1, N=n-1-1. (17.64)

This equation has as solutions the associated Laguerre polynomials. These polynomials
are generated by the following expression:
- N
@y T " e d (a N
L& (z) = WewdTN(e g +a). (17.65)
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17.5 Problems

Problem 1

Consider the hydrogen atom in an external static and constant electric field E with
direction along the z-axis. The interaction Hamiltonian of the atomic electron with
the external field is given by

H;,;, = —eExz. (17.66)

Show that the matrix elements (100|H;,¢|nim) of this interaction Hamiltonian between
the hydrogen atom ground state |[100) and one of its excited states |nlm) are only non-
zero when [ =1 and m = 0.

Problem 2

(a) Calculate the average (nim|r?|nlm) for n =1 and n = 2.
(b) Does this expectation value depend on the values of [ or m? Explain your
answer.

Problem 3

Assume that the nucleus in a hydrogen-like atom is a sphere of radius a and a/ag ~
1075, where ag is the Bohr radius.

(a) Calculate the probability that the electron when it is in the atomic ground
state will find itself “inside” the nucleus.

(b) Since a/ap is much smaller than 1, calculate the above probability to leading
order in a/ag.

Problem 4

Use the approach applied in Section 17.3 to determine the hydrogen atom wave-
function for n =3 and [ = 1, and for n = 3 and [ = 2.
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Angular momentum and spherical
symmetry

In this chapter we present orbital angular momentum as the generator or rotations in
space. The operators which carry out rotations in space form a group G, which is a
symmetry group of the Hamiltonian when the interaction is spherically symmetric. In
such a case, there are certain useful statements which we can make about the role of
invariant and irreducible subspaces of the Hilbert space under the group operations
and how to calculate matrix elements of tensor operators within such spaces.

18.1 Generators of infinitesimal rotations

Under an infinitesimal rotation by an angle d¢ around an axis along the direction of
a unit vector 4, the vector 7 transforms to the following vector:

7 =7+t x T. (18.1)

This can be easily shown by considering the z-axis along the direction of @. In this
case, the rotation by the angle d¢ occurs in the z-y plane as shown in Fig. 18.1.

=

Fig. 18.1
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In this case we see that
, .
4 (2" _ [cosdp —sind¢ x
"= <y’> - (siné(b cos d¢ y )’ (18.2)

and for infinitesimal §¢ we may write cos 6¢ = 1+0((5¢)?), and sin §¢ ~ J¢. Therefore,
we find that

¥ =z —ydo, (18.3)
Y =y +xip, (18.4)

which can be written as
P =74+ 002 X T, (18.5)

where Z is the unit vector along the z-axis. Since we have taken Z = 4, we conclude
that Eq. 18.1 is true.

Now, consider the change caused by this infinitesimal rotation to a function of 7,
namely,

F) = f(7) = f(7) + V() - (77 = 7). (18.6)

Therefore, using the above, we may write the change in the function f caused by the
rotation as

5f:5¢axf.Vf:5¢a.(vaf):%5&-57, (18.7)

where we have used the notation (55 = §¢u. Namely, the direction of this vector speci-
fies the axis of rotation and its magnitude the angle of rotation. From the last equation,
we may say that the angular momentum operator is the generator of rotations.

If we integrate this equation over a finite rotation, we find that

£() = exp (56 £) £(7). (15.8)

This a useful relation which tells us how a function of 7 transforms under a rotation
in space.

18.2 Invariant subspaces and tensor operators

First, we would like to define the term invariant subspaces to show a statement that
follows from the definition.

Invariant subspaces: A subspace S is invariant with respect to rotations, if an
arbitrary rotation operation R acting on an arbitrary vector |) from within S (|z) € )
leads to a vector |y) = R|z) which is also inside S (|y) € S).

Statement: The subspace S) spanned by the 2j 4 1 vectors |j, m), that is, the
common eigenstates of the total angular momentum j2 and its projection j. along the
z-axis, is invariant under rotations.
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This means that when we take an arbitrary vector from this subspace and we
apply an arbitrary rotation operation to it, the resultant vector belongs entirely to
this subspace, that is, it has no component outside this subspace. Namely,

J
Rljom)= > R, |j.m). (18.9)

Proof: In order to prove the above statement, we notice that an arbitrary rotation
is carried out by the following operator:

R(a, B,7) = ehod=ehPv e, (18.10)

where, («, 3,7) are the so-called Euler angles. This is so because the generators of
rotations around the 2-, y-, and z-axes are, respectively, Ja, j'y, and J. (see Eq. 18.8).

Now, when j, acts on |j,m), it does not change the state. This means that the
result of the first operator exp(%fyjz) on the state |j,m) multiplies the state by a
phase factor exp(iym). The second operator exp(% ﬁjy) is a function of the operator
Gy = (T —j7)/(2i), and when either 5t or j~ acts on |j,m) it does not change the
value of j, that is, this action yields a linear combination of states |j, m’) which all
share the same value of j. Furthermore, the third factor exp(%ajz), does not change
the value of j when acting on any linear combination of states with given value of j.
Therefore, we conclude that Eq. 18.9 is valid.

Next, we would like to define the term irreducible subspaces to show a statement
that follows from the definition.

Irreducible subspace: An invariant subspace S is irreducible with respect to
rotations when there is no subspace of S, different from S itself, which is invariant
under rotations.

Statement: The subspace S\/) spanned by the 2j+1 vectors |7, m) is an irreducible
subspace with respect to rotations.

It is easy to see why this maybe true by using the form given by Eq. 18.10 for a
general rotation. When the operator

exp( Bjy Zni% A I L (18.11)

acts on a state |j,m), in general it leads to a linear combination of all possible 25 + 1
states |7, m). If for a particular value of 3 this is not the case, that is, some states from
this set of 27 + 1 states maybe missing in the linear combination, it is not a problem.
The same states need to be missing for all possible values of 3.

Next, we would like to define the irreducible tensor operators.

Irreducible tensor operators: Tensor operators are irreducible tensor operators
if the space in which they are defined is irreducible with respect to rotations.

Statement: We will say that the 2k + 1 operators

TR, g= —k,—k+1,..,k— 1,k (18.12)
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stand for the components of an irreducible so-called kth order tensor operator 'ﬁ‘(k), if
they transform under rotation as follows:

k
RIMRED = §~ ROITH). (18.13)
qg'=—Fk

Namely, they transform just like the 2k + 1 vectors |k,q), ¢ = —k,—k+1,....k — 1,k
of a k angular momentum multiplet transform under rotation.

18.3 Wigner—Eckart theorem for scalar operators

Here, we will discuss the Wigner—-Eckart theorem for the case of scalar operators.
This case is simpler and its generalization to any tensor operator becomes easier to
understand. Let O, be a scalar operator, such as the Hamiltonian H of the system.
Let us consider, in addition, the operators 52,jz and let us assume that

7,0 =0, (18.14)
which implies that

[]z> Os] = 07 []:ty Os] =0. (18.15)

Let us consider a complete set of states |n,j, m) which are also eigenstates of 72 and
7. with corresponding eigenvalues j and m. In this case the following is true:

(n, j,m|Ogn’,§',m"y = 0,6, 6 m (18.16)

n

where Ofiz, is what we can call a “reduced matrix element,” that is, it does not depend
on m,m’.

Before we show this statement, let us briefly discuss why this is useful. This state-
ment implies that not only the matrix defined by the operator O, is diagonal both in
4 and m, but, in addition, we only need to calculate the left-hand-side for any given
value of m, because it is the same for all values of m.

Proof: First, we show that the matrix element

(n,j,m|On’, 5"\ m'y =0, if j#j or m#m' (18.17)

For this purpose, consider the matrix element
(n,j,m|O03.n', 5", m'y = (n, j,m|3.04n', ', m'), (18.18)

because of Eq. 18.15, and, thus, this leads to
B/ (n, 7, m|Og|n’, j',m') = km(n, j,m|Os|n’, j',m’), (18.19)

which means that either m’ = m or (n, 7, m|O4|n’,5',m’) = 0 for all m # m/.
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Similarly, because of Eq. 18.15,
(n,j,m|0 %0, j',m'y = (n,j,m|;204|n’, 5',m'), (18.20)
which means that
7"+ 1) (n, j,m| O [n',j',m') = j(j +1)
x (n,j,m|Osn’, ', m'), (18.21)

and this implies that j' = j or that <n,j,m|@s|n’,j’,m’> =0 for all j # j'.
Now, consider the case where 7' = j and m' = m. We can write:
(.4, m|Osj |, j,m — 1)
/5 +1) = m(m —1)
_(n,J, m\j+Os|n’,j,m —1)
WG+ D —mim = 1)
= (n,j,m—1|04n’,j,m —1). (18.22)

(n,j,m| O, [0, j,m) =

Which implies that the matrix element (n, j, m|Os|n’ ,3'ym’) is independent of m and
(4)

e for it.

m' and, thus, we can use the symbol O

18.4 Wigner—Eckart theorem: general case

This section assumes that the reader is familiar with Clebsch—Gordan coefficients which
are discussed in chapter 24. If not, the reader should come back here after studying
chapter 24.

Next, we state without proof the generalization of the Wigner-Eckart theorem for
the case of any kth-order tensor operator T®) with components Tgk) (¢ =—k,—k+
1,...,k—1,k). The dependence of the matrix elements (njm\T,(]k) |n’j'm’) of these com-
ponents on m, m’, and ¢ comes through the Clebsch-Gordan coefficient (j'km/q|jm),
namely,

(ng||T®)||n’5")
V21

where (nj||T®||n/j') is the so-called “reduced matrix element” of the tensor T,
This is a complex number independent of m,m’ and q.

What is its use?

If you need to calculate (njm|T((1k)|n’j’m’> for given values of j,j’, and k and for
various values of m,q,m/, all you have to do is to calculate it for given values of
m = mg, m' =my, and ¢ = qo and then the rest of these matrix elements are given as

(ngm|T® |n'j'm’)y = (j'km’q|jm), (18.23)

(3"kmq|jm)

—_ 18.24
(4"kmgqo|jmo) ( )

<njm\Tgk)|n’j’m’> = (njm0|Tg§)|n’j’m6)

Namely, all other matrix elements for other values of m, m’, and ¢ can be calculated
using the already calculated matrix element <njm0|T,(;§) |n/4'm{) and the ration of the
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Clebsch—Gordan coefficients which are easier to calculate and do not depend on the

details of the operator T,(Zk).
We will discuss applications of the Wigner—Eckart theorem when we discuss atomic
physics in chapter 26 and spin—orbit coupling.

18.5 Problems

Problem 1

Show that the trace of an irreducible tensor operator is zero unless it is a scalar
operator.

Problem 2

Consider the electric multi-dipole moments of a charge distribution. The interaction
energy of an electron in an atom described by the wavefunction ¢ () with an electric
field F = —V¢ is given by

Ep = / PP (P, (18.25)
o) = —el()2. (15.26)

(a) Explain why the interaction energy is given by the above expression.
(b) Show that, when the charges which give rise to the electric potential ¢(7) are
far away, ¢ can be written as

oo+l
o(M) =D > ™Y (0,0). (18.27)

=0 m=—1

What is the expression of the Cl(m) in terms of ¢ and Y},,,7 Explain why the interaction
energy is given by

(%) +1

B =3 Y O (0l Yinlo), (18.28)

=0 m=—1

(I i) = / G G (18.20)

The operator 'Y}, is the electric 2!-pole moment operator.

(c) Use the Wigner—Eckart theorem to show that the expectation value of the
quadrupole moment (I = 2) operator of a charge distribution is zero for any state with
zero angular momentum.
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Scattering in three dimensions

In this chapter we discuss scattering in three spatial dimensions. We introduce the
concepts of the scattering amplitude and cross section. We analyze the Born approxi-
mation and how to systematically go beyond this approximation. We also discuss the
concepts of phase shifts and partial-wave expansion.

Fig. 19.1 Geometry of scattering.

19.1 Scattering cross section

In Fig. 19.1 we depict the simplest conception of scattering. An incident beam of par-
ticles, represented by a incident plane wave characterized by a wavevector E, scatters
from a spherically symmetric potential at the origin of the coordinate system. The
scattered wave is a spherical wave traveling outward from the point target. An ob-
serving apparatus is placed at a vectorial distance 7 from the target and observes the
scattered particles through an area dA which corresponds to a solid angle df) as seen
from the target point. The scattering angle between the incident vector k and the
vector 7 is 6. In practice the incident beam of particles is collimated such that at the
detector position only scattered particles are collected.

We will only discuss scattering by a potential V' which is of microscopic range,
namely, the range of the interaction of the incident particles with the target is negligibly

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.
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small as compared to the detector-target distance.

We are interested in calculating the differential scattering cross section do /dS2. Let
the total incoming particle current density be Jo (and this should be along the direction
of E) and let the current density of the scattered particles be Je. The elementary cross
section do due to particles arriving at the detector is given by

Joo - PdA

do = ~
|Jo]

; (19.1)

where 7 is the unit vector along the direction of 7 (the target—detector direction).
Namely, the total particle current (number of particles per unit time) through the
area of the detector divided by the total incident current density. Notice that this
quantity has dimensions of area as it should.

Using the relation between the element of area dA and the solid-angle element df2
which corresponds to this area, that is, dA = r2dS), we find that the differential cross
section is given by

do _ Jse P (19.2)
st | Jp
Notice that this quantity should be a constant independent of the distance from the
target. The factor of 72 should get canceled by another factor of 1/r? coming from
the ratio of the current density going through the small detector area dA to the total
current density going through the entire sphere of radius r. (The so-called 1/r? law.)

Therefore, given the scattering potential V' (r), and taking as an initial condition a
plane wave incident from a position very far away from the target, we need to calculate
the wavefunction of the scattered wave; from that we need to calculate the incident
and scattered current densities.

19.2 Quantum mechanical scattering

Consider the time-independent Schrodinger equation for the case of 3D scattering from
a spherically symmetric potential V' (r):

n_,
- v =FEVU. 19.
( Vi V(r)) (19.3)
This equation can be rewritten as follows:

(V2 + k)W (F) = U (r) U5 (7), (19.4)

_ [2mE ~ 2mV(r)
k =4/ 2 U(r) = - (19.5)

We can show that the following equation gives the solution:

() = ¢z(7) + / G(7 — U (") U (7)d>r, (19.6)
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where G(7 — 7) is Green’s function, which is obtained as the solution of the following
equation:

(VE+ED)G(F—7)=6(F—7), (19.7)

and ¢(7) is a solution to the following Schrédinger equation which describes a free
particle:

(V2 + k%) (7) = 0. (19.8)

To see that the expression (19.6) solves the Schrédinger equation, we just apply to
both sides of this equation the operator V2 + k2 and we use the definition of G, that
is, Eq. 19.7.

Now, in order to proceed we need to determine Green’s function for our scattering
geometry and boundary conditions. First, we go to Fourier space:

G(r—7") = / N e 'G(K) (19.9)
T T) = (27‘(’)36 9 :
Gk = / dBre=FFG(1), (19.10)
dgk/ ik (P
> &) — zk-(rfr). 19.11
57— ) /(%)3@ (19.11)

We substitute these expressions in Eq. 19.7 and we find that:

- - 1
(—kl2 + kz)G(k/) == ]., — G(k/) == m, (1912)
which leads to
g d3k'/ lE/R‘ 1
G(R) = —/ @t (19.13)

We can carry out the ¢ and 6 integration in the above 3D integral by choosing the
z-axis along the direction of the vector R:

< dr k? ! "
)= =21 costle R .
G 2 el feth Feost 19.14
0 s

and we obtain:
G(r) =

/
/ Ak’ Smk ). (19.15)

The last expression can also be written as an integral from —oo to oo by realizing that
sin(k'R) = (etF B — =R 1) /(24),

7r2R

k/ ik’ R
G(F) = 4m2R / e (19.16)



170 Scattering in three dimensions

All of these manipulations are very nice; however, this integral does not exist! There
are poles on the real axis at k' = +k. We need to redefine the integral. We have at
least the following two ways to redefine it. First we can use the definition:

1 L' ik R

li dk/—. 19.17
4im?R 50 k2 — (k2 +in) ( )

G () =~

Another definition is the following:

, k/ ik’ R
_ = —— 19.1
G-(7) 4z7r2R nHO/ dk k2 — (k2 —in)’ (19.18)
In the first case we have shifted the two poles at
K o i(k + m/(zk)), (19.19)

and we have neglected terms of the order of n? and higher because we need the limit
of n — 0 and these terms as irrelevant in this limit. This redefinition shifts the poles
as shown in Fig. 19.2.

Imk’

k+in/2k)

—k—in/k) Rek’

Fig. 19.2

In order to use Cauchy’s theorem we add to the integration contour the semi-
circular part shown in Fig. 19.2 with infinite radius. This part makes no contribution to
the integral because the factor ¢ R hecomes e!(Bek ) Re—(ImE)R and the Imk’ — 400
along this semi-circle.

Now we have an integral on the complex plane over a closed contour, which allows
us to use Cauchy’s theorem. Calculating the residue of the only pole inside the contour,
that is, at k' = k + in/(2k) and taking the limit 1 — 0, yields:

eikR

ATR’

G.(R) = — (19.20)
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If we were to use the other definition, that is, the one defined by Eq. 19.18, we would
find:

o—ikR
G_(R)=— . 19.21
(R)= s (19.21)
Using G4 our scattered wavefunction (19.6) takes the form:
W (7) = L ey 19.22
s (F)—QS[?(F)_E W ()W (" )d >, (19.22)

and far away from the target that is, at the detector, which is at a distance from the
target much greater than the range of the interaction U(r’), the distance factor can
be approximated as follows:

|F—7 | ~r—7-7 + .. (19.23)
Therefore, we can write:
= ikr
‘1’,9) (7) = ™ + fr(0) er , (19.24)
]. L7
f(0) = I KU UL (7)dPr (19.25)

where we have defined as k' = k7.

This equation describes an incident plane wave which, upon scattering from the
point target, produces a spherical wave going outward from the target characterized
by a scattering amplitude f(0). If we to choose the redefinition G_(R) instead, we
would obtain a solution which contains a spherical wave going inward to the target
which we eliminate as inapplicable in this case.

A convenient way to write the scattering amplitude is as follows:

£(6) = - (65 IU1wR), (19.26)

P (19.27)

19.3 Scattering amplitude and differential cross section

Now that we have found the wavefunction of the scattered wave in terms of the scat-
tering amplitude fx(0), we are in a position to relate fi(0) to the differential cross
section do /d). Towards this end, we will use Eq. 19.2, which requires us to compute
the current density J_;c of the scattered wave. First, we are going to be less rigorous
because we want to stay simple. At the end we will discuss how one can make the
argument more precise.
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The wavefunction of the incident wave (well before it comes near the influence of
the potential) is

GET (19.28)
Using this wavefunction and the expression for the current given by Eq. 7.10, we find
that the current density of the incident wave is

Jo (19.29)

m

Now we will take the wavefunction of the scattered wave to be the part of the wave-
function (19.24) without the incident wave, that is, only the second part:

6zkr

\I/sc(ra 9) = fk (9)

The general expression for the current given by Eq. 7.10 can be used to find the
scattered wave current density along the direction 7 defined by the target—detector
line:

(19.30)

, .

- h OV, ov*
A'Jsczi . X _\Ijsc 5.
" 2mi L~ ¢ Or or
Using this expression and the wavefunction for the scattered wave given by Eq. 19.30
above we can calculate 7 - Jg. and we find that:

Fod.. = @M

Jse . +O(1/r®). (19.32)

(19.31)

Thus, the main term is of order of 1/7? and we have dropped terms of the order of
1/73. Using this expression and the expression given by Eq. 19.2, we find that

o~ o) (19.33)

Conclusion: The differential scattering cross section is equal to the square of the mag-
nitude of the scattering amplitude.

The way we separated only the second term from the total wavefunction and iden-
tified it as the wavefunction of the scattered wave might sound a bit artificial. This is
related to what the experiment measures and we call it the “cross section.” In practice,
we do not want to measure contributions from the incident wave, that is, to measure
something which carries no information about the target. As a result, the beam has
to be collimated in such a way that all the incident particles come within a nar-
row cylinder. This is done by modifying the incident wave and forming a wavepacket
which, within the time of flight, acquires a spread which is much smaller than the
target—detector distance. As a result, in the absence of a target, no particles come to
the detector. Therefore, one needs to repeat the calculation with this modified incident
wavefunction, by expanding it onto plane waves of a definite k and, then, by calcu-
lating the superposition of the wavefunctions of the scattered waves for each k. If we
follow such a recipe, it turns out that the final answer is the same, namely Eq. 19.33.
However, this more rigorous calculation is a lot more tedious and the point that we are
trying to convey is illustrated much more clearly with the above less rigorous approach.
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19.4 Born series expansion

The general solution given by Eq. 19.6 can be iterated as follows:
In zeroth order in U:

VO (7) = gp(7) = T (19.34)

In first order in U, we use the zeroth-order approximation of ¥ inside the integral
of the right-hand-side of Eq. 19.6 and we find that:

() = op(F) + / B G(F — YU () i (7). (19.35)

In second order in U, we use the above first-order approximation of ¥ inside the
integral of the right-hand-side of Eq. 19.6 and we find that:

V) = 65() + [ G- U )()
+ / a4 / BG(F — )U(F)G( — ) U()

x (). (19.36)

And after an infinite number of such iterations the general solution can also be cast
in the following way

W) = |o) + GU|¢z) + GUGU|¢7) + ...
=) (GU)"ép), (19.37)
n=0

where we have introduced a short-hand notation that G is an operator with matrix
elements in the position basis defined as follows:

(FG|7) = G(F — ), (19.38)
and, of course, the matrix elements of U are
(AU = U(r)o(F — 7). (19.39)
In addition, as usual,
() = (F¥g), (19.40)
o5 (1) = (Flog)- (19.41)

Therefore, using Eq. 19.27 for the scattering amplitude, we obtain:
1
f(0) = —E<¢;/|U|‘I’g>’

F(6) =~ (0 U + GO + GOGT o) + .

o0

1

=== 2 (6p|UGD)"(¢5). (19.42)

n=0
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i -
A + ak—r// + _k r\,r/z U+
U v Y U

Fig. 19.3 Diagrammatic illustration of the terms in the series given by the Eq. 19.42.

In Fig. 19.3 this infinite series is represented graphically by a set of diagrams. The
notation may be obvious. For example, the second-order term in U is given as

1 ,
- /d3rd3r’d3r” o7, (P) G(F— 7 UG — 7 U(")
x  gn(i). (19.43)

Therefore, the sum in Eq. 19.42 represents a series of multiple scattering “events.”
The leading-order approximation for the scattering amplitude

£(6) = - {05 |U167), (19.44)

is known as the Born approximation. Now, this can be calculated as follows. First,
notice that:

£(0) = —i / BT U, (19.45)

7=k-FkK,  q=2ksin(8/2), (19.46)

where the last equation is obtained by using that |E’ | = |E |. The quantity h§ = hk—hk’
is called momentum transfer. The above expression means that, apart from a constant
and a minus sign, the scattering amplitude, within the Born approximation, is the ¢
amplitude of the Fourier transform of the interaction potential. The angular part of
the integration can be calculated in the familiar way to obtain:

f(0)=— /OOO dr’r/sm(qMU(r’). (19.47)

19.5 Partial wave expansion

In the previous section we treated the problem of scattering using Green’s functions.
Here, we will treat it as a far-field solution of the Schrodinger equation for a spherically
symmetric potential V' (r).
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First, we consider the Schrodinger Eq. 19.3 with the initial condition that

oo

gy 77) = eiF T Z (21 4+ 1)Py(cos 0) 4, (kr). (19.48)
1=0

The second part of the above equation is the expansion (16.73) which we have already
shown.

Consider scattering from a spherically symmetric potential V (r) such that 2V (r) —
0 as r — 0o. We have already shown that in this case the wavefunction is simply mod-
ified, as in Eq. 19.24, by an additional term which represents a spherical scattered
wave due to the presence of a spherically symmetrical target-potential at the origin.
Notice that in both the initial plane wave and in the scattered wavefunction, there is
no ¢-dependence. This is because the problem is cylindrically symmetric, with the axis
of the cylindrical symmetry the line connecting the origin of the incoming particles
and the target. This observation of a lack of ¢-dependence allows us to expand the
wavefunction in angular momentum eigenstates as

V() = i it (21 + 1) Py(cos 0) R (), (19.49)
1=0

and use only Legendre polynomials as opposed to full spherical harmonics. We have
pulled the constant factor of /(21 + 1) out of the radial function R;(r).

As we have already discussed in the previous chapter, the radial functions R;(r)
satisfy the following equation

%2 1 0/ ,0R(r) RA(1+1)
7%7“725(7" or >+[ 2mir? V)| Rulr)

= ER(r). (19.50)

The detector is at a macroscopic distance r from the target, which acts on the
incident particle by means of a potential of a microscopic range. Therefore, at the
detector distance R, satisfies the spherical Bessel equation

d*R dR
2 l l _
oz g, (b =1+ 1)) R =0, (19.51)
where R;(p) = Ri(r) and
2mE

The general solution to this equation can be expressed in terms of the Hankel
functions as

R (r) = arhy(kr) + bihy (kr), (19.53)

which can be rewritten as
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Ry(r) = bi(hj (kr) + Sihj(kr)), S = % (19.54)
1
The radial current density is given by
a7 e ORI(r) OR; (r)
JT(T‘,Q,(b)—T'J— 2 |:Rl (T) or _Rl( ) or
X Ym0, 9)1%, (19.55)

and if we integrate it over all solid angles, the average radial current density that goes
through a spherical surface at distance r from the target is given by

= horo. (OR(r) OR; (1)
Je(r) = 5= [Ri )75 2 = Ru(r) =4 . (19.56)
and using the expression (19.54) for R;(r) we obtain:
To(r) = i[h B = hihg] (1= 1) (19.57)
r S L 1 1) .

where h) = Ohy(kr)/0r. At this point, we need to guarantee particle conservation,
namely the target is neither a sink nor a source of particles; therefore, we must require
that

J.(r)=0, — lsi?=1, — 51 = 2%, (19.58)

The angle §; is the so-called phase shift of the partial wave .

Using the expression Eq. 19.48, in which we substitute j;(kr) with its equivalent
expression 1/2(h;(kr) + hj(kr)), and by comparing the result with Eq. 19.49 where
the above expression Eq. 19.54 is used for R;, we conclude that in the absence of
interaction with the target

1
bl = 5, S| = 1. (19.59)

Let us take into account a) the asymptotic form of the Hankel functions (Eq. 16.47),
and combine it with b) the form of the scattered wavefunction (Eq. 19.24). We conclude
that the presence of the spherically symmetric target-potential modifies only the phase
of the coefficient of the h;(kr), therefore,

b == (19.60)

even in the presence of a non-zero, short-ranged, spherically symmetric target-potential.
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Therefore, putting all the pieces of the above conclusions together, we find that

We() = % M2+ D PcosO) B () + 25 biEn)]. (19.61)
=0

Now, we can use the expression given by Eq. 19.48 to rewrite the above expression as
follows:

l\D\»—A

oo
U(F) = e Z 1)Py(cos 0)[e2 — 1]hy(kr). (19.62)
=0
Since the expression is correct at distances far away from the target, we can use the
asymptotic form of the Hankel function Eq. 16.47 to cast the above form into the form
given by Eq. 19.24 with the following explicit form of the scattering amplitude:

Fe(0) = (20 + 1) Py(cos 0)dy (k), (19.63)
=0

dk—l 2i6, _€i51.5 .

(k) = 2T.k(e -1)= o sindy. (19.64)

Next, we can use the above finding and the relationship between the differential
scattering cross section and the scattering amplitude, that is, Eq. 19.33, to find the
total scattering cross section ¢ as follows:

o= /dQ|fk ZZ (20 +1)(2U + 1)d; (k)dy (k)

X /dQPl(cos 0)Py (cosb). (19.65)

Using the orthogonality of the Legendre polynomials (Eq. 15.75) we find that the total
scattering cross section is given by

oo

47 .
0=13 > (21 + 1) sin® 5. (19.66)
=0

We can relate this expression to the imaginary part of the scattering amplitude fi(6)
for = 0 (forward scattering) using the expression Eq. 19.63 as follows:

%Im F4(0). (19.67)

This expression is the optical theorem.

19.6 Examples: phase shift calculation
19.6.1 Scattering from a hard sphere
Let us consider the case of a hard sphere as in Fig. 19.4, that is,

V(r) = {OO Jorr<a, } . (19.68)

0 forr>a
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Vi(r)

Fig. 19.4 Scattering from a hard sphere.

In Region I (r < a) the wavefunction should be zero. In Region II (r > a) the
radial part of the wavefunction satisfies the radial equation represented by Eq. 19.51
with a general solution which can be expressed as a linear combination of the spherical
Hankel functions:

Ry (r) = ajhy(kr) + bihj (kr), (19.69)
or equivalently as a linear combination of the spherical Bessel or Neumann functions
Rl(’l’) = Aljl(kT) + Bml(kzr). (1970)

In Section 19.5 we expressed the far-field solution as a linear combination of spherical
Hankel functions, namely as in Eq. 19.69, and the phase shifts were defined as

et = U (19.71)
by

In some problems, it might more convenient to write the wavefunction as in Eq. 19.70
because the spherical Bessel and Neumann functions are real. We would like to find
an expression to compute §; in such a case.

The coefficients A; and B; are related to a; and b; by the following expression:

A =a; + 0, B, = i(al — bl). (19.72)

Now, let us consider the ratio B;/A;, which, using the definition (19.71) of the phase-
shifts, can be written as follows
B; La; — by ,%ll - e _q e — =i
— =1 =1 =1 - =1 n - .
A a; + b ‘;—l’ +1 ez 41 et 4 eidi

(19.73)
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Therefore, we conclude that the phase shift can be also calculated as
B
l.

tand; = — (19.74)

For Region IT (r > a) it is convenient to write the wavefunction as in Eq. 19.70.
The boundary condition at » = a means that

Aljl(ka) + Bml(ka) =0. (1975)
Therefore, we obtain that
jl(ka)
tan d; = 19.76
an o; l(k:a) ( )
For [ = 0 we have
Jo(ka)
tan dg = = —tan(k 19.77
andy = G = — tan(ha) (19.77)
therefore,
0o = —ka. (19.78)

Conclusion: The s-wave phase-shift is negative: The wave is pushed out of the origin
by the repulsive interaction.

In the long-wavelength limit ka << 1, we can compute the approximate form of
the spherical Bessel and Neumann functions using the expressions given by Eq. 16.39
and Eq. 16.41. We find that

N (ka)21+1
0 =~ N1 (19.79)
which is also negative. In addition, notice that as [ increases the the phase shift de-
creases.

Therefore, in the limit of ka — 0 only the | = 0 (s-wave) contributes to the

scattering amplitude fi(0) and we find that

1
lim f5,(0) ~ —e~**sin(ka)Py(cos #) ~ a, (19.80)
k—0 k
do 9

Therefore, the differential is isotropic in all 8 directions. The total cross section is given
by

do 9
o= /deT) ~ 4ma”. (19.82)

The differential scattering cross section can be calculated numerically for finite
values of ka and is illustrated in Fig. 19.5 for ka = 0.1, 1.0, and 7. Notice that while at
k = 0.1 is almost isotropic and mainly of s-wave type, as we increase the value of ka
we see that it becomes more and more elongated in the forward scattering direction.
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Fig. 19.5 Polar graphs of f(0) for scattering from a hard sphere.

19.6.2 Scattering from a spherical well

We consider the same potential as in Fig. 16.3 which we studied in chapter 16 when
we were discussing bound states in spherically symmetric potentials. Here, we will
investigate the scattering phase shifts and cross sections.

We consider the same form of wavefunctions as for case of the bound states; how-
ever, now the nature of the arguments about the special functions are different. In
Region I (r < a), we have

2m(Vo + E)

BV (r) = A gk, K = =

. (19.83)

For the reason discussed in the previous example, namely that the calculation of the
phase shift becomes easier, in Region II (r > a) we will write the solution as

2mE

Rl(ll)(T):Al(II)jl(kT)+Bl(11)nl(kr)7 k= e (19.84)

At r = a we will need to match the wavefunctions and their derivatives for the two
regions, that is,

A Gk a) = A jy(ka) + B ny (ka), (19.85)
kAW (K a) = k:(Al(”) jl(ka) + B}’”n;(m)), (19.86)

where the derivatives are considered with respect to the entire argument of j;(p) and
ny(p). By taking the ratio of these two equations we obtain:
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JiKa) _ kA ji(ka) + B Vi (ka)
ak'a) kK AT G (ka) + By (ka)

(19.87)

By dividing by AI(H) both the numerator and denominator, this equation can be

expressed in terms of the phase shifts, that is, using Eq. 19.74:
Ji(k'a) _ k jj(ka) — tan(d)nj(ka)
si(k'a) K ji(ka) — tan(6;)ny(ka)’

(19.88)

It is straightforward to solve this equation for tan(d;) and obtain the following ex-

|
4 6
ka

o

. . . . . tany/x24p8 o
Fig. 19.6 Graphical solution to Eq. 19.92. The solid curve is BV for 5 =0, the
red curve for f = 1, the dashed curve for § = 1 and the dash-dotted curve for g = 20.

pression:
kji(ka)ji(K'a) — k' j] (K a)j;(ka)
tan(8;) = —2 L . 19.
(0 = o (a)ju(a) — W3} (W a)mu (k) (19.89)
For the case of [ = 0, we find that
AW,
tan(0g) = xtan(z') — x tan(x), (19.90)
xtan(z) tan(x’) + =’
/ \/27 QmVQa2
r=ka, x =+\22+p5, B= o (19.91)



182  Scattering in three dimensions

Therefore, for certain values of the well-depth V4, there are values of  where tan §p = 0,
that is, when

tan/x2 4+ 3 tanx. (19.92)

As can be seen from the graphical solution illustrated in Fig. 19.6, for the three different
values of 8 used we find solutions for 5 = 20.

19.7 Problems

Problem 1

Start from the Born approximation for the scattering amplitude

fu(?) = _2”";2 / R (O (19.93)
™

where k' = |k|# and show that when the phase shift §; is small, it is approximately
given by

2mk

e

/0 ) 2V ()r2dr (19.94)

Problem 2

Consider scattering from the following 3D potential

Vo(>0), r < R} . (19.95)

V(T){ 0, r>R

(a) Use the Schrodinger equation to determine the exact phase shift g for [ = 0
as a function of the energy FE of the incident particles.

(b) Find the cross section oy and the corresponding scattering length ag.

(c) Calculate the approximate phase shift dg within the Born approximation. Com-
pare graphically your answer with the exact solution as a function of kR where

k= \/2mE/R?.

(d) Find the phase shift §p and scattering cross section o for the case of a hard
sphere where V — oo.
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Problem 3

Consider scattering from a spherical cavity of radius R which is bounded by a thin
wall of the form

V() = 5 70(r = R), (19.96)

where (2 is a measure of the opacity of the spherical wall.

(a) Use the Schrodinger equation to find the equation which determines the exact
phase shift §y for [ = 0 as a function of the energy E of the incident particles.

(b) Choose 2 =4 and plot &y as a function of kR.

(c) Show that the phase shift dy for the hard sphere limit agrees with the result of
Problem 1 for the hard sphere. Plot dy as a function of kR in the same graph as in
case (b).

Problem 4

Consider scattering from the attractive Yukawa potential of the form

e—r/)\
Vir)y=-% (19.97)
r
Use the Born approximation to find:
(a) the scattering amplitude,
(b) the phase shift, scattering cross section and scattering length for | < 2.
Problem 5

Consider scattering from an exponential potential of the form

V(r) = —Voe /A (19.98)

Use the Born approximation to find:
(a) the scattering amplitude,

(b) the total scattering cross section.



20

Time-independent perturbation
expansion

In this chapter we discuss time-indendent perturbation theory. We analyze the non-
degenerate case first, and then the case of application of perturbation theory for the
case in which the state is degenerate. We further investigate how to treat the case of
quasi-degeneracy.

20.1 Statement of the problem

As discussed many times most realistic problems are not exactly soluble. Perturbation
theory is a Taylor expansion of the full problem near the solution of a different problem,
which is considered closely related which we know how to solve. The full problem is
described by a Hamiltonian which can be cast into the following general form

H=Hy+ eV (20.1)

where Hy is the Hamiltonian of a problem which we know how to solve, that is, it can
be diagonalized as

‘[{I()'n)o = E’SLO)|n>O7 (202)

and we explicitly know all eigenvalues E,(LO) and all corresponding eigenstates |n),. Here
€ is a dimensionless small parameter (¢ << 1) and V' is considered as the perturbation.
The energy eigenvalues and eigenstates of H, that is,

Hin) = E,|n). (20.3)

which is what we are interested in, can be written as an infinite series expansion in
powers of € as follows:

E,=E9 +eEW + 2E® 4+ ., (20.4)
n) = |n), +eln), + ) + .., (20.5)

where we need to determine the prefactors

ED g®)

n no -t

and the contributions

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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n)ys[n)ss oo (20.7)

to the state vectors. Notice that the zeroth-order in both the expansion of energy and
eigenvectors are taken to be those of ﬁo, because of the fact that in the limit ¢ — 0,
E, — B and |n) = |n),.

This calculation can be carried out to a finite order n and this provides a systematic
order-by-order estimate to the full problem. This expansion assumes that the function
E, (e) and the state |n) as a function of € is an analytic function of € and the expansion
is done within its radius of convergence.

20.2 Non-degenerate case

The answer to the above problem is straightforward: Substitute Eq. 20.1, Eq. 20.4,
and Eq. 20.5 into Eq. 20.3 to find the following equation:

(H, +€V)(In), + €ln), + €*[n), +...)
= (B + eED + EED + ) (In), + eln),
+ ), + ...), (20.8)

and equate the terms of the same order in € on both sides of the resulting equation.
Namely, we obtain the following hierarchy of equations

Oth order = Ho|n), = EP|n),, (20.9)
Ist order = (Hy — E)n), = (B —V)|n),, (20.10)
ond order = (Hy — E)|n)y = (EX — V)|n),

+ E@n),, (20.11)

and, this can go on to higher and higher order. The equation for the nth order requires
the solution of all the previous n— 1 equations. For example, in order to solve the first-
order we need to have solved the zeroth-order. As discussed in the previous section,
we will assume that we know all energy eigenstates and eigenvalues of H,.

20.2.1 First-order correction

Here, we will solve Eq. 20.10 to determine both the first-order correction to the energy
and corresponding eigenstate. Since the eigenstates |n), of Hy form a complete set we
expand the correction |n), as follows

n), = Clm),, (20.12)

m

and we need to determine the coefficients C’,(n1 ), We substitute this into the first-order
Eq. 20.10 and we find that

S_ DB — EVjm), = (ED ~V)ln),. (2013)
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In order to determine the first-order correction to the energy, that is, Er(bl), we project
both sides of the above equation onto |n),. The resulting equation is

CMED — ED] = (n|EY = Vin),, (20.14)
which leads directly to the determination of E,(LI) as

EM = (n|V|n),. (20.15)

n

Now, in order to determine the coefficient C,(nl) of the wavefunction, we project both
sides of Eq. 20.13 onto the state |k), with k # n:

C,gl)[E,iO) — BV = (KED — VIn),, (20.16)
which yields
"
c® = oklVind (20.17)

= E’SIO) — EI(CO)’

Notice that we have not been able to determine C,(Ll). The reason is that it cannot
be determined from Eq. 20.10. Namely any such coefficient provides a solution to
Eq. 20.10 which we try to solve. This is an inhomogeneous algebraic equation with
general solution of the form

! (m|V|n)
In), = CP|n), + ﬁn%;l;m

Im),, (20.18)

where CV is any coefficient. When the operator (H —ET(LO)) (that is, the left-hand-side

of Eq. 20.10) operates on the first part of the above expression, it gives zero. Since

the second part of the above expression is a particular solution to the inhomogeneous

Eq. 20.10, by adding another part proportional to |n), it will still be a solution.
Therefore, the wavefunction to first-order in € is given by

(m|V|n)

) = Culn), +€ > wmm (20.19)
m#n =n T Hm

Cp =1+ eCW, (20.20)

where C,, is an arbitrary coefficient. If we are going to stop our calculation in first-
order in e namely, we neglect the corrections of order €2 as negligible, then we can
write the above expression as

(m|Vn)
n) = Cpl|n), +¢ 2 m), ). (20.21)
n} = Cu(jn) PO )

The error introduced by writing the above is of order €2. Again, by limiting ourselves
to be correct to first-order in €, we require that the first-order corrected state |n) be
normalized up to order ¢, that is, that
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(nln) =1+ O(€?), (20.22)

namely, the corrections to the normalization are of an order higher than the order to
which our calculation is correct. This determines the coefficient C,,:

Cn=1. (20.23)

Notice that we have chosen the phase of C), to be zero because it is an overall phase
factor.

20.2.2 Second-order correction

Having determined the first-order correction to the energy given by Eq. 20.15 and the
first-order correction to the wavefunction given by Eq. 20.18, we will solve Eq. 20.11
to determine both the second-order correction to the energy and corresponding eigen-
state. We expand the correction |n)s as follows

n), =Y CRm),, (20.24)

m

and using Eq. 20.12, Eq. 20.11 takes the following form:
ZC 2[EO) — EOim), Zc(l EM — )‘m>0

m m

+ EP|n),. (20.25)
To determine EY, we project both sides of Eq. 20.25 to [n),:
0=> W, (nEY - Vim), + ER. (20.26)

First, notice that if we use Eq. 20.15 the m = n term of the sum vanishes. Using the
expression (20.17)for C$Y we obtain

n|V m),
=y © o (O‘ | 0) (20.27)

In order to find the coefficient of the second-order correction to the eigenstate, we
project both sides of Eq. 20.25 to the state |k), for a fixed and given value of k # n.
This yields

CPEL — O =300 (KED — Vim),. (20.28)

The coefficient C,f) for k # n is obtained as

KVIn), o (k[VIn), (B — BY)

0122) — C,,(Ll) O<

E7(1,0) _ El(cO) (E;,,O) _ El(cO))2
1 (K|V[m) g (m|V |n)n
t e D ° 00 o, (20.29)
(0) (0) (0) (0)
En" — By znk Ey — En
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The m = n term of the right-hand-side involves the constant Cy(bl). This constant is
arbitrary because we are keeping all the terms up to second-order and, thus, we do
not apply the constraint given by Eq. 20.22. As a result the m = n term adds just
a term proportional to |n), to the second-order contribution to the energy eigenstate
with an arbitrary coefficient. This can be absorbed to the overall coefficient of |n), in
the total eigenstate.

Therefore, the state |n) correct up to second-order is given by

[n) = Culn)y + Cne > CDIm), +¢2 3 CP k), (20.30)
5@ _ _olklVIm), () — BY) !
@)
(E,(lo) _ EIE:O))Q Er(LO) _ E]EJO)
(k|V|m)y (m|V[n)n
x 0 0 O k#n, (20.31)
Cp=1+eCH +32032. (20.32)

Here, the coefficient C), which appears as a coefficient in the second term is actually of
the form given by Eq. 20.20, that is, first-order in €. The first term (the factor 1) came
as a first-order correction and the second term is due to the first term in Eq. 20.29.
However, using the above form (20.32), which has a third term of order €2, it is still
correct to order €2. The additional term adds to |n) a term of order €3.

The coefficient C,, is determined by requiring that the eigenstate |n) is normalized
as follows:

(n|n) =1+ O(€®), (20.33)

which, by keeping terms up to €2, yields that

1
Cn=1- 562 > ICHP. (20.34)
m#n

Notice again that we have chosen the phase of the coefficient C,, to be zero.

20.3 Degenerate perturbation theory

Why are we treating the problem of degeneracy in a separate fashion from the pre-
viously discussed treatment of the non-degenerate case? Examine, for example, the
first-order corrections to the eigenstates given by the expression (20.18), where we see
that the amplitude of contribution of any state |m # n), to the perturbed eigenstate
|n) is given by the coefficient ey (Eq. 20.17). Therefore, this coefficient becomes
very large anytime the unperturbed energy of a state |m), gets too close to the energy
of the unperturbed state |n),. In such a case the perturbation expansion cannot be
justified. This is the case of degenerate perturbation theory, discussed here, and the
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case of what we term quasi-degenerate perturbation theory, which we discuss in the
next section.

For simplicity, let us consider, first, the case of two-fold degeneracy. Namely, we
are interested in calculating the perturbative corrections to two states |n,), and |ng),
which share the same energy eigenvalue:

E® =B =EY. (20.35)

First, notice that any linear combination of |n,), and [ng), is also an eigenstate of
Hy with the same eigenvalue. Therefore, any vector from the subspace @) spanned
by the degenerate eigenvectors is characterized by the same eigenvalue Eg) ), Thus,

Eé?O ) characterizes the entire subspace ). This implies that we can transform the basis
vectors of this subspace by a unitary transformation to any other set of our choice. Let
us choose the basis to be the two vectors which are the eigenvectors of the perturbation
term V in this subspace. Namely, we write V in this subspace:

Y <n1|V|n1> <n1|V|n2> ) _ <V11 V12)
Vs [0 e e ) = 20.36
<o<”2|V|n1>o o(n2|Vna), Vo1 Voo )’ ( )

and we find its eigenvectors of the form

(g) = alny), + Bln2)a, (20.37)

and the corresponding eigenvalues. The latter are given by

At

Vi V; Viin— Vs
_Yu+ in\/( 11 22)2+|V12|2, (20.38)

2 2

and the corresponding normalized eigenvectors are given as

<gi) = |4), = ax|ni), + Bx|n2)a, (20.39)
where
g = Vi , (20.40)
VIVizP+ (Ax — Vip)2
A~V
By = Hay. (20.41)
Via

We change the eigenstates of the unperturbed Hamiltonian to |+),, |—), (instead of
|n1), and |n2),), and all others states |n), with n # ny,ns we keep the same. We still
have

Hol£), = EQ’ %), (20.42)

because |+), is just a linear combination of |n;), and |nz),.
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Notice that because V is diagonal in the subspace @, in the new basis there are no
matrix elements between the state |[+)o and |—), that is,

o(FIVI=)o = o (=IV[+)o =0. (20.43)
This means that the first-order correction to the energy eigenstates is given by

o(m|V]£)o

[£) = |£)o +
©) _ (0
T EY - BN

Im)o, (20.44)

and the sum is only over all states m outside the subspace @) because there are no
matrix elements connecting states inside Q.

One might still be puzzled because, while the matrix element between the states
inside @) after the diagonalization is zero, the states are still degenerate and the co-
efficient of their contribution is of the form 0/0 which is undetermined. Indeed if we
go back to the beginning, we will still derive an equation like Eq. 20.13 for both |+)
and |—)o instead of |n1)¢ and |ng)g. However, we will find that the coefficient c® of

the state |+)1, or the coefficient Cf) of the state |—);, cannot be determined, that is,
they are arbitrary. All other coefficients are given by the previously derived first-order
formula. Thus, we can add a term of the form

(m|V|+)

m#+ ~Q

to the state. However, by requiring that the state |[+) and the state |—) should be
orthogonal to each other we find that

c =—cW. (20.46)

This mixes the zeroth-order contribution of states inside Q. The energy to first-order
in € is given as

By =EY) +ehs. (20.47)

This first-order approach can be generalized to the case where the degree of degeneracy
is d. Then, the subspace of degeneracy @ is spanned by d states, |n1)o, |n2)o, -y [Rd)o
and E,(L(i) = E,(g) =... :ET(g) = Eg)). Again, we need to diagonalize V inside this
subspace and let its eigenvalues be denoted by \; and the corresponding eigenvectors
by |Ai)o. The energy to first-order in € is given by

0
E;=EY + e, (20.48)

and the first-order correction to the wavefunction outside of @ is given by

_ o (m|V[Ai)o
Ai)1 = emz#:Q 50— 5 Im)o. (20.49)
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20.4 Quasi-degenerate perturbation theory

As already discussed, for the perturbative expansion to be valid we need to make sure
that for all states m # n:

o (m|V]n)o
BY — B

‘ << 1. (20.50)

When two or more energy levels correspond to unperturbed energy eigenvalues which
are very close, in the sense that for these level the above expression is comparable to
unity or larger, the perturbation expansion cannot be justified.

Let us consider the subspace ) formed by the set of states which are quasi-
degenerate in the above sense. For simplicity and to demonstrate this method, let
us consider the case of two such states |ny), and |nz),.

The interaction V can be written as:

V=230 Im)g,(mlVIn),, (nl. (20.51)

We split the interaction V as follows:

V=Vo+V, (20.52)
Vi = Vitlna) oo (na] + Vialna) oo (no] + Vai|na)g, (na]
+ Vaalnz)o, (nal, (20.53)
Vij = o(nilVing)q, (20.54)
V=V -V (20.55)

Namely, VQ is the part of V which couples only states inside the subspace @, and 1%
is the rest which couples @ with the rest of the Hilbert space and couples the states
outside . Now, we rewrite the full Hamiltonian as follows:

H=H,+ eV, (20.56)
HY) = Hy + eV, (20.57)

and we are going to treat f[{) as unperturbed part and €V’ as perturbation.
(a) First, notice that H} and H are the same matrices inside @:

}AI = (0<n1|fi{|n1>0 o<n1|[:{|n2>o)
0<n2|H|n1>0 0<n2|H|n2>0

EY + v, Via
_ ( w2 ) (20.58)
21 2 22

(b) In addition, notice that

o (il V' ns), =0, i,j=1,2. (20.59)
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This implies that the new perturbation does not couple any state in the subspace Q.
This means that if we diagonalize H} (or H) inside the subspace @ and we find its
eigenstates |+)o and eigenvalues Ay as follows:

py= Tty \/<H“ T Vel (20.60)
Hiy = EQ) + Vi1,  Hyp=EY + Vi, (20.61)
|£), = ax|ni), + Biln2),, (20.62)

ag = Mo : (20.63)

VIVi22 + (A — Hi)?
Bt = @ai, (20.64)

Via
the interaction €V’ does not couple the new eigenstates:
0<+‘Vl|_>o :U<_‘V/|+>o =0. (2065)

Therefore, the first-order correction to the energy is given by

[£) =4 +€ ) ]ml Do (20.66)
m#+ H+ T

Notice that the sum extends outside the subspace Q.
In addition, the energy to second-order can be calculated as

VL), |2
By =EY + & o (] . (20.67)
,,%;Q Y - EY

This approach can be used to determine the effective low-energy properties of an
interacting system, by integrating out all high-energy states and finding an effective
Hamiltonian which operates only inside a subspace @ where the energy levels are very
close to each other.

20.5 Problems

Problem 1

Show that the error introduced by writing Eq. 20.21 is of order €.

Problem 2

Show that the wavefunction given by Eq. 20.30, where the coefficients are given by
Eq. 20.32, is correct to second-order in e.
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Problem 3

Consider the following Hamiltonian
H = Hy + \a?, (20.68)
where Hj is the simple 1D harmonic oscillator

2 p I 99
Hy = o + 5w T (20.69)
(a) Consider the term proportional to A as perturbation and calculate the energy
of the nth level using non-degenerate perturbation theory up to second-order.
(b) Now you can consider the full Hamiltonian H as a single harmonic oscillator
with a modified frequency. What is the modified frequency?
(¢) What is the exact energy of the nth level above? Expand this expression in
powers of A and keep terms up to A2. Compare this expression for the energy with
that which obtained in part (a) above.

Problem 4

Consider a particle of mass m and charge e under the influence of a potential of
the form

V(z) = %mwsz, (20.70)
that is, the familiar 1D harmonic oscillator. Now the particle is perturbed by an
external electric field of strength E along the positive x direction.

(a) Calculate the change in each energy level to second-order in perturbation, and
calculate the induced dipole moment.

(b) Show that this problem can be solved exactly.

(c) Compare the results with second-order perturbation theory.

Problem 5

A 1D harmonic oscillator is perturbed by an extra potential energy term of the
form Az3. Calculate the change in each energy level to second-order in perturbation
theory.

Problem 6

Consider a three-state problem, in which the Hilbert space is spanned by states
[1), ]2), and |3), with the Hamiltonian matrix in this basis given by the following:

. er N €
H=| Xey e |. (20.71)

€ € €3
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Let us assume that e; < ez < e3 and that the energy difference |e; — ez] is much
smaller than the energy differences |e; — e3| and |es — e3|, and, in addition, that the
ratios |e|/|e; — es|, |€|/|ea — es| are both much smaller than 1.

(a) Explain why it makes sense to split the above Hamiltonian as follows:

H=Hy+ €V, (20.72)

A er A 0 A 001

Hy=|Xe0 |, V=1]001], (20.73)
0 0 e 110

and to treat the eV part using the quasi-degenerate perturbation theory discussed in
this chapter.

(b) Calculate up to second-order in € the perturbatively corrected energy levels e;
and es.
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Applications of perturbation theory

In this chapter we apply the technique of perturbation expansion to well-known physics
problems. Such applications are: the Stark effect, the origin of the van der Waals
interaction, and the case of electrons in a weak periodic potential.

21.1 Stark effect

We consider the hydrogen atom in an external static electric E. The electron in the
atom experiences an additional term in the Hamiltonian and the total Hamiltonian
takes the form:

H=Hy+¢eE -7, (21.1)

where Hy is the hydrogen atom Hamiltonian. If we choose our z-axis along the di-
rection of the external electric field, this term becomes eEz. For laboratory electric
fields of magnitudes as high as 100,000 V/m the electric field term has a much smaller
contribution than the first term. While the expectation value of z is zero in the unper-
turbed atom, the electric field causes the expectation value of z to be non-zero and a
very small fraction of the Bohr radius ag. However, to get an idea of an upper bound
of the relative size of this term in H, if we take (z) ~ 1 A and a rather high value
for the electric field £ = 100,000 V/m, we find that (eEz) ~ 1075 eV. This is much
smaller than the energy difference between successive energy levels in the hydrogen
spectrum. In actuality, the contribution is even smaller than that because (z), caused
by such a field, is also much smaller than the size of the Bohr radius ag. This justifies
our plan to treat the effects of this added term in the Hamiltonian by perturbation
theory.

First, we consider the ground state |nlm) = |100) of the hydrogen atom, which
is non-degenerate. The first-order correction is the ground-state expectation value of
the perturbation, that is, (100/eEz|100), which vanishes because the ground state is
spherically symmetric.

The second-order correction to the energy is given as

2
(2 _ 22 |2100—nim|
Els = —€ E Z ﬂ, (212)
nlm%#100
2100—nim = (nlm|z|100), (21.3)

and FE,, denotes the hydrogen atom energy spectrum which depends only on the prin-
cipal quantum number n.

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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The electric dipole moment of the atom in its ground state is given by the expec-
tation value

= —e/d%wo(m?ﬁ (21.4)

where 19 is the ground-state wavefunction. Clearly for the hydrogen atom ground
state, this expectation value is zero. However, in the presence of an external electric
field the wavefunction changes and in first-order it is given by Eq. 20.18. Using this
first-order corrected wavefunction and keeping only terms up to first-order we find
that

d=7E, (21.5)
R (100|z;|nlm) (nlm|z;|100) + c.c
g =€ Z En - El ’

(21.6)
nlm=#100

and we have used the abbreviation z; to denote the x,y, 2z component of the vector
7 for ¢ = 1,2, 3 respectively and c.c stands for “complex conjugate.” This procedure
defines a 3 x 3 tensor, W, which is the atomic polarizability tensor. This is a response
function of the atom and characterizes the atom alone and it is independent of the
size of the perturbation. This is one example of the more general case of the so-called
linear response theory.

Now, as an application of degenerate perturbation expansion, we consider the case
where the atom is placed in an external electric field giving rise to the Hamiltonian
(21.1) but we measure its effect on the spectrum of the excited states. As an example,
we consider the case of n = 2, which is four-fold degenerate: the states |200), |210),
|21 — 1), and |211) all have the same energy which corresponds to a value of the
principal quantum number n = 2. Therefore, the first-order correction is obtained by
diagonalizing the interaction in the above 4D subspace of the degeneracy. If we form
the 4 x 4 matrix of eFz using the above four states, we will notice that the only non-
zero matrix elements are between states |200) and |210). One of the reasons for this is
that the interaction is cylindrically symmetric with the axis of cylindrical symmetry
along the direction of the electric field. As a result m = m/. In addition, there are no
diagonal matrix elements because the interaction is proportional to cosf. Therefore,
the only two states which will be affected by this perturbation are |200) and |210)
which, by diagonalizing the matrix

0T B
(T 0) . T = eE(210|2[200), (21.7)

are split and their corresponding wavefunctions are as follows

By —T = % (|200> + |210)), (21.8)
By +T = % (|200> - |210>). (21.9)



Origin of the Van der Walls interaction 197

21.2 Origin of the Van der Walls interaction

Consider two hydrogen atoms in which their nuclei are at distance R from each other,
which is kept fixed as illustrated in Fig. 21.1. We assume that the distance R is much
larger that the Bohr radius ag, so that each atom is only weakly disturbed by the
presence of the other. We would like to calculate the total energy of the system using
perturbation theory.

2
nucleus B --~¢ -
\ " (electron 2)
\ r o
\13
R iy
g rI (electron 1)
nucleus A »/
Fig. 21.1

21.2.1 Dipole—dipole interaction

The full Hamiltonian of the system in this case may be written as

H=Hy+V, (21.10)

. K2 €2 K2 e?

Hy = f%vf T %vg — (21.11)
2 2 2 2

v=5 < < < (21.12)

+ = — - = — = -
R |R+7m—7| |R—7| |R+7

The unperturbed Hamiltonian Hy is taken to be the sum of the Hamiltonian of the two
atoms as if they were at infinite distance from each other. The perturbation part Vis
taken to be the following remaining four terms which are all weaker if R >> ag: the
repulsion between the two nuclei, the electron—electron repulsion (determined by the
distance between the electrons 719 = R + i — 71|), the attractive interaction between
nucleus B and the electron of the first atom (determined by the distance between the
electrons rig = R— 71), and, lastly, the attractive interaction between nucleus A and
the electron of the second atom (determined by the distance between the electrons
oA = é + Fg)
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By taking our z-axis along the direction of R, the term V can be rewritten as
follows:

2

V: % 1—|—U12_UlB—u2A>7 (2113)
2(z9 — 2
U192 = 1+%
B 9 . 2 o 2.-1/2
(e m) + 23/1) + (22 — 21) } ’ (21.14)
R
221 2 +yl+ 2312
L 2= 7} , 21.15
ulp [ R R2 ( )
220 a3+ yi+231-1/2
2 7} . 21.16

We expand the terms w2, u15 and ug4 in powers of 1/R (actually, in powers of the
dimensionless ratio ag/R, which can be explicitly recovered by dividing x4 2, 1,2, 21,2,
and R by ag everywhere in the above expression) and we keep terms up to (1/R)?.
The constants (that is, all the 1’s) and the linear term cancel and the second-order
term which is the first surviving term is

2
~ €
V= ﬁ(xlifz + Y1Ya — 22122). (2117)

The same result can be obtained using the familiar expression for the electric dipole—dipole
interaction:

dy-dy —3(R-di)(R - da)

Vi—a = 3 ;

(21.18)

where R is the unit vector along the direction of the line connecting the dipoles, using
for dipole moments of each of the atoms the following expressions:

— —

d1 = —61?1, d2 = —61?2. (2119)

Therefore, the higher orders in powers of 1/R which we omitted are the higher-order
multiple-moment expansions of the two neutral charge distributions around the two
atoms.

21.2.2 Perturbation theory

In zeroth-order perturbation theory, Hy consists of two independent hydrogen atoms;
therefore, we already know the eigenstates: electrons as

[nim; n/U'm’) = |nlm)1|n'1'm')s. (21.20)

Namely, we have written the eigenstates of the two independent electrons as the direct
product between the eigenstates of the electron labeled as 1 and the eigenstates of the
electron labeled 2. The unperturbed Hamiltonian acting on each of these states yields:
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Holnlm; n'I'm’y = (En, + Ey,)|nlm;n'l'm'), (21.21)
B - L (21.22)
" 2a9n?’ '

In general the Hilbert space Hsy of two distinguishable particles is the so-called direct
product of the single particle Hilbert space times itself, symbolically:

Ho = H1 Q@ Hi. (21.23)

What this means is simply that a complete basis of Hsy for distinguishable particles
can be constructed out of the basis elements of H; as follows:

[71:72) = [71)1 @ [12)2 (21.24)

where |7y); for fixed i (here v labels the different basis states) is a complete basis of
‘H1 and ¢ is the particular particle identity index.

In our particular case of the two different spatially separated atoms, we consider
the two electrons as distinguishable. Because the two atoms are far away from one
another, the probability for electron exchange between the two atoms is exponentially
small with the distance R between the atoms. This fact leads to the spontaneous
breaking of the permutation symmetry between electron identities. What needs to
be done in general in order to treat the problem of identical particles is discussed in
chapter 25.

We are interested in the case where the two atoms are in their own ground state. In
this case the first-order correction is given as the expectation value of the perturbation,
that is,

{100/, (100[V]100), |1, 0,0), (21.25)

and using the expression given by Eq. 21.17 we may write the above expectation value
as

N e?
<V> = 7@ <£C1>1 <LE2>2 + <y1>1 <y2>2 - 21 <Zl>1<22>2:|7 (2126)

where

and similarly for (y;), and (z;),. These expectation values, however, all vanish due
to the fact that each hydrogen atom in its ground state (the 1s state) is spherically
symmetric. Therefore, the direct—dipole interaction term vanishes because there is no
permanent electric dipole in the ground state of the hydrogen atom:

(dy) = (d2) = 0. (21.28)

The second-order perturbation correction to the energy is given as:

3 | (nlm, n'l'm/|V]100, 100) |2

E®)(R) = OF, — B, — B,

(21.29)
nlm##100,n/l’m’#100
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which can be written as

C oo (21.30)

E(Q)(R) = 7@; =

where the non-negative coefficient C' can be computed as:

oy i U 422 + 19— 2212)100,100) oL
(B — 1) + (Bn — E)

where the summation is over all values of nlm # 100, and n'lI'm’ # 100. Notice
that this leads to an effective interaction between the two atoms which is always
attractive. There are two items which need to be discussed. First, we call this term
“effective interaction” for the following reason. The atomic nuclei are much more
massive compared to the electrons. This means that between two not-too-different
configurations of the nuclei, the electrons have enough time to “travel” around the
two atoms numerous times and to sample their entire wavefunction. This means that
there are two different timescales involved and two different energy scales. One scale
controlling the electronic problem and one energy scale that controls the motion of the
atoms due to their mutual “effective interaction.” This allows us to solve the electronic
problem, as we did for a fixed relative distance between the nuclei, and then to consider
the following “effective Hamiltonian” to describe the atom—atom interaction:

H, == + == +V(R). (21.32)

Where V(R) is the total energy of the electrons for a fixed relative position between
the nuclei. Here, ﬁA7 B denote the momenta of the two nuclei and M is their mass.
Now, in a correct calculation, one has to determine V(R) even for short distances.
Here, we only determined it for R >> ag. This separation of the electronic from the
nuclear motion, is called the “Born-Oppenheimer” approximation.

The second item which we wish to discuss is the following question: What is the in-
terpretation of this Van der Waals interaction and why is it attractive at long distances
as we found?

The two hydrogen atoms in their ground states have no permanent dipole mo-
ments as their ground state is spherically symmetric. However, as the second atom
approaches closer to the first atom, due to quantum fluctuations produced by their
mutual interactions (namely, when the two nuclei are at a finite distance from each
other, the electrons are, with some small weight, also virtually in excited states of the
unperturbed atom), each of the two atoms has a fluctuating dipole moment; at a given
instant this fluctuating dipole moment polarizes and induces a dipole moment on the
other atoms. This effect fluctuates in time; however, it always leads to an effective
attractive interaction between the two atoms at large distances. It is of order 1/RS
because the induced dipole moment on one atom is of order of 1/R? and, then, this
leads to an interaction with the neutral charge distribution of the other atom yielding
an additional 1/R? factor.
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21.3 Electrons in a weak periodic potential

Let us consider an electron moving under the influence of an external weak periodic
potential. This can approximate the situation of conduction-band electrons in a metal.
These electrons are not bound to any particular atom and they almost freely move
inside the crystal under the influence of a weak periodic potential. Let us consider the
simpler case of 1D and write:

H = Hy+ V(x), (21.33)

. h2 d?

Hy=—5 -, (21.34)
V(z+a) =V(z). (21.35)

We also apply periodic boundary conditions, that is,
Y(xz+ Na) = (), (21.36)

namely, our system size is L. = Na where N is a large integer. We also assume that
the contribution of V(x) as compared to the contribution of the free particle part
of the Hamiltonian Hy is small. This allows us to use the perturbation approach.
An exact treatment of the special case where the potential is different constants at
different regions of space pieced together was carried out in chapter 10. The present
perturbative approach provides only an approximate treatment, but it is applicable to
any periodic form that V(x) may have.

Before we start our approximate treatment based on the perturbation expansion,
let us recall the exact theorem, called Bloch’s theorem, discussed in chapter 10, which
is a simple consequence of the periodic potential. Since the Hamiltonian commutes
with the operator of translations by a, we can choose its eigenstates to be of the
following form:

V() = e uy(2), up(z + a) = uy(z), (21.37)
21 T T

k= — =0,+1,+2,..., ——<k< — 21.
Nan’ n=0,%1,42,..., P < = (21.38)

namely, k is restricted inside the so-called first Brillouin zone.
On the other hand, we know that the unperturbed Hamiltonian is the free-particle
Hamiltonian with eigenvalues and eigenstates given as:

Hopl" (x) = EQ 9, (21.39)
1 ) h2q2
_ iqw EBO) - 21 21.40
wq(x) \/me ’ q 2%m ’ ( )
2
q= Nin’, n = 0,41, 42, .., (21.41)
a

and while Bloch’s wavevector k is restricted inside the first Brillouin zone, the wavevec-
tor g characterizing the free-particle wavefunction is not restricted.

In order to proceed, we will need to reconcile the free-particle state with the re-
quirement of Bloch’s theorem. This is simple once we realize that we can reduce any
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such vector q inside the first BZ by subtracting a multiple of Go = 27 /a, which is the
size of the first BZ. Namely, we can always write:

g=k+G, (21.42)
2
G=""m, m=0,+1,42, .., (21.43)
a
Tak< D (21.44)
a a

Namely, for any given ¢, there is always a unique k£ and a unique G which allows us
to write ¢ as k + G. With the above separation, the free-particle wavefunction can be
written as

1, . :
wéo)(x) — ﬁez(kJrG)w _ 6zkzu(x); u(x) _ 61G’x7 (2145)

and, in fact, as shown next, the function u(z) is a periodic function with period a as
required by Bloch’s theorem:

u(x + a) = 'Y u(x) = u(z). (21.46)

Now, the free-particle energy eigenvalues can be written as

\E‘ I \\\‘ A I ‘E\
1 7 1
1 N\ 1
X E )Y i
I ! N\ | m= 27
\\\m=_2: / :m 12/’
\QT'-L] \\E‘\ /,E,/
i m=1" |
[ \E\ /\ T \E\ L
-12 -10 4 6 8 10 12
k
Fig. 21.2
R (k+QG)?
EO(q) = B () = LGS ; r, (21.47)
m

with k restricted inside the 1BZ. In this way we have taken all the pieces of the
original free-particle energy dispersion relation which were in the mth BZ and move
them inside the 1BZ as shown in Fig. 21.2. Therefore, now the energy dispersion has an
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infinite number of branches for different values of GG, which is the result of folding all
higher BZs inside the 1BZ. Notice that under the influence of an infinitesimal periodic
potential with period a these correspond to the many bands which one finds with the
approaches discussed in chapter 10.

Let us assume that the periodic potential is weak so that we can proceed with
perturbation expansion. First, let us clarify that only states with the same value of
k and different value of G couple through the periodic potential. Namely, if V(x) is
periodic:

(Yr|V(z)|hrr) =0, for k—Fk #G. (21.48)

This can be shown by taking into account explicitly the periodicity of V() as follows:

1 Na o,
N = i(k'—k)z
WV (@)lw) = ; dzV(z)e
1 Na L,
= Nia/o dzV (z + a)e'* =R, (21.49)

and by changing the integration variable from x to 2’ = x + a we can see that

1 Na+a L, ,
Gl V@) o) = 52 [ d Ve oo,

(k' —k)a L Nata i(k' —k)a’
e k- )am/a dz'V (z')e!* —R)2", (21.50)
Therefore, we conclude that
(k| V (@) |rr) = e F =Ry [V () [ ). (21.51)

The last step is obtained by changing the integration limits from [a, Na + a] to [0, Na]
because of our periodic boundary conditions. This equation can only be valid either
if (K' — k) = 2mm, that is, if &' = k + G or if (¢ |V (z)|¢rr) = 0. This means that in
carrying out perturbation theory to find corrections to states of given k, we only need
to consider states which have the same Bloch index k but different values of G.

Notice that near the 1BZ boundaries, that is, near k = £7/a, the two branches for
G = 0 and for G = m2n/a with m F 1 approach each other, requiring the treatment
discussed for quasi-degenerate perturbation theory. In particular, when k = +m/a
there are two states with the same energy:

21

h2 k 2 h2k2
(k+G)” _ , for k:ﬁ:g and G =F—. (21.52)

2m 2m

Since the treatment of the degenerate perturbation theory is a particular case of the
more general approach to the quasi-degenerate perturbation treatment, we follow the
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latter to also treat the values of k near the zone boundaries. Thus, we need to diago-
nalize the Hamiltonian in the subspace spanned by the states |1x) and |¢k1a), that
is, the following matrix:

(Vr+c|Ho + V) (brra|Ho + Vviya) ) '

Hy is diagonal with diagonal matrix elements

. 2.2
(el o) = B (k) = 22 (21.54)

A 2 2
sl Holtnac) = ED () = “EL G (21.55)

We also need the matrix elements of the periodic potential, which can be simply
reduced to an integral inside the first unit cell, that is, 0 < z < a, as follows:

Na
<wk|‘7|wk+G> = Nia/o dxeikzv(x)efi(k+G)z,

1 [Ne ,
= m/o daV (x)e 16"

= % / dzV (x)e™ "5 = V. (21.56)
0

In the last step we have reduced the integration inside one unit cell because of the
periodicity of both V(z) and e~*“®. Similarly, we find that

(rralVIgr) = Ve (21.57)

Furthermore,

WlVIvr) = (rrcVIveie) = 2/0 dzV (z) = V. (21.58)

At this point, we have all the matrix elements of the Hamiltonian matrix to carry
out the diagonalization in the subspace spanned by |¢y) and |¢g1g). We obtain the
following energy eigenvalues:

Eo(k) + Eg (k)

Ap = 5
+ \/<Eo(k)_EG(k>)2+|f/G|2 (21.59)
2 b)
Eg(k) = ED (k) + V. (21.60)

This expression is plotted in Fig. 21.3 by taking V5 = 0. Notice that at the BZ
boundaries an energy gap opens up which is given by:

A =2|Vg| (21.61)
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E(k)

21.4 Problems

Problem 1

The Van der Waals interaction between two hydrogen atoms in the ground state
and separated by a large distance R is given by

C
V(R) = —+45 (21.62)
where
—92 2
=t Z 1€0,0](z122 + Y192 — 22122) V1, v2)| 7 (21.63)
R €y, + €4, — 260

where |v1) and |vg) denote excited states of the hydrogen atom with corresponding
energies €, and €,,.

Calculate the above coefficient C' of the Van der Waals interaction explicitly by
limiting the number of states 14 and v5 in the sum to states |v1) = |ng,l1,m1) and
|V2> = |n2,12,m2> with nq < 2 and no < 2.

Problem 2

Consider the following two cases of a 1D crystal, that is, a periodic array of atoms.
Use the finding of the perturbation approach in this chapter to:

(a) explain that when there is an even number of electrons per atom the crystal
will be an insulator,

(b) explain that when there is an odd number of electrons per atom the crystal
will be a metal.
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To answer these questions, think classically about the response of the electrons to
an external constant electric field. In addition, assume that a typical energy scale for
the gap A is 1 eV. Show that a laboratory made electric field is way too small for the
energy scale eEx (by taking a typical value for z ~ 1 A)7 supplied by the external
field to each electron, to be comparable to A to enable the electron to overcome the

energy gap.



22
Time-dependent Hamiltonian

This chapter discusses how to treat the case of a perturbation which depends on time.
We also discuss the case of the so-called real-time evolution and the adiabatic process
which has received more recent attention because of experiments on quantum dynamics
in trapped cold atoms.

22.1 Time-dependent perturbation theory

Here, our Hamiltonian is conveniently written as:
H(t) = Hy + €V (1), (22.1)
and we are interested in solving the time-dependent Schrodinger equation,
HOR(®) = idr(0)), (22.2)
under the initial condition

[(t = to)) = o), (22.3)

where the state [1)g) is a state known to us, that is, we know all of its projections to
a known complete set of states, for example, the eigenstates of Hy:

Holn)o = E{”|n)o, (22.4)

which, along with their corresponding eigenvalues, are also known to us.
In order to find a series expansion solution to Eq. 22.2 we expand [¢(t)) using the
complete set of unperturbed eigenstates |n)o of Hy:

[(6) = 3 Cr(t)e #5 R),, (22.5)
k

where the coefficients Cj(t) are to be determined. We also expand the initial state:

o) =Y _ Ci(to)[k)o, (22.6)
K

where clearly the coefficients associated with the state |n)o are the same as the coef-
ficients in Eq. 22.5 for ¢t = ty. Since the state |¢)o) is known, the projections

Ci(to) = o (klvo), (22.7)

are also known.

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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208 Time-dependent Hamiltonian
By substituting expression (22.5) in Eq. 22.2 we find
i (0) ~
ch e HETHEY + eV (1))|k)o

- Z[z’h(]k(t) + B0 (1)]e 75 ). (22.8)
k

Notice that the first term of the left-hand-side (the unperturbed part) appears on both
sides and cancels out. Next, by projecting both sides onto |m)g for given m, we obtain:

_ e— ch FED B 10V (1)) kDo (22.9)

Next, we expand Cj(t) in powers of € (defined in Eq. 22.1) as follows:
Ci(t) = COt) + eV () + 2 + ... (22.10)

and we substitute in Eq. 22.9, that is,

. . ) 1
Cv(r?)(t) + 607(;)(1*/) + 62053) +..= 6% Z[C]io)(t) + 60}51)“)
k

+ 0P 4 e hET=ED |V (1)Ko (22.11)

By equating the same order of € on both sides of the above equation, we find the
following hierarchy of equations:

COY(t) = 0 (22.12)
(1) (0 E(O) E(O))
) =+ ZO

X 0<m\V( NIk)o, (22.13)

el (t) = % SO (e HED B
k

X o (m|V(£))[k)o. (22.14)

These equations can be solved successively, that is, the zeroth-order first, then using

the solution for C\.) (t) we substitute it in the first-order equation to solve for i )(t),
and so on.
The zeroth-order equation has a simple solution, that is,

COY(1) = CO (1), (22.15)

that is, it is time independent. If we are going to stop at zeroth-order, then C’f,g) is
given by Eq. 22.7.
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22.1.1 First-order perturbation

The first-order equation (22.13) can be integrated in time to obtain:

() = D (1) + Z/ gl e b BB
X 0<m|V( kYo, (22.16)
where C,(ﬁ)(to) is time independent. If we are going to stop at first-order, then
CWV(to) + €CLY (to) = Crn(to), (22.17)
which is given by the initial condition. The situation becomes simplified when the
initial time ¢ is chosen to be the instant when the time-dependent perturbation begins
to act, that is, such that V(¢ < tg) = 0. In this particular case,

C#0)(t4) = 0, (22.18)

that is, for all orders except for the zeroth-order. In the following part of this subsection
we consider an example in which we restrict ourselves to the case where

V(t) = VoO(t), (22.19)

where O(t) is the Heavyside step function (that is, ©(t > 0) = 1 and ©(t < 0) = 0),
and we will take as an initial condition at ty = 0 that the state of the system before
the perturbation begins to act was such that

Crn(t =10) = Ommy» (22.20)
namely, the system was in the mg eigenstate of the unperturbed Hamiltonian. We
want to find the probability for the system to decay in different eigenstate m at a later
time ¢, which to first-order is given as

Prugosm(t) =[O0 (1), (22.21)

Under  these  specialized  conditions, the  expression given by
Eq. 22.16 becomes,

1 t ‘
ng—)m(t) = %D<m|‘/0|m0>0/ dt’ exp(_lwmomt/)
0

N exp(—iwmomt) — 1
7o {m[Volmo)o p( om) , (22.22)
wmom
g® _gO
Wingm = "T (22.23)

Therefore, the probability for a transition mg — m is given by
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Prgrom(t) = IO O = 25 x(, 1)1
X |y (m|Vo|mo)ol?, (22.24)
X (Wmo,m, t) = %Sin;(x) t, (22.25)
v = WmQO’"t. (22.26)

The function x(w,t) is shown in Fig. 22.1 as a function of w for two values of t = 1, 2.
Notice that at x(w = 0,t) grows linearly with ¢ because of the fact that lim, o sin(x)/z =

I
- —— t=1]7]
— t=2
=15 —
=2
= | |
=
3 1 -
o
=
‘B
a | |
05— —
0 - b =
-20 10 20

Fig. 22.1

1. In addition, the integral under the curve is a constant, that is,

1 o0
— t)=1 22.27
5 | xwn =1, (22.27)
because of the fact that
1 [~ sin®(z)
— =1. 22.2
%[mm S (22.28)

As a result, when ¢ increases the width of x(w,t) becomes narrower and narrower. In
fact, in the limit where ¢ — oo we have that

tllglo X(w,t) = d(w). (22.29)
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Therefore, we can write that the transition rate I'y,, ,, becomes

. Ppem(t) 27 N
Lng,m = Jim % = f|0<7”'”b\V0|m0>0|2
x §(EW) — EW). (22.30)

If we view this as an experiment to measure the energy of the system by applying
a perturbation, this equation tells us that if the interaction time ¢ with the system
for carrying out the measurement is infinitely long, the energy should be conserved.
If the interaction time is finite, then there is a finite width of the states allowed for
transition. This width is approximately given by finding the first zero of x(x,t) which
occurs at xg = m; therefore, which implies that the width in w is dwt ~ 27 or

AE t~h. (22.31)

Therefore, this can be understood simply by means of the uncertainly principle.

Now, let us consider that there is a continuum of states near the initial state mg
described by a function p(F) which is the density of states, namely p(E)dFE gives the
number of states in the energy range (E, E + dE). In this case we are interested in
finding the probability for transition to any state m. This implies that we need to
compute the following sum:

. Puom(t) 2w -
oy = 3 Jim 2 = 3557, mi Voo,
X X (Wmom t)- (22.32)

Using the density of states this sum can be transformed into an integral over energy
as follows:
27

Fmo f dEp(E)‘o<m|%|m0>o|2X(wmom’t)' (2233)

Since the function x(w,t) is strongly peaked near w = 0, assuming that the functions
p(E) and the matrix element do not vary wildly near w = 0, we can write the above
expression as

2T N
Ly = 5ol Volmo), PolEng) [ dE X (22.34)

Using the identity (22.27) we find that

2w N
Ly = ;Mml%lmo)ol%(Eﬁ%)- (22.35)

The last expression is sometimes called Fermi’s golden rule.
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22.1.2 Harmonic perturbation

Consider a perturbation which turns on at ¢ = 0 and varies as sin(wt) or cos(wt), for
example:

V(t) = VoO(t) sin(wt). (22.36)

In addition, we assume that the system before the perturbation was in state |mg)o,
that is, we assume that Eq. 22.20 is valid. Using Eq. 22.16 we obtain:

eiwmo'mt ~
Cmg%m = 2K °© <m|‘/b|m0>0
t
X / dt' (ei(wmonﬁw)t' — ei(wmowﬁuﬂt')’ (22.37)
0

and by doing the integrals we find that

eiwmomt R
Crnpsm = Wo<m|vo|m0>o
HWpngm =W}t _ H(WmgmFw)t _ 1
x (e ’ S ) (22.38)
Wmom — W Wmem + W
Therefore, the transition probability is
T ~
P’mmm(t) = |Cm07m(t)|2 = ﬁ|o<m|vo|m0>o‘2
x flw, b, (22.39)
f(w,t) = X(w - wmomvt) + X(w - wmgmat)
+ &(w, 1), (22.40)
{Wingm =@t _ | gilwmom+w)t _ |
flwt) = S tee. (22.41)
Wmom — W Wmom + W

and x(w,t) is given by Eq. 22.25. When the energy difference between the initial and
final states, that iS, wy,,m is large, the interference term £(t) is small, because the first
term contributing to the product above is significant near w ~ wy,,m (absorption) and
the other near w ~ —wy,,m (emission). In the limit of ¢t — co we have that

Pmo,m(t) = Fmomta (22.42)
T ~
o = g3 m{Volmo),
X (§(w + Wimem) + 6w — wm0m>. (22.43)

22.1.3 Higher-order terms

It is straightforward to see that the coefficient of the nth order contribution to the
coefficient Cy,om (t) is given by
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1 t t1 to
() = 2 S5 Z/dtl/ dtg/ dts
(ih) to to to

k1 k2 kn—1

tn—1 .
/ dtpetmoritigiwiniyte iy ymin
to

X o |V (t1)[k1) 6, (k1 |V (t2)[k2),

% (ol V (£n)|m), - (22.44)

In order to obtain this expression, we have made use of Eq. 22.20 for the zeroth-order
contribution.

The zeroth, first, and second-order are depicted in Fig. 22.2 as diagrams where the
straight line with an arrow labeled by k, which begins at time instant ¢; and ends at
time instant to, denotes the free propagator, that is,

go(ED ty — 1) = e #EL (amt) (22.45)

For an nth-order diagram there is a factor of (i%)~" and n integration time variables,
t1, to, ..., t,, that is, with nested integration time limits: (to,t), (to,t1), .-, (to,tn—1)
respectively. There should be n — 1 intermediate states ki,ko, ..., k,_1, which we need
to sum over. Lastly, at every introduced time instant ¢; between intermediate states
k;—1 and k;, there is an interaction matrix element (illustrated as red dashed-line in
Fig. 22.2).

o (kimt |V (t:) ki), - (22.46)

m
mo ;
PN
m,
t=0
t=0
(a) (b)
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22.1.4 Calculation of second-order correction

The second-order correction to the coefficient Cy,,m (t) is given by

1 t t1 . )
Coln(t) = — Z/ dtl/ dtge™msti " kmot
(ih) % Jto to

X o (m|V (t2) K)o (kIV (£2)lmo),- (22.47)

Again, we consider the case of a perturbation which was suddenly turned on at ¢t = 0,
that is, using the following expression

V(t) =0(t)W, (22.48)
we obtain
Cg(zm 2 ZO m“/b‘k 00 k|V0|m0>
k
X / dty / dtge™mkit gihmotz, (22.49)
to to

After carrying out both integrations successively, we find that

2) (m|Volk), o (k[Volmo),
Cloam(t) = = Z o
TWmmat _ TWmkt _ 1
X [6 ol e ] (22.50)
Wmmg Wmk
22.2 Adiabatic processes

We consider a time-dependent Hamiltonian of the form

H(t)= Hy+ V(t), (22.51)

where the time dependence of the interaction comes from the time dependence of the
coupling constants f;(t), that is, the interaction potential is written as

V= AMVI+ f2(0Va+ o+ far (V. (22.52)

The functions f;(t) are slowly changing functions of time as illustrated in Fig. 22.3.
Namely, all characteristic timescales T, T5, ..., Tjs are longer than the inverse of all of
the frequencies wyn, (t) = (Ek(t) — En(t))/h associated with any pair of energy levels
of the instantancous Hamiltonian H (t), that is,

|wim ()| T; >> 1, for any k,m, 1. (22.53)
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Fig. 22.3

Now we consider the following two problems which are, in general, two different
problems:

1. We are interested in the instantaneous eigenstates of the above time-dependent
Hamiltonian, that is,

H(t)|n); = E,(t)|n);. (22.54)

2. We are interested in the solution of the time-dependent Schrédinger equation
for the above time-dependent Hamiltonian:

H(t)|w(t) = idi|v(t), (22.55)

under the initial condition that

[h(t = 0)) = [n)o, (22.56)

and this is one of the ¢ = 0 eigenstates of the Hamiltonian.

The adiabatic theorem states that:

i) If the energy levels of the unperturbed system are discrete and all characteristic
timescales T; are infinitely large (this will be defined better by the proof of the theorem
provided next) and

ii) if during the evolution process there is no level crossing, that is, Ej(t) # En(t)
for all £ and m and for all ¢,

then asymptotically

[h(t = 00)) = [n)e, (22.57)

within an overall phase factor to be discussed next.
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22.2.1 Proof of the adiabatic theorem

In order to prove and understand the problem at a deeper level, let us expand the
instantaneous solution |1 (t)) to the time-dependent Schrédinger Eq. 22.55 in the basis
set formed by the instantaneous eigenstates obtained by solving the eigenvalue problem
of the instantaneous Hamiltonian, that is, Eq. 22.54:

Z Cror ()e 10w Oy, (22.58)
o(t) = 3 / dt'En/ (22.59)
Cn/(o) - 5n e (2260)

By substituting this in the time-dependent Schrodinger Eq. 22.55 we obtain:

> Cr(t)e o Din'), ZC e Mg, n'y, = 0. (22.61)

Notice that the left-hand-side of the Schrédinger Eq. 22.55, that is, H(t)[4(t)) is

canceled by the term which arises from taking the time derivative of the phase ¢, (¢).

So, both terms of the above equation come from the right-hand-side of Eq. 22.55.
Now, we project both sides of Eq. 22.61 onto state |m); and we find that:

= Crr(t)em O O=0m ) (m] 0y |0, (22.62)

Let us first consider the case where m = n, that is, the initial state:

Cn( ) = ( n|at|n t — Z C (¢, () —n(t))
/#n
(e (22.63)

Before we proceed we need to find ((n|d|n'); for n’ # n. For this purpose we take the
time derivative of both sides of Eq. 22.54 which yields that:

H@)|n') + Ht)0n' )y = Epr(£)|0)¢ + Epr ()8 |1y (22.64)

In order to construct the matrix element {(n|9|n')¢, which is what we are looking for,
we project both sides of the above equation onto |n);. Using the facts that ¢(n|n/); =0
(for n/ # n) and (n|H(t)3|n'); = E,(t):(n|d|n’); (by having H (t) act on the bra), we
obtain a linear algebraic equation for ;(n|0d;|n’);, which yields the following solution:

e H (1) |n).

+(n|0dn’); = En(t) — En(t)’

(22.65)

Now for a process to qualify for the so-called adiabatic character, the above quantity
should give negligible contribution to the expression (22.63). If we approximate the
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functions f;(t) as exponentials with a characteristic timescale T; in the exponents, that
is, if we write

dfi(t)
dt

1
= i‘fi(t)’ (22.66)

then an estimate for the expression for ;(n|d;|n’); above is given as

An|Beln’ye Zfl TZK ; n)e. (22.67)

The numerators of the above expression have dimensions of energy and they are of
order of unity in units of the energy scale governing the particular physical problem.
The denominators, however, are the dimensionless quantities which we have assumed
to be much larger than unity for an adiabatic process. Therefore, this term is negligible
for adiabatic processes.

Thus, an adiabatic process is synonymous with neglecting the second term in
Eq. 22.63, that is, we have

Cp(t) = —Cp(t)¢(n|d;|n)y. (22.68)

We will now focus on finding the nature of ;(n|J¢|n):. Let us consider the normal-
ization condition of the instantaneous eigenstates, that is, ;(n|n); = 1 and take time
derivatives of both sides:

(0%, (n])|n)s + ¢(n|O¢|n), =0, (22.69)

This implies that ;(n|n); has no real part, that is, it can be written as a pure imaginary
number:

(nlhfn): = ia(t), (22.70)

where «(t) is a real function of ¢. Therefore, we can now go back to the adiabatic
Eq. 22.68, which can be integrated to yield

Co(t) = —ia()Cn(t) = Cp(t) = Cp(0)e i Jo dt'alt) (22.71)

which means that the coefficient C),(¢) is the same as the one at ¢ = 0 apart from a
phase factor.

What about the contribution to |1 (%)) of states other than |n),? They should not be
there; first of all, because of the fact that the state |4 (¢)) should remain normalized at
all times and since C},(0) = 1 we conclude from the above derivation that |C,(t)| = 1,
there is no room for contribution from any other state different than |n);. The same
conclusion is reached by examining the coefficient C,,(t) using Eq. 22.62 for m # n.
Within the adiabatic condition, we find that C,,(t) = 0. And since Cy,%,(0) = 0 we
come to the conclusion that Cp,4,(t) = 0 at all times.

Now, one piece of further information: If the process is adiabatic and at the same
cyclic, that is, |n); = |n)o the accumulated phase factor in Eq. 22.71 is called the
“Berry phase.”
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22.3 Problems

Problem 1
Consider the following Hamiltonian
H = Hy + "'V, (22.72)

where n > 0 and t < 0 where Hy is the unperturbed Hamiltonian for which you know
the eigenvalues and eigenstates:

Holn)o = E |n)o. (22.73)

Show that the first-order coefficient of the wavefunction in doing time-dependent per-
turbation theory is given by

1 eMtiwmk)t

oY t)y= =" (m[Vplk)o, 22.74

wom(t) = o Z.wmﬁndm\ olk)o ( )
EO _ g

Wy = ——— (22.75)

h

Calculate the rate of change (derivative) of the transition probability and show that
it is given by
dPy—m i ot 2n

= s ¥ 2
dt - th wik+n2|0<m|%‘k>0| . (2276)

Now consider the limit of very slow turning on of the interaction, that is, n — 0+.
Show that in this limit the rate of change I'y_,,, of the transition probability for decay
to the state |m)o given that the initial state is |k)¢ is given by

dPy_sm

= 2T, (mlV )0 (B — ED). (22.77)

Problem 2
A hydrogen atom in its ground state is placed in an time-dependent uniform ex-
ternal electric field given by

0, t<0
E(t) = { ot/ t 50 } , (22.78)

namely, a sudden electric field pulse is applied which lasts roughly for a timescale of
order 7.

(a) Find the first-order probability for the electron to be in the 2s state of the
atom after a long time.

(b) Find the first-order probability for the electron to be in each one of the 2p
states of the atom after a long time.
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Problem 3

Consider an electron in the ground state of a three-dimensional square-well poten-
tial of depth V4 and radius a, that is,

V(r)= { _XO’ ! § Z} : (22.79)

A uniform electric field, F = Ejcos(wt), is applied to the electron along the z-axis.
Calculate the rate of ionization of the electron as a function of the frequency w.

Problem 4

A harmonic oscillator in its ground state is exposed to a constant force which at
t = 0 is suddenly removed. Calculate the transition probabilities to the first and second
excited states of the oscillator.

Problem 5

Consider a charge ¢ in a 1D harmonic oscillator potential with a Hamiltonian of
the following form:

B d? 1
HO = 7%@ —+ §mw2x2, (2280)

in its ground state. It is exposed to the following perturbation

Hi(z,t) = V(z) cos(Qt)e™, (22.81)
V(z) = —qEoz. (22.82)
Namely, an external electric field Fgcos(2t)e™ is applied at tg = —oo very slowly,

that is, » — 0. Notice that the frequency of the oscillating field €2 and the frequency
of the harmonic oscillator w are, in general, different.

(a) To what excited states of the harmonic oscillator is there a non-zero transition
probability from the ground state?

(b) Calculate the transition probability rate to the first excited state of the oscil-
lator.
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Spin angular momentum

In this chapter we discuss the case of spin as an internal angular-momentum-like degree
of freedom. We consider and analyze the case of spin-1/2 explicitly. We also discuss the
coupling of spin to an externally applied magnetic field. Lastly we discuss rotations in
the spin space.

23.1 Spin and orbital angular momentum

In chapter 15 we showed that simply starting from the commutation relations of the
angular momentum operators, we can find the spectrum of the eigenvalues of the
total angular momentum and its projection on a given fixed axis. Let us summarize
our main findings and approach. Making use of just the following angular momentum
commutation relations

[L ij} - (23.1)

the following dpﬁnitior{s and facts follow strictly from the above. In the eigenvalues of
the operators L? and L, and in the shared eigenstates labeled as |I,m), namely,

L2|1,m) = K21+ 1)|1,m), (23.2)
L.|l,m) = hm|l,m), (23.3)

either, the labels
i) I and m are both integers, or
ii) I and m are both half-integers
and m takes only the 2/ + 1 values in the interval

—1<m<l (23.4)

The half-integer values (case ii) were excluded when we specialized to the specific
form of the orbital angular momentum, that is, L=#x P, which allows us to find the
eigenfunctions of the above operators. In this case, we required that the eigenfunctions
of f/z, that is, e™?, be single-valued under rotations with respect to the z-axis by an
angle ¢ = 27.

However, there is no reason to exclude the case of half-integer values when we
want to represent some internal degree of freedom which is of angular-momentum-like

character, the so-called spin angular momentum. These half-integer cases correspond
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to the even representations of the group formed by the generators of a generalized
rotation operation. For this case of spin vector operators S, , ., we keep the same
algebra as the orbital angular momentum, that is,

[8:,85] = inesjn . (23.5)
From just this algebra alone, it straightforwardly follows that
§%=52+5; + 52,
[525} —0,
S%[S,my) = K2S(S + 1)|S, ms),
S.|S,ms) = ims|S, my),

23.6

23.8
23.9

AA,_\/_\
—_ o ~— —

and with the aid of the following auxiliary operators and their properties

Sy =8, +iS,, (23.10)
S_1S,ms) = hi\/S(S + 1) — mg(my — 1)
X |8, my — 1), (23.11)
Sy1S,mg) = h/S(S +1) — my(m, + 1)
x |l,mg + 1), (23.12)

it follows (exactly as shown in chapter 15) that either
i) S and mg are both integers, or
ii) S and mg are both half-integers
and m takes only the 25 + 1 values in the interval

—5<mg<8. (23.13)

However, if these angular-momentum-like operators are meant to describe internal
degrees of freedom of a particle, we have no reason to exclude either of these two
possibilities. As a matter of fact, in chapter 31, when we study the Dirac equation, we
will find that the orbital angular momentum is not conserved for a free electron. It is
the total angular momentum, with the inclusion of spin, which is converged.

Since we do not have the restricting relationship of the angular momentum with
the position and momentum operators, the other two families of commutation relation
valid for orbital angular momentum, that is, Eq. 15.2, Eq. 15.4, and Eq. 15.5 are
replaced by

[Srj] —0, (23.14)
[Ai,ﬁj} =0, (23.15)
[S‘i,ﬁj} —0, (23.16)

which quantify the statement that the spin variables operate in an unrelated internal
space.
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23.2 Spin-1/2

In chapter 31 we will discuss that Dirac’s equation describes the case of the rela-
tivistic electron which is a spin-1/2 particle. The spin-1/2, as an internal quantum
number which corresponds to operators which behave like angular-momentum opera-
tors, emerges naturally from an attempt to find a first-order differential equation to
describe relativistic particles quantum mechanically. Here, we will work out the ex-
ample of spin-1/2 explicitly, just using the algebra above for spin angular momentum
operators. In the case of S = 1/2, the internal space of spin is spanned by the following
two states:

1
+)=15=5.ms = 35), (23.17)
1 1
=) =15=35.,ms=—3), (23.18)
where
o ,1 1
S?|4) =h 2(2 +1)|4), (23.19)
S.|+) = j:§h|j:>. (23.20)

In this basis the spin operators have the following 2 x 2 representation:

G2 (+19%+) (+]92|-) _ 302,
i (<|§2l+> <52>> oL (23.21)
S (+|S4) (+]8:2]-) h
S <<—|5*2|+> <—|SZ|—>> 572 (23.22)
. <+|S+i|+>< ‘s++s_ - >>
Sy 2

; <<—IS’+§S‘|+>< 355 1)

= —6,, (23.23)
A (S5 ) (4 S |>>
S, N
- << B gy (o8
h

= 56, (23.24)

where 1 is the 2 x 2 unit matrix and the matrices Og,y,- are the Pauli matrices

oy = (g’ é) , (23.25)
oy = (? _OZ> , (23.26)
o, = (é _01) , (23.27)
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with the following properties:

003 + 00 = 07 ) 75 j, (2328)
or=0,=0>=1 (23.29)

23.3 Coupling of spin to a uniform magnetic field

First, if we ignore spin, a particle of charge ¢ couples to an external uniform magnetic
field B which is generated by a vector potential A which can be written as

A=ZBxF (23.30)

N | =

by the familiar minimal substitution, 7 — 7 — ¢/ cff, that is,

—.

5 Pt (- 24)°

2m 2m ( )
and the linear term in A can be transformed to take the following form:
Hy = —ji, - B, (23.32)

where the magnetic moment fi;, due to the orbital angular momentum is given by

ir=-L T (23.33)

where L = 7 x P’ is the angular momentum.
For the case of spin angular momentum, its coupling to an external magnetic field
B is also given by

Hg = —jis - B, (23.34)

where the magnetic moment due to spin is given as

—

— q

fis = ngcS’ (23.35)
where the prefactor g is called the Landé g-factor. This expression will be derived from
the Dirac equation in the non-relativistic limit and we will find that for an electron
g = 2 in this case. The actual value of the g-factor is approximately g = 2.0023 and the
small correction is due to the leading vertex correction contribution in a perturbative
treatment of Quantum Electrodynamics (QED). The first diagram in Fig. 23.1 denotes
the scattering of an electron from an electromagnetic field as it comes from the Dirac
equation. The second term denotes vertex correction to this scattering process due to
a virtual photon. This contribution is of order of o = e*/(hc) ~ 1/137 the coupling
constant of QED which is small.
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Fig. 23.1

23.4 Rotations in spin space
23.4.1 Rotations in ordinary space

We have discussed in chapter 15 that the generator of infinitesimal rotations in space
by angle §¢ around an axis along the unit vector @, is the orbital angular momentum
operator E, in the sense that any function f(7) changes due to the rotation by an
amount § f given by

5f = %&5 Lf, (23.36)
8¢ = b (23.37)

When the rotation is for a finite angle q; = ¢u, by integrating this equation we found
that f is transformed to
7 -

f = exp( E L)f. (23.38)

In the same way, the states are transformed under rotations as follows:

1f') = eXp(%cz_ﬁ'- L)\f)- (23.39)

23.4.2 Rotations in spin space

If we want to carry out a rotation by an angle ¢ around an axis defined by the unit
vector 4 in spin space, then a state |x) in spin space, that is, for spin-S,

S
)= > C(ms)|S,ms), (23.40)

mg=—2S5

the change of the state d|x) due to the infinitesimal rotation is given by

Slx) = 766 1), (23.41)

Therefore, we may say that the spin operator is the generator of infinitesimal rotations
in spin space.
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Rotations by a finite angle d_; = ¢t transform the state |x) to |x') as follows:

—

X) = exp(£6 - S)l)- (23.42)

23.4.3 Example

Let us consider the case of spin-1/2. Let us start from the state |4+) which corresponds
to a spin along the positive direction of the z-axis. We will carry out a rotation around
the y-axis by a angle of 7/2. This is represented by

x) = Ry (n/2)|+), (23.43)
R,(r/2) = exp(z%oy). (23.44)

Now, it is straightforward to show that the operator R, (7/2) can be written as
R, (r/2) = cos(m/4)1 + isin(r/4)0,. (23.45)

This is so because of the fact that 05 =1 and, thus, all even powers of o, are equal

to 1 and all its odd powers are equal to oy. Using this identity we find that after the
rotation the state |+) becomes

) = —
ARG

~ Now we are in a position to show that this state is an eigenstate of the operator
S, with corresponding eigenvalue +7/2:

() +1=))- (23.46)

. S.+8_
Selx) = = Ix

)= 1) (23.47)

Therefore, this represents a rotation of the original state by 7 /2 along the y-axis which
makes the state an eigenstate of the rotated spin operator.

23.5 Problems

Problem 1
Rotations by a finite angle (E = ¢u define the unitary operator

P 7

U(¢) = exp(+¢ - S). (23.48)

St

(a) Show that

-

U(¢) = 1cos(¢/2) — it - 3 sin(¢/2). (23.49)
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(b) Show that

A -, -

Ut(¢)3U(¢) =

>

(- 0) — 14 x (4 x &) cos(@) + @ x 7sin(e). (23.50)

Problem 2

Consider two spin-1/2 quantum spins interacting according to the following Hamil-
tonian

H =K% -5 — BS., (23.51)
S, = 81, + So,. (23.52)

(a) What are the “good” quantum numbers?
(b) Find the energy eigenvalues and eigenstates.
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Adding angular momenta

In this chapter we discuss how to add angular momenta. This means that we investigate
how to build eigenstates of the total angular momentum and its projection to a given
axis, from eigenstates of the individual angular momenta and their projections to the
same axis. We analyze and discuss how to calculate the Glebsh-Gordan coefficients.

24.1 Coupling between angular momenta

We have already discussed that if a charged particle has an angular momentum j, it
couples to an external magnetic field B through the Zeeman interaction,

Hy = —ji- B, (24.1)
and, thus, it behaves as a dipole moment [ given by the relationship
- q 7
= J 24.2
i=95—J (24.2)

where ¢ is the charge of the particle and g =1 if J is orbital angular momentum and
g ~ 2 in the case where Jis a spin angular momentum.

Classically, if a charged particle has an angular momentum f7 it generates a mag-
netic field B which is proportional to J. This means that two particles with angular
momenta ji and fg interact as follows

Hip = KJy - Jo, (24.3)

where K is a coupling parameter which depends on the distance between the particles.
Similarly, two particles with spin angular momentum interact in the following way:

Hiz = J(r12)S - Sa, (24.4)

where 5172 are spin operators. In most condensed matter systems, this term due to
the direct dipole—dipole interaction is orders of magnitude smaller than a term of
similar form emerging as an effective spin—spin interaction. The origin of such a term
in condensed matter is due to a combination of causes including:

The Pauli exclusion principle.

The fact that electronic kinetic energy is lowered by electrons hopping from one
atom to another nearby.

Possible strong Coulomb repulsion between electrons in configurations in which
two electrons are on the same atom.

Electron—electron correlations.

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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24.2 Spin—orbit coupling

As we will see when we discuss the Dirac equation another form of coupling between
angular momenta is the coupling between the spin S of an electron with its own orbital
angular momentum L, the so-called spin—orbit coupling:

Heo=J(r)S L, (24.5)

This term can be also argued semi-classically. There are two contributions. First, there
is the term which is due to the fact that the electron in the atom in its co-moving frame
sees a magnetic field due to central potential from the nucleus and the static electric
field produced from the effective contribution of the other electrons. This magnetic field
interacts with the spin of the electron. This contribution is obtained by considering
a general Lorentz transformation from the frame of the nucleus to the frame of the
moving electron (which moves with relative velocity V).

Under a general Lorentz transformation (see J.D. Jackson Classical Electrodynam-
ics, 1998) the electric and magnetic fields E and B in a frame moving with velocity v,
transform to E’ and B’ respectively:

2

— —

B =B+ G x B) - w L33 B, (24.6)
=, - - . 'y [
B'=4(B - Fx E)- A B, (24.7)

where § = #/c and v = 1/4/1 — 32. In the rest frame of the electron, moving under
the influence of a static electric ﬁ_gld FE produced by the nucleus and all the other
electrons, “sees” a magnetic field B which to leading order in ¢/c is given by

- X E

B =_— (24.8)

Cc

Thus, the spin angular momentum should interact with this magnetic field according
to:

H=--> 3. B (24.9)
Using the expression for the magnetic field (24.8) and the fact that the electric field E

due to the electrostatic interaction energy U(r) (due to the nucleus and the average
mean interaction due to the other electrons) acts as a central potential, that is,

o 1 1 7dU
F=—-——-VU=4+—-— 24.10
eV + le] r dr’ ( )
we find that
1 1 - o
2, — WUr g (24.11)
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where we have used the fact that L = m# x @. This expression is incorrect by a factor

of 2; namely, as we will find out in chapter 31, Dirac’s equation yields
1 1dU - >

——-——L-S.

2m2c2 r dr

In 1927 Thomas showed that in order to obtain the above correct result, one should

include the following term:

Hoo = (24.12)

Hy =dr - S, (24.13)
2 = _,
¥ aAxd
= 24.14
wr 72 +1 o2 ) ( )
where @ is the acceleration due to the total electric potential U(r), that is,
eE  FdU
i=—=———7 24.15
R rdr’ ( )
which in the limit v/c << 1 yields,
1 1dU - 3
=———>-—-——L-S 24.16
Hr 2m2c2 r dr ’ ( )

therefore, by including both contributions H; and Hr we find the same expression as
Eq. 24.12.

24.3 The angular momentum coupling

We learned from the previous sections of this chapter that there is coupling between
angular momentum operators and between spin and angular momentum. This leads
to a natural need for adding angular momenta and adding angular momentum and
spin angular momentum.

Consider the Hamiltonian

H=Kjijo+Ho(G1.53). (24.17)

where Hg is any function of j? and j3. Here, 51,2 can be either orbital or spin angular
momentum or a combination of these two.

First of all, let us consider the eigenstates of each of the pairs of operators j%,jlz
and j2, jo., which we may write symbolically as |j1,m1) and |ja, ms) respectively, and

It 2lita,mae) = B2j1a (e + 1)ld12, mi2), (24.18)
jlz,2z|j1,2>ml,2> = hmy 2|j1,2,m1.2). (24.19)

The above Hamiltonian involves two angular momentum operators and, therefore, the
Hilbert space on which it operates is spanned by the (2j; + 1)(2j2 + 1) states which
are obtained by the following direct product

|j1am17j27m2> = |j1aml>|j2am2>- (2420)

These states are not eigenstates of the above Hamiltonian because of the term which
couples j; and jo. Its eigenstates will be a linear combination of such states.
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This Hamiltonian is also invariant under rotations in spin space which rotate both
spms along a global axis. Such rotations do not change the dot product between 31
and jo. They also do not affect the magnitude of any vectors, such as jl and j3. The
generator of such rotations is the total angular momentum J = j1 + jg. This can also
be verified by using the well-known commutation relations

[iﬁﬂ =0, [32,3'3] =0, (24.21)
[31732} =0, (24.22)

and by verifying the validity of the following commutation relations:

[51 5273% =0, [3 g2, 32} =0, (24.23)
2 =0, [R1] = (24.24)
73 =0, [R3E] =0, (24.25)
(20 =0, [253] = [2 ] =0, (24.26)
[J;,j'f: = [Jﬁ} =0, (24.27)

where jz = j1» + j2.. These commutation relations imply that there can be simul-
taneous eigenstates of J2,.J,,5%,72, and H which are denoted as |.J, M, j1, jo) or for
brevity as |.J, M) because a given 2J + 1 multiplet is constructed for a certain fixed
pair of values of ji, jo. Thus, we have:

J?|J, M) = h*J(J +1)|J, M), (24.28)
J.|J, M) = hM|J, M), (24.29)
I3 ol Ty M) = %1 2(jr,2 + 1| J, M). (24.30)

Furthermore, we can now use the identity:
e =2 1 z . .
J1']2=§[J2—¢712—]§L (24.31)
to write the above Hamiltonian as
K fa . “ “ “ “
H= 3 (J* = jt =57 = 33) + M3, J3)- (24.32)

Thus, it is now clear that the states |J, M) are also eigenstates of the Hamiltonian
with eigenvalues:

H|J, M) = E(J, M)|J, M), (24.33)
B(M) = S0 (T4 1) = 16+ 1)~ a2 + 1)
+ Ho(P?j1(j1 + 1), h?j2(j2 + 1)). (24.34)
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There are two questions which immediately arise:

e Given the values of j; and jo, how can we change the basis formed by the
(241 + 1)(2j2 + 1) states |j1,m1, j2, m2) to construct the states |J, M) as a linear
combination of [ji, m1, ja2, m2)?

e Since we are talking about a mere change of basis we must have the same number
of states of the form |J, M). We know that given the value of J there are 2J + 1
possible values of M, that is, M = —J,—J + 1,...,J — 1, J. However, given the
values of j; and jo, what are the possible values of J?

We will answer the second question first. The following inequality, known as the
triangular rule, applies to the magnitude J of the resultant vector J obtained by
adding two vectors j; and jo:

j1 = Jal < T < g1+ o, (24.35)

where j; and j, are the magnitudes of 7, and jo. This is demonstrated in Fig. 24.1.

—

Fig. 24.1

This shows that the quantum numbers which characterize the total angular momentum
eigenvalues behave in the same way that the magnitude of the result of adding two
classical vectors j; and jo would behave. Because in this case

J? =71 + Jo|? = 52+ j2 + 2j1j2 cos b, (24.36)

and because —1 < cosf < 1, the above inequality holds. This explains the origin of
the name for the above inequality, it does not explain why J and j;, jo which label
the eigenvalues of the corresponding vector operators obey a similar inequality. This
requires a proof; however, we refer the reader to any other quantum mechanics book
for the proof.

The inequality (24.35) implies that the total number of states which correspond to
the same fixed and given values of j; and jy are given by carrying out the following
summation:

J=j1+j2
. @I+ (24.37)

J=|j1—7j2]

It is straightforward to carry out this summation over integer increments starting
from |j; — j2| and ending at j; + jo. The final result is (2j; + 1)(2j2 + 1). Therefore,
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+
¢
)
¢
)

Fig. 24.2

by changing the basis of the two-body (two angular momenta) Hilbert space, from
the direct product of single angular momentum eigenstates to eigenstates of the total
angular momentum, the number of basis states is preserved. This is also illustrated in
Fig. 24.2. At the top of Fig. 24.2 the space spanned by the basis |j1,m1)[j2, ma) with
my = —j1,—j1+1,...,51, ma = —Jja,—ja2 + 1, ..., jo is illustrated. Notice that only the
states on the line mo = M — m; with —45° slope correspond to a given fixed value of
total M = my + mo. These states correspond to the various values of total J which
have this given value of M as a possible projection. At the bottom of Fig. 24.2 all
possible two-body states of the form |J, M), where the total angular momentum and
its projection is specified, are illustrated. Notice that the entire allowed space for given
values of j; and js is the shaded trapezoid which includes a total of (251 + 1)(2j2 + 1)
states (including its edge states). The same number of states are also included in the
parallelogram (including its edge states) of the m versus mgq space (top of Fig. 24.2).
Therefore, the total number of states in each of the two bases (top and bottom of
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Fig. 24.2) is the same.

24.3.1 Calculation of Clebsch—Gordan coefficients

As can be also seen from Fig. 24.2, the space of the two-body states for any given
values of j; and js can be spanned by either the set of states |j1,m1)|j2, ma) or the set
|J, M) and both sets contain a total of (2j; + 1)(2j2 + 1) states. The question which
arises now is: Can we find the transformation of one of the two bases to the other? We
can formally write:

|‘]7M>: Z C(J7M7j17j27m15m2)
mi+meo=M
X |m1)|ma), (24.38)
Im1) = [j1,ma) Im2) = |j2, ma), (24.39)

where the so-called Clebsch—Gordan coefficient C' is defined as follows:

C(J, M, j1, j2, m1,m2) = (ma, mo|J, M), (24.40)
[ma, ma) = |1, m1)|j2, ma2). (24.41)

We will present an algorithm on how to calculate the Clebsch—Gordan coefficients.
In order to make the presentation of the algorithm clear, we will discuss a particular
example, the case of two spin-1/2 angular momenta. The presentation of the steps will
be given for the general case of any two pairs of angular momentum.

We take the case of j; = jo = 1/2. The non-interacting basis |my,ms) consists of
the following four ((2j; +1)(2j2 + 1) = 4) elements:

I D P By PR O P N D PR R AR (24.42)

where we have used the short-hand notation | 1) = [1/2,1/2) and | |) = |1/2,—-1/2).
The possible values of the total angular momentum J are (using the triangular in-
equality 24.35) J = 0,1 and thus, the total number of states forming the |J, M) basis
is four, that is, one for J = 0 (singlet) and three states (triplet) for J = 1.

Rule 1: Begin from the largest possible value of J = Jya: = j1 + j2 and of
M = ji + jo. This state consists of just one |j1, m1)|j2, m2) state, that is, the state
|71, m1 = j1)|jama = j2). Then you can find all other 2J,,,, + 1 states of this Jyqz-
multiplet, by applying the lowering operator J~ = Jy — ij = jf + jg. For our
example, we obtain:

W =LM=1) =1l 1) (24.43)
TN =1,M =1) = (i | 1)1)] 1)z
+ [ D1y [ 1)2), (24.44)

and using the properties (15.29, and 23.11) of the lowering operators on both sides of
the above equations, that is, using the fact that

J7(1,1) = iV2|J =1, M = 0), (24.45)
Jrol D1z = Al Die, (24.46)
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we conclude that
1
V2

By acting one more time by J~ we obtain that (or simply by realizing in this particular
case that)

[T =1,M=0) = —=(| L1 +[1.4). (24.47)

T =1,M = —1) = | L,J). (24.48)

Rule 2: For any other value of J # Jy4:, we consider the maximum value of
M = J for this given value of J. First, we determine this state |J, M = J) by writing
it as a general linear combination of all possible |mq)1|ma)e with m; +mse = J, and,
then, the condition:

JtJ,J) =0, (24.49)

and the normalization condition, lead to exactly the required number of equations to
determine the Clebsch—Gordan coefficients. Application to our example for J = 0 and
M =0, is done as follows. We write

7 =0,M =0) = C1| thi| b2 + Gl 1] D)o (24.50)
The condition
JF|J =0,M =0) =0, (24.51)
leads to
CL(GE DD e + 111651 1) +
Co(GF1 ) Dz + 14 (GF 1)2)) =0 (24.52)
which vields the following result:
RC1[ 1)1l )2 + hCa| Tl 1)2 =0, (24.53)

and to the conclusion that
Cy =—-Ch. (24.54)
Using the normalization and by choosing the overall phase, we find that
Ci=1/V2, Co=-1/V2. (24.55)
Thus,
S
V2

Rule 3: Having determined the state |J, M = J), we can determined all 2.J + 1
states one by one of the j-multiplet by repetitive application of J~ on both sides of
the equation which yields the state |J, M = J). For the case of our example with J = 0
there is only one state, which we have already determined.

7 =0,M =0) = —= (I |12 = | thld2): (24.56)
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24.4 Problems

Problem 1

Consider two quantum spins interacting according to the following Hamiltonian

H=-KS -5, (24.57)
and both §; = (S'M, Sly, 5’12) and Sy = (§2m7 Sgy, S’gz) are spin-1 operators, and
S11S1 = 1,m1) = hmy|S1 = 1,my), (24.58)
5218y = 1,my) = hS1(S1 4 1)|S1 = 1,m4), (24.59)
§2|SQ = 1,m2> = hm2|52 = 1,m2>, (2460)
5'22|S2 = 1,m2> = FLSQ(SQ + 1)|SQ = 1,m2>, (24.61)

that is, the states |S;, m;) describe the Hilbert space for each of the two spins ¢ = 1, 2.
Find all eigenvalues of the above Hamiltonian and the corresponding eigenstates
as a linear combination of the nine states |1, m1)|1,ms).

Problem 2
Consider a spin-1/2 particle in a state of orbital angular momentum L = 1 (p-wave)
and the spin-orbit coupling
H=-KS-L, (24.62)

where § = (S’I, Sy, 5}) is a spin-1/2 operator and L= (IA@, L, L.) is a spin-1 operator,
namely,

82|18 =1/2,ms) = h2S(S +1)|S = 1/2,ms), (24.63)

5.1S =1/2,mg) = hmg|S = 1/2,ms), (24.64)

IL?|L =1,mp) = B*L(L+1)|L = 1,mp), (24.65)

L.L=1,mp) = hmg|L=1,mp), (24.66)

where ms; = —1/2,1/2 and my, = —1,0, 1. Now, because of the spin—orbit coupling

neither the spin projection nor the orbital angular momentum projection are good
quantum numbers. However the elgenvalues of J. and of J? associated with the total
angular momentum J = L+ S are conserved (that is, they are “good” quantum
numbers).

(a) Find the possible values of the eigenvalues of the total angular momentum J.

(b) What are the eigenvalues of the above Hamiltonian?

(c) For the two cases, |J = 3/2,M = 1/2), and |J = 1/2, M = 1/2), determine
the (Clebsch—Gordan) coefficients C(mp,mg) associated with the states of the form
|L,mp)|S,mg) in the linear combination

[, M)= Y C(mp,ms)|L,mL)|S,ms), (24.67)

mr,ms

where ‘Jg M) denotes the eigenstates of the total angular momentum J? and its pro-
jection J, along the z-axis.



25
Identical particles

In this chapter we discuss the case of a many-body system of identical particles.
We consider the consequencies of the symmetry of the Hamiltonian under particle
permutations. We investigate how to build many-body Boson and Fermion states. We
then introduce the formalism of so-called second quantization, a useful tool in the case
of identical particles. We also express the many-body Hamiltonian in terms of creation
and annihilation operators.

25.1 Symmetry under particle permutations

When we deal with a system of identical particles in quantum mechanics, we need
to worry about the fact that the Hamiltonian of the system is characterized by the
following symmetry: The Hamiltonian is invariant under any particle label permuta-
tion. This means that there is an observable which is conserved and, in addition, it
is wise to construct eigenstates of the Hamiltonian which respect the fact that the
particles are indistinguishable. Namely, if we are dealing with two identical particles,
we cannot distinguish the case where the particle labeled 1 is in a state |¢)1) and the
particle labeled 2 is in the state |1)2) from the case where particle 1 is the state |i3)
and particle 2 is in the state |1)1). As a result the true quantum mechanical state of
the system of the two particles will be a superposition of the states |¢1)1|¢)2)2 and
[th2)1]11)2 where in our notation ;); means that the particle j is in the state |1;).
Let us assume that we have succeeded solving the N-particle Schrodinger equation

H|U,(1,2,...,N)) = E,|[¥, (1,2, ..., N)), (25.1)

and W, is an eigenstate of the system corresponding to energy eigenvalue F, and
1,2,...,N, denote the particle labels. .
Let us also define the pair-permutation operator P;; as

PyU(1, iy oo N) = U(1, ey iy ooy iy oy N, (25.2)

where ¥(1,...,N) is an arbitrary function of variables which are labeled by particle
labels. We can construct any permutation where several particles are involved in the
permutation by using products of two-particle permutation operators P;;. For example,
the cyclic permutation Pj23(123) = (312) can be obtained from the product PysPi3,
namely Pj3P12(123) = Py3(213) = (312). In fact there are N! such permutations.
Given the fact that the state |¥,(1,2,...,N)) is an eigenstate of H all N! states
obtained by applying all possible permutations on this state are also eigenstates with
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the same eigenvalue due to the fact that the Hamiltonian is symmetric under particle
exchange and o
[H,P]=0. (25.3)

This means that energy eigenstates can be characterized by the eigenvalues of the
permutation operators also. Let us consider the eigenvalues and eigenstates of the
two-particle permutation operator P;;

PO, iy Gy, N)) = MOV gy, ND). (25.4)
This equation can be rewritten as
WL, oy sy ey N)Y = ATV, Gy, N, (25.5)
and applying again the operator Pij on both sides of the above equation we obtain:
[N, i,y Gy, N)) = AP OV, 4y, Gy, N, (25.6)
and using Eq. (25.4) for the right-hand-side of the previous equation we obtain that
M =1. (25.7)

Thus, there are only two possible eigenvalues A = +1 and two corresponding eigen-
states of a two-particle permutation operator. We can easily construct simultaneous
eigenstates of any pair-permutation operator and the Hamiltonian operator. Consider
the following linear combination of the eigenstates W of the Hamiltonian operator:

|\I’£Li)(1v 2, N)> - \/% Z(i)[P]p\Pn(la 2, N)a (258)

where the sum is over all possible many-particle N! possible permutations P and the
exponent [P] is the so-called order of the permutation, namely the number of pair
permutation operators we need in order to construct the action of the operator P in
terms of two-particle operators. As an example let us consider a two-particle problem.
Then

1

V2

It is straightforward to verify that |\Il$Li)> (given by Eq. 25.8 or by Eq. 25.9) are eigen-
states of any pair permutation operator with eigenvalues +1. The +1 (—1) eigenvalue
corresponds to symmetric (antisymmetric) eigenstates under pair exchange.

As already discussed, there is no way of identifying identical particles in quantum
mechanics unless we interact with the system in such a way that we effectively “attach
identification labels” to the particles. For that to happen, the way of interacting with
the system must be such that the Hamiltonian treats differently the different particles.
If this is not the case, the only meaningful question we can raise is whether the system
of these identical particles is in a symmetric or an antisymmetric state. Such systems
of identical particles can be in a simultaneous eigenstate of the pair permutation

8691,2) = - (1002 £ 10,21 ). (25.9)
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operator and the Hamiltonian operator. It cannot be in a simultaneous eigenstate of
the Hamiltonian operator and the particle index identifying operator.

Therefore, there can be only two families of particles. The so-called Bosons which
are those that correspond to the symmetric eigenstates of the permutation operator,
and the so-called Fermions, which are those corresponding to the antisymmetric eigen-
states. It is an experimental fact that there is an intimate connection between the spin
and the fact that the particles may be Fermions or Bosons; particles with integer
(half-integer) spin are Bosons (Fermions), namely the wavefunction for two or more is
symmetric (or antisymmetric) under pair exchange operations.

In the case of non-interacting identical particles an eigenstate of the many-body
Hamiltonian

N
Z h(p;, (25.10)

where h are single particle Hamiltonians referring to the ith particle and for all i’s
they have identical forms. The eigenstates of this Hamiltonian are

U (31,52, o0 ) = [ [ wi(5), (25.11)

where u;(¥;) are normalized single-particle wavefunctions characterized by energy
eigenvalue e; namely

h(p, F)ui(3) = exws (7), (25.12)

and
N
E = Z e;. (25.13)
i=1
A properly symmetrized (antisymmetrized) wavefunction can be obtained as

U (1, 92y s ) FZ wr (31 ) (Fz)oun (), (25.14)

where the permutation operator permutes particles or states. The Fermion state in
this case corresponds to a determinant of d;; = u;(7¥;).

25.2 Second quantization

Here, we will present the formalism of second quantization. There is no additional
quantization, the quantization procedure is the only one. The name “second quantiza-
tion” originates in the history of the problem and the name itself gives no information
on what it is, and might even be confusing. A more appropriate name is “formulation
of operators in terms of creation and annihilation operators.” This is exactly what we
plan on doing. The idea is simply the following. Operators in quantum mechanics act
on states and change them: In this equation O[¢)) = |¢'), the operator O acted on
state |¢) and changed it to |¢'). Any change can be viewed as a destruction and a
creation at the same time. Namely, the operator O contains a destructive part and a
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creative part, the destructive part “annihilates” |¢)) and the creative part “creates”
).

Consider that the particle number is not definite. The reason for that is that we
plan to facilitate the formulation of the above mentioned creation and annihilation
processes, in which a particle may be “annihilated” from a given state and “created”
on a different state.

25.3 Hilbert space for identical particles

Let us start by considering the Hilbert space H which has no definite number of
particles symbolically:

H=HoPH1PH2D..HND ... (25.15)

Namely, it is thought of as the direct sum of the Hilbert subspaces H, with a well-
defined number of particles n.

Now a complete basis of the Hy for distinguishable particles can be constructed
out of the basis elements of H; as follows:

1715725 0 YN) = [71)1 ® [72)2 @ [ YW) N, (25.16)

where |7y); for fixed i (here v labels the different basis states) is a complete basis of
‘H1 and ¢ is the particular particle identity index. This is the same as saying that

Hy = Hi0V, (25.17)

where the direct product of H; with itself is taken IV times.

For indistinguishable particles the situation is different. In such cases one needs to
project out only the symmetric or antisymmetric part of the Hilbert space as discussed
in the previous section. In the case of Bosons or Fermions, a basis in the Hy is
constructed as follows:

71,725 s IN)+ = Pi(|'71>1|'72>2-~-"YN>N)a (25.18)

where Py is a symmetrization (+) or antisymmetrization (-) operator defined as
. 1
Pr(lyiilve-lw)n) = ﬁzp:(il)m|71>P1|72>P2-~~|’7N>PN~ (25.19)

and the notation regarding the summation is the same as that used in the previous
section. In particular Pi is the mapping of the label of particle i after the permuta-
tion P. Here, we have chosen to permute the particle indices; however, the same can
be done by choosing to permute the indices of the single-particle states. Notice that
in the case of Fermions the above antisymmetrized state is an N x N determinant,
where the column index is the particle index and the row index is the state index. This
determinant which represents N non-interacting fermions is called the Slater deter-
minant. The larger Hilbert space H can be projected to two (dimensionally smaller)
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spaces each one separately transforming according to the representations of the pair
permutations. Symbolically,
HEY = PN, (25.20)

Next we shall examine the normalization of the states. Let us consider the overlap
of two states. It is immediately clear that the states are orthogonal if they are states
corresponding to different particle numbers. Thus, we consider states having the same
particle number

1 /
(71772a ’YN"YLI-YQ’ a’Y;\/')i = ﬁ Z(il)([P]+[P b
P,P’

(yprlvpr )1 (YP2lYpa)e-(YPN YR )

1
= ﬁZZ(il)[Q] <7P1|%2P1>1<7P2|%2P2>2
YYD

<7PN|’)’£2P>- (25.21)

Here, for convenience we have permuted the state indices. The second part of the
equation is obtained by realizing that we can write P/ = QP where ) another permu-
tation and change the summation variables from P and P’ to P and Q. The overall
sign is determined by the sign of the relative permutation ). Then the sum over @ is
independent of P which can be regarded as the reference permutation. Thus, one find
that

(V1,720 ANV Vs 0 V)2 = D (ED G 1)1 (12 72)2
)

v o) (25.22)

Now, it is clear that, unless the set of states {y1,72,...yw} is the same as the set
{V1, 75, ¥ } the overlap is zero. Therefore they can be different by only a permutation
Py in which case the overlap is the same as the one with itself multiplied by the factor
(jzl)[P o which is required to create the same permutation. Therefore, let us consider

(Y192, N | 719200 W02 = D (ED 1v01)1 (r2vg2)2
Q

- i haw)- (25.23)

Let us say that we have ordered the single-particle basis states according to our choice
so that they are in one to one correspondence with the natural numbers 1,2, 3, ..., k, ....
Then, let the set n;, 1 = 1,2,..., k, ..., 00 give the number of particles occupying each
one of these single-particle states using the same state ordering. The numbers n; are
called occupation numbers. Therefore given a state characterized by the set of single
particle states 71,7y, ..., YN, there is a corresponding set of occupation numbers n; with
at most [N non-zero elements and Zfil n; = N. It is clear that for Fermions each n;
can only take two possible values n; = 0, 1, otherwise the state collapses to zero because
the determinant vanishes when two columns or rows are identical. Coming back to the
above Eq. 25.23, in the case of Fermions all single-particle states in both N-particle
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states (bra and ket) are different, thus only the identity permutation gives non-zero
contribution. Thus for fermions, the states defined by Eq. (25.18) are normalized. For
the case of bosons, however, there can be n; > 1, then there are H;’il n;! permutations
corresponding to the same state. Thus for both Fermions (for Fermions always n;! = 1)
and Bosons one can write:

o
(’71772a’yN‘717’72777N)i :an' (2524)
i=1

Thus, an orthonormal set of states can be defined as

1
7172, N+ = =172, TV ) £ (25.25)

[[:2 ni!
With the convention that 0! = 1, there is no ambiguity in the case of Fermion states.
However, in the case of Bosons in order to guarantee normalization of the state when
n; # 0,1, we need to divide by a normalization factor, which is the square root of the
number of ways by which one is able to re-arrange n; states, no states, and so on.
Once such a complete set of orthonormal states is constructed, then the complete-
ness relationship in each of the spaces H* is automatic

[ee]
10001+ > > 171,72 o YN (71,725 s Y| = 1 (25.26)
N=1{y}

For simplicity in the notation, we have omitted the label + of the state which stands
for its symmetrization or antisymmetrization. Here |0) stands for the no-particle state.
Here, we need to worry about the meaning of the summation. We should sum over
all different states. Any permutation of the states v1, 72, ..., Y4 does not produce any
different state because of the symmetrization (or antisymmetrization). Thus, the sum-
mation is over all different sets {~;}. Two sets with the same elements but differing
by a permutation are still the same sets.

25.4 Operators

An operator O which does not change the particle number can be expressed in this
orthonormal basis as

O=S""5" Fses ) (31 s IO oo Yo d s o - (25.27)
N {7v}A{~}

Here, again, we have omitted the antisymmetrization (and symmetrization) label for
simplicity.

Let us first consider a one-body operator such as an external field acting on each
one of the particles or the kinetic energy operator. In the standard notation:

N
oW =35, (25.28)
=1
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In this case, it is straightforward for one to carry out the evaluation of the matrix
elements which enter in (25.27) and show that

N
0D =557 57 Ity s Yo o 1) (0D )

N m=1{y}~!,
X <717"'77:717"'7’YN|' (2529)

Namely, the one-body operator can only change one state at a time and so the bra
and the ket differ by only one single-particle state.
In the case of two-body operators such as the usual pair interaction

M\H

N
Z o, (25.30)
1,5=

1= 1

we find

2)_

l\J\H

m=Ln=1 {7}, 7 7n

N
Z Z Z |71a"'a’Ymv"'v'an"a’YN>
N
{(ym

Al AN AL ey Yoy ey Vs e AN (25.31)

Notice that the two-body operator can only change two single-particle states at a time
and so the bra and the ket differ by only two single-particle states.

In the same way one can define other many-particle operators. We are only going
to be concerned with problems involving at the most two-particle operators.

25.5 Creation and annihilation operators

We now wish to define the following operators

a‘jy‘fylv’}/?a "'57N):i: = |’77713727 "'a’YN):I:' (2532)

For the case of Fermions, this operator adds a column and a row to the N x N
determinant and creates an (N + 1) x (N + 1) Slater determinant. Notice that the
definition is at the level of the unnormalized states (25.18). Its application on the
orthonormal set of states (25.25) gives

&]Ly|’71,’727 '-'7FYN>:|: =vn; + 1|’77717723 "'37N>:i:' (2533)

The operator itself increases the occupation number of that particular state by one.
Thus, the state on the left-hand-side is an N particle state while the state produced
on the right-hand-side is an N + 1 state with the same symmetry (symmetric or
antisymmetric). It is clear that for the case of Fermions the factor y/n; + 1 will never
play any role because if n; = 0 then this factor is 1, while if n; > 1 we cannot produce
a Fermion state with n; + 1 > 2 fermions in the same single-particle state, thus the
state in the right-hand-side will be zero.
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Let us consider the adjoint operator of &z, namely a; = (dI)T. We wish to find what
is the result of the action of a; on a state |y1,72,...,7n)+ as defined by Eq. (25.18).
We obtain:

Qilv1, 72y YN )+ = (0]@:]y1, v, - Y)Y £10) +

(oo}
SO A o Yl v Y2s o YN )£V Vs Vi) £
n=1 {4/}

N
= Z (il)m71577’)’7n

m=1

713727"'7;)/m371\/):t7 (2534)

where the notation 4p; means that the state ypq is missing, thus, the state |¥p1,vp2, ..., YPN) £
is an N — 1 particle state. The last equation is obtained by noticing that

(V15 Yoy s YOy [ Y1, Y25 oy YN )
= <’71772a 77N|djy|717’7é7 77;)1
= (V1,%25 s IN VYL Vo o i) - (25.35)

The last part is non-zero only when n = N — 1 and the set of single-particle states
V7, s Yy_1} is the same as the set {y1,72,...,7n}. Therefore, there are N
different possibilities such that this can happen which are: v = +,,, and the set
Vs Yoy Yn—q 1S the same as the set y1,..., Y, .., YN

Therefore we have been able to show the following:

&’Yh/l,’y% ""’YN>:E =/ n’yh’a Y1572, a’yN>:t7&1|{nl}> = m|{nl}> (2536)

One can easily show that the following commutation or anticommutation relations
are valid respectively for the Boson or the Fermion creation and annihilation operators.

[a%a'y/]jF =0, (25.37)
P

[a];,a,y,} _=0. (25.38)

[yl = (25.39)

where the meaning of the above symbol is [a,b]+ = ab F ba, and the commutator
[a,b]— is used for the case of Bosons and the anticommutator [a,b]; for Fermions.
These relations can be easily shown by straightforward application of this commu-
tator/anticommutator operator to an N-particle state, and by using Eq. 25.32 and
Eq. 25.34.

Since for identical particles there is no meaning to asking which particle occupies
which state, the many-particle state is specified by giving the occupation numbers of
all states, namely in the state |ny,na, ..., ng, ..., )+ the integers n; with i = 1,2, ... give
how many particles occupy the ith state.
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It can be easily shown that the one-body operator which has been expressed as
(25.29) can be written in terms of creation and annihilation operators as:

O(l) — Z<ry|6(1)‘f}/>a’jrya,y/. (2540)
e

Also using the expression (25.31) for the two-body operator we can show that

A 1
o = 2 Z <’Yla72|0 )|71,72>a:rn ]Lma'yéa’vi' (25.41)

V152,717

As an example of this we consider the case of a uniform system of interacting non-
relativistic particles such as the Hamiltonian

- Z V2 4+ Z u(riz), (25.42)

#J

for a uniform fluid or electron gas. In the non-interacting plane wave basis this Hamil-
tonian takes the form
H= Z paap”

% > <p17p2|mp1,p2>a;1 o a; 0020510, (25.43)
1,02,07,75,01,02
where the creation operator a;f adds a particle in an eigenstate of the momentum and
spin:
al,10) = [B)lo), (25.44)
where

1 i-=
(rlp) = —=er", (25.45)
vV
and |o) is the spin state with spin projection along the z-axis o. The matrix element
can be easily evaluated
Lo 1
(P, Polulpy, Pa) = 7 UD0p 15 7747 (25.46)

where the Kronecker § expresses the momentum conservation and 4(q) is the Fourier
transform of u(r)

u(q) = /d3ru(r)e%5'F, (25.47)

and ¢ = py — P} = Pa — Py is the momentum transfer. The same Hamiltonian can be
expressed in terms of creation and annihilation operators ¢ (7, o) which add particles
in eigenstates of the position operator:

H_——Z/d?’:cz/}TraVQ Z/d%d?’

01 o2

X u(‘f_m)wT(fa Ul)wT(?j’ 0-2)12)( )@(—*’ Ul)' (2548)
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25.6 Problems

Problem 1
Show that the adjoint of the creation operator aL acts as an annihilation operator.
Problem 2

Show that the expressions given by Eq. 25.29 and Eq. 25.31 represent one-body
and two-body operators.

Problem 3

Show that the expressions given by Eq. 25.40 and Eq. 25.41 represent one-body
and two-body operators.



26
Elementary atomic physics

In this chapter, we apply quantum mechanics and its approximations to some elemen-
tary atomic physics questions. We will also apply the so-called Hartree—Fock approxi-
mation and discuss how one can go beyond it. We also discuss spin—orbit coupling and
how to fully characterize the atomic states.

26.1 Helium atom

+2e

Fig. 26.1

We start with the simplest atom with more than one electron, that is, the helium
atom, where the electron—electron interaction should be taken into account.

The Hamiltonian of the two electrons of the helium atom, assuming that the nu-
cleus is massive as compared to the electrons and therefore its kinetic energy maybe
neglected, is given as follows

2 62 62

- h? e
H:——(V2 VQ) 08 & 26.1
2m ! + 2 T1 ) + T12 ( )
see also Fig. 26.1 where the coordinates of the two electrons are indicated as r; and
7. If the Coulomb repulsion were not present, the spatial part of the ground-state
wavefunction would be:
z3 r T9

o)y = 2 —zt 72 26.2
(P, 7s) 7Tagexp( CLo)exp( ao)’ (26.2)

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.
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with Z = 2. Namely, we would have two independent hydrogen-like electrons, one with
spin-up and another with spin-down. The state becomes antisymmetric with respect
to electron exchange by including the spin-part which is a spin-singlet state, which
is antisymmetric (see example in chapter 24). Now, we can use the above as a trial
wavefunction with Z treated as a variational parameter. What is the idea behind such
a variational treatment? Each of the two electrons “sees” a reduced nuclear charge
due to screening due to the presence of the other electron. Namely, we treat the two
electrons as independent particles. The role of the other electron is simply to reduce
the effective charge of the nucleus as “seen” from the other electron. This is a mean-
field like approximation and, as we will see in this chapter, this can be generalized to
the Hartree—Fock approximation.
It is straightforward to calculate the expectation value of the kinetic energy term
for both electrons; the result is:
2 2 72
W] — 5 (V2 + V3)lw) = =5, (263)

ao

where we have used the fact that ag = h?/(me?). It is also straightforward to calculate
the expectation value of the interaction of each of the electrons with the nucleus. The
result is:

e27?

NS N
~Ze (Wl -+ ) = 4 . (26.4)

Now, we also need to compute the expectation value of the Coulomb repulsion term
between the two electrons. Namely,

1 VA _ozTL _ggzra 1
€2<1/’|7,T2|¢> 262—3/d3r1d3r26 e — (26.5)

Tag 12

In the above two-body integral, when we carry, first, the integration over 75 we

Xy 2

Fig. 26.2

regard the vector 7 as fixed, and, thus, we choose the direction of the z-axis for the 7%
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integration, to be along the direction of the vector 71 (see Fig. 26.2). With this choice,
we can write

12y =12 4 13 4+ 2r 179 cos Oy, (26.6)

and the integration over 75 can be expressed as follows:

2 Z3 3 _2oz™ 2 —_2z7r2 2 L 1
e —3/d rie ~7 a0 /d’l"g?“26 GO/ d¢2/ dcosfy—. (26.7)
Tag 0 -1 12

The integration over ¢o can be done to yield a 27 factor, because r15 does not depend
on ¢5. The integration over cos s can be transformed to an integration over ri5 using
Eq. 26.6 to yield:

2 2¢273 1 5, T2 T1+72
<i> =z 3 /d%lae g /dTQTQG 22‘”2)/ dris. (26.8)
\

12 Qp r1—7a|

The integration over r15 yields ri + ro — |ry — 73| which equals to 2r1 when ro > 71,
while it is equal to 2ro when ro < r1. This requires us to split the integration over ry
into two regions, that is,

e? 871'62 Z3 zrn [T _ogr2
(—) = drlrle 2% drorge” "7 @0
0

T12
+/ dririe” 2Z‘%/ drorie” Z‘%) (26.9)
0 T1

After carrying out straightforward integrations over ry first and, then, over ry, we
obtain:

e2 5e2Z
= . 26.10
7‘12> 8&0 ( )

Putting together the result of every term contributing to the expectation value of H
we obtain:

(| H|y)
(W)

The function E(Z) has a minimum at Z = Z; = 27/16 and an optimum energy
Eo = E(Zy) = —(27/16)%€2 ag ~ —2.85¢2/ag. The experimental value is —2.90e?/aq.
Therefore, we found that the effective charge seen by each electron is Zy ~ 1.69 instead
of the base charge which is 2.

If instead of doing this variational calculation we did a perturbation theory cal-
culation, treating the electron—electron interaction to first order, the result would be
obtained by using the state given by Eq. 26.2 with Z = 2 as the zeroth-order wave-
function and calculate (y|H|y) for Z = 2. We would obtain:

= B(2) = (22 2872). (26.11)

(Y| Hp) = (22 - %Z) |72 ~ —2. 75— (26.12)

which is in worse agreement with the experiment.
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26.2 Hartree and Hartree—Fock approximation

Let us begin from the full Hamiltonian which describes a N-electron atom, that is,

- 9 N Zer 1 e?
- _ 2 _ - _ 26.13
7 lez:;vZ Z r; +2 Z ‘7:;_7:*]" ( )

i=1 i.,i%]

In a similar spirit with the mean-field/variational treatment of the helium atom, we
take as a variational wavefunction the most general determinant

Y1(1) ¥1(2) ... ¥1(N)
Ya(1) ¥2(2) ... ¥2(N)
. o (26.14)

Un(1) N (2) ... ¥n(N)
Here the arguments of these functions, abbreviated for convenience as 1,2, ..., N, de-

note the positions as well as the spin projections of all the particles. The ith single
particle state 1;(j) for the jth particle corresponds to

Yi(j) = ¢:(75)xi(o), (26.15)

where ¢; is the spatial part of the state ¢ and x; is the spin part of the state 7. Here
7; and o are the position and spin projection of the particle labeled as j:

¢i(r) = (F¢3), (26.16)
xi(o) = {(o]xi), (26.17)

where |o) are spin-space basis vectors.
As we discussed in chapter 25, such a determinant is a sum of terms of the form

i¢P1(1)wp2(2)“~pr(N)v (26.18)

where pl, p2, ..., pN stands for a particular permutation of the state indices 1, 2, 3..., N.
For example, in the particular case that the permutation is 1 — 2, 2 — 1, and all the
other particles map to themselves, that is, 3 — 3, ..., N — N, we have: pl = 2,
p2 =1,p3 =3, ..., pN = N. When such a permutation is odd there is a minus sign
associated with this term, and when the permutation is even the sign is positive. Every
permutation can be built as a product of pair-exchanges. A particular permutation
is odd or even depending on whether the number of pair-exchanges is odd or even
respectively.

First we can show that the expectation value of the above Hamiltonian with a
general wavefunction of the above form, that is, (V|H|¥), is given by

D (DR (1), 95(2), - on (V) [H[thpr (1), pa(2), oo ). (26.19)
P

The “bra” state above is just a single product of single-particle states and corresponds
to the identity permutation. The “ket” state above includes any product of states, that
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is, any state which is obtained from the simple product of single-particle states and
applying any permutation P under which the indices which label the single-particle
states are permuted as 1 — pl, 2 — p2, ..., N — pN. The sign of each term is (—1)[P]
where [P] stands for the order of the permutation. This simply means that if the
permutation is odd the sign is -, otherwise the sign is +. In order to prove this, one
simply needs to realize that by combining all possible permutations in the state |¥)
both in the “bra” and in the “ket” of the expectation value above we still get only N!
different terms, which can be also produced by the above sum in which only the “ket”
is antisymmetrized.

¢
. ()

Fig. 26.3

Using the above simplification, one can subsequently show that the expectation
value of the one-body terms, that is, the kinetic energy term and the electron—nucleus
interaction, may be written as follows:

al h? Ze?
3 * (= 2 -

(W[H: W) _;;/d 5 (0) (5 V2 = 25 )i o). (26.20)
In order to show this we need to realize that, because of the orthogonality of the
single-particle states, only the identity permutation contributes. Let us consider one
of the single-particle terms in the Hamiltonian, say the term which corresponds to
particle 1, such as —%V%, then, the permutation 1 — 2 and 2 — 1 and for all other
state indices pj — 7. Then, in this case we are dealing with the N-body integral

h? . o % (=
f% Z/d3T1d37”2...d37"N1/)ik(7”1,01)1/)2(7"2,CTQ)
{oi}

N
x (V3 on) ) o) [T 10500 (26.21)

In this case it becomes clear that the tracing (that is, integration over spatial variables
and summation over spin variables) over each of the 7,05, 7 = 3,..., N, gives 1, due
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to the fact that the single-particle states are normalized. However, the tracing over
75,09 18 zero because of the orthogonality of the states 17 and 5. In order to obtain
a visualization of this term to help us with the computation, we use its illustration in
Fig. 26.3. This is a diagrammatic representation of terms occurring in calculating the
expectation value of the Hamiltonian. These diagrams should not be confused with
the Feynman diagrams representing terms obtained in time-dependent perturbation
theory. For example, Fig. 26.3(a), a directed line, starting from point 1 and ending in
point 2, denotes that the particle labeled 1 is in state 1 in the “bra” and in the “ket,”
it is in the same state in which particle labeled as 2 is in the “bra.” Similarly a directed
line starting from 2 and going to 1, depicts that a particle labeled 2 is in state 2 in
the “bra” and in the “ket” it is in the same state in which particle labeled as 1 is in
the “bra.” A simple loop like the circle of a directed line starting at j and ending at j
denotes that a particle labeled j is in state j both in the “bra” and in the “ket.” The
triangle directed at point 1 represents the kinetic energy operator —h?/(2m)V? acting
on the single-particle state 12(7101) of the particle labeled 1. A tracing over all the
spin and space coordinates of all particle labels, which are represented by solid points,
is implied. In the example, of Eq. 26.21 and in Fig. 26.3(a), because the tracing over
the spin and space coordinates of particles j with labels 3,4,...,N gives 1, the loops can
be omitted. However, tracing over the coordinates of particle 2 yields zero because of
the orthogonality of the two states meeting at point 2. The same conclusion cannot
be drawn by tracing over 1, because the kinetic energy operator changes the state
1o and the resulting function is no longer necessarily orthogonal to 1. The same is
true in the term of Fig 26.3(b) where the dashed line represents the external one-body
Coulomb interaction of particle labeled 1 with the nucleus, that is, the term —Ze? /ry.
The integral —Ze? [ d3ri1; (71, 01)¢2(72,02)(1/r1) does not vanish, even though the
states 17 and 19 are orthogonal.

As might have become clear from the previous discussion, the only terms involving
the kinetic energy operator or the one-body potential are those depicted in Fig. 26.4
and the result is given by the Eq. 26.20.

When the two-body interaction term is “sandwiched” between the same Slater de-
terminant, then the presence of the two-body interaction between, say, particle labeled
1 and particle labeled 2 allows the states which are occupied by these two particles
in the “bra” and the “ket” to be the same or different. All other particles should
occupy the same single-particle states in both “bra” and “ket,” otherwise the term
should vanish due to the orthogonality of single-particle states. This leads to the two
diagrams depicted in Fig. 26.5. The top diagram is the so-called Hartree term, that is,

1 3..13 2 2 e?
3 3 [ ErerinPie P =, (26.22)
1,5,0#]
and the bottom diagram of Fig. 26.5 is the exchange or Fock term:
1 3,...73 * * 62
i,5,i#]

The summations in the above expressions extend over all N values of the state indices
7 and j.
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Fig. 26.4

Fig. 26.5

The approximation in which the wavefunction is written as an antisymmetrized
product of single-particle wavefunctions is called the Hartree—Fock approximation.

Now, we need to find a set of differential equations which have as solution the
“best” set of normalized single-particle states ¢1,¢9,..., ¢n. By “best” we mean the
set of single-particle states which minimize the expectation value of the Hamiltonian
(Eq. 26.13) under the constraint that these states are normalized. This means that we
need to consider the functional
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N

F({$i(7)}) = (T[H|T) = >N (/ dPr|ei(F)|? — 1), (26.24)

i=1

and to minimize it with respect to variations in ¢} (7).
We need to calculate functional derivatives with respect to ¢} (7). In doing so, the
following identity is used

03 (%)
597 (4)
In this approach the functional variables ¢;(7) = ¢&(7) + i¢! (7) (where ¥ (¥) and
I (7) are the real and imaginary parts of ¢;(7)) and ¢ () = ¢&(7) — i¢! (¥) are
independent variables. This is so in the same sense where in the familiar differentiation
with ordinary independent variables x and y, when one makes the transformation to
new variables w = x 4+ 1y and w* = x — iy, w and w* are independent variables.
By carrying out this functional differentiation we find the following N coupled
differential equations:

(f’iv2 _Ee Z/d%' - 65 (7)) 64(7) —

= §110(Z — 7). (26.25)

2 = _
m r oy |7 — 7|
2
. € «
S B e O R} (26.26)
j#i
The 3rd term above is the Hartree term, which can be also rewritten as
_ 3., P()
Vi (r) = e/d r’ T (26.27)
p(F) = e 16,7, (26.28)

J#i
where p(7') is the density of the electrons, and the sum is over all states j; which
are occupied by the other N — 1 electrons. Notice that the Hartree term represents
the average electrostatic potential energy produced by all other electrons. This term
could have been written down thinking in a semiclassical way. Notice that this term

is local centrally symmetric because it is an average potential over all other occupied
single-particle states.

26.3 Hartree equations

If we ignore the Fock (exchange) term, the above equation takes a simpler form which
is known as the Hartree equation:
h? Ze?
(-5 7% = =5+ Va() u(7) = o) (26.29)
m r
Notice that the above equation could be interpreted as the familiar single-particle
Schrédinger equation for an electron in a local central potential which is composed
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of the interaction of this electron with the nucleus and the average electrostatic in-
teraction with all other electrons. This equation should be solved self-consistently as
follows. Imagine that we first set p(r) = 0 or, better, we use an initial guess for p(r)
and we solve the above equation to determine the single-particle states. We then use
these single-particle states to calculate a different p(r) by selecting N states from this
set in order of increasing energy starting from the lowest single-particle level. Next, we
use this p(r) to determine a different Vi (r) which, subsequently, is used in order to
solve the new Hartree equation to determine an improved set of single-particle wave-
functions. We keep iterating this procedure until the results of the nth iteration and
the previous iteration agree within a desired degree of approximation. Notice, however,
that these equations are non-linear in the unknown functions ¢;(7), thus care should
be taken.

Since the net potential seen by a single electron is centrally symmetric; as usual,
that is, following the approach of chapter 16, we write the wavefunction ¢;(7) as follows

¢i(7) = R\ (r)Yim (0, 0), (26.30)

where Rl(") (r) obeys the usual differential equation for the radial part of the wave-
function:

B9 a0RM () () (m)
“3m # () Ve OR0) = BB (),
762 R2(1L+1
Vags) = =2+ Vi) + S 2030

where the index n labels the various physically acceptable solutions to the above
equation for a given value of [. While these solutions do not depend on m as in the
case of the hydrogen atom, here, because the potential is not simply the Coulomb
potential, they depend on [. Namely, for a given value of I = 0,1,2,... we need to
solve the above equations to find the energy eigenvalues which are, then, enumerated
in order of increasing energy by the label n = 1,2, .... Thus, the single electron orbitals
depend on n and [ but they do not depend on m. In general for a given value of n, the
energy increases with increasing value of [, that is,

En,O < En,l < Emg.... (2632)

Given an initial electron density profile p(r) we solve the above equations to find the
eigenstates and eigenvalues. Then, using Eq. 26.28 we recalculate the new electron
density by selecting the IV lowest energy states including the states which have the
same energy (that is, all values of m) including the spin part of the wavefunction.

From that, using Eq. 26.27, we calculate the Hartree potential Vi (r) to be used in

Eq. 26.31 and then to solve again the Hartree equations to determine the new Rl(").

This is repeated until we reach self-consistency.

26.4 Hartree—Fock and non-locality

The Fock term in the Hartree-Fock equation is of the following form:
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2
_Z‘Sajm/d37’/|Fim%(?ﬂ)éf’;(ﬂ)%(ﬁ, (26.33)

J#i

which can be written as follows:
/ d3r'Up (7, 7) i (7)), (26.34)
where

Up(7,7) = =€) 05,0, /d3 i) FJ,(F). (26.35)

oy |7 =]

Namely, it acts as a “non-local” potential on the wavefunction ¢;(7) at all spatial
points 7, that is, it is a non-local kernel. Again, in order to compute it, when we try
to solve the problem using an iterative scheme, we need all the states ¢; found in the
previous iteration.

An example of the application of the Hartree-Fock approximation is the helium
atom problem in its ortho excited state. The helium atom is in its ground state where
the spins are anti-parallel, the Fock term is zero. There are the following two excited
states: (a) the state with total spin S = 0 (the para-helium) and (b) the state with
S =1 (the ortho-helium). Again, in the case of the para-helium the two spins must
be anti-parallel and, thus, the Fock term is not present. In the case of the S = 1, the
Fock term is operative and this distinguishes the energy of these two states within this
mean-field-like approximation. The result is,

2

Es_o(para) = 72.1462—, (26.36)
0
62

FEg—1(ortho) = —2.175@—. (26.37)
0

Notice that while in the case of S = 1 one of the electrons should occupy an orbital
with a much higher energy (at the single particle level the energy difference between 1s
and 2s is 3/8¢?/ag), the actual energy difference between the ortho- and para-helium
is much smaller due to the presence of the exchange term in the former case, which
lowers the energy significantly.

26.5 Beyond mean-field theory

The Hartree-Fock approximation misses the correlations between electrons in the
atomic state of a multi-electron atom. There are several approaches on how to cor-
rect for this problem; here, we will restrict ourselves to briefly discussing just two
such methods in order to give the reader a feeling of what is really missing in the
Hartree—Fock approximation.

The position correlations can be partially taken into account by using a variational
wavefunction of the following form:
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@) =[] o)l ¥ur), (26.38)

i<j

where |U ) is the Slater determinant obtained in the Hartree-Fock approximation.
The product is over all N(N — 1)/2 electron pairs. The factor f(r) is schematically
plotted in Fig. 26.6 along with the Coulomb repulsion between two electrons. This
factor is called the Jastrow factor and takes into account pair correlations. Namely,
there is no information in any Hartree-Fock wavefunction on how two electrons should
avoid getting close to each other in order to avoid the Coulomb repulsion. This can
be done by the Jastrow factor which goes to zero as the inter-particle distance goes to
zero. One can specify a particular form of f(r) which allows for the general behavior

Vi(r) 1

! fr) |

near the origin and as f(r — co) — 1 and determine the variational parameters which
may be introduced in this variational wavefunction (that is, in f(r)) by calculating the
ground-state energy and finding its minimum numerically. The integration over many
particle can be handled by means of Monte Carlo integration.

Another way to go beyond the simple Hartree—Fock approximation is by means
of the so-called Configuration-Interaction (CI) approximation. Within this approxi-
mation one mixes various Hartree-Fock configurations. Namely, after determining the
Hartree-Fock “orbitals,” that is, the single-particle states ¢;, which determine the
ground state, by placing the N electrons to occupy the lowest N such orbitals, we can
form Hartree-Fock configurations, that is, one-particle-one-hole (1p-1h), two-particle-
two-hole (2p-2h), ..., or n-particle-n-hole (np-nh) excitations by promoting one, two,
..., or n electrons from the occupied to the unoccupied orbitals. These states span
the multi-electron Hilbert space. Then, due to the presence of correlations, the true
ground-state wavefunction is a linear combination of such multi-particle-multi-hole



Characterization of atomic states 257

excitations. In the CI approximation, we can truncate the basis of such HF configura-
tions and include only up to 2p-2h states; then, we write down the Hamiltonian matrix
in this subspace and carry out a diagonalization to find the correlated ground-state
wavefunction and energy.

26.6 Characterization of atomic states

The first element needed to characterize an atomic state is the electronic configuration,
which, as is well-known, is given by the sequence of occupied orbitals with their electron
occupation given as superscript. For example, Carbon’s electronic configuration is 1s2
252 2p2.

However, the electronic configuration alone does not specify the state of an atom
completely. Consider for example, C', where the last two electrons can be in any of the
following possible states: plp}, pl,pi, .... The fact is that these states have a small (in
units of Rd) energy difference due to:

1. electron—electron interaction.
2. spin—orbit interaction.

In smaller atoms the former is dominant, while the spin-orbit interaction becomes
larger as the atomic number grows. Furthermore, as we discussed in Section 26.5, a
single atomic configuration ignores the effects of electron correlations.

Let us ask the following question: What are the good quantum numbers?

1. If we neglect the spin—-orbit coupling:
The z component of the operator of the total spin, S, = Zfil 57 and its magni-
tude squared 52 commute with the atomic Hamiltonian H.
The z component of the operator of the total orbital angular momentum, L,=
ZZ].VZI Zf and its magnitude squared L? also commute with H.
The first follows directly from the fact that the total S, is the generator of ro-
tations in spin-space and S2 and H are scalar operators (see chapter 18). The
second is a consequence of the fact that the total L, is the generator of rotations
and L? and H are scalar operators.

2. If we include spin—orbit coupling:
The z component of the operator of the total angular momentum, J,=L,+8,
commutes with H.
The magnitude squared of the total angular momentum J2, that of the total spin
52 and of the orbital angular momentum L? commute with H.
Now, we will show in Section 26.7, by means AofAthe Wigr}erfEckart theorem, that

the spin—orbit coupling term takes the form: S -E, where S and L are the total spin
and angular momentum vector operators. This term, because it is a dot product
between two vectors in the space of the total (spin+orbital) angular momentum,
remains invariant under rotations carried out by the generator J. in this space.
Another way to see this, is by writing

& 1

§. L= 5 (j2 . E2). (26.39)
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An atomic energy level is completely specified by giving the electronic configuration
and the values of the quantum numbers of the total orbital angular momentum L, of
the total spin S, and of the total angular momentum J. The notation 25T1L; is used
in order to denote the values of these three quantum numbers with L standing for the
capital letters S, P, D, ... when L = 0,1,2,.... For example, when S =1 and L = 1,
an atom can be in one of the following three states, 3Py, 3Py, and 3P, for J = 0,1,
and 2 respectively.

In Table 26.1 is a list of energy levels of helium. First, closed shells have always L =
S = J = 0. Thus, the ground state of helium, which corresponds to the configuration
15?2, has S = L = J = 0, and can be written as 'Sy. The configuration 1s'2s!
corresponds to the four states 1s72st, 15¥2sT, 157257, 15+2st. These states cannot be
eigenstates of the atomic Hamiltonian, because they are not eigenstates of EQ, 5'2, and
J2. Linear combinations of these four states lead to the four states which are labeled
as 35 and 'S. The triplet is the first excited state where the value of J is uniquely
determined to be 1, that is, the state is 5;. The singlet is the second excited level
with J = 0, that is, 'Sy. Notice that the configuration 1s'2p' corresponds to 12 states
which become 3Py, 3Py, 3Py, ' P,. If we ignore the spin—orbit couplings the first three
states, which form an L — S multiplet with S = 1 and L = 1, would be degenerate.
Therefore, the small energy difference (of the order of 0.001 eV in this case) for different
values of J is due to the spin—orbit interaction. Also notice that, and this is generally
true, the energy difference between energy levels (originating from the same atomic
configuration) which differ by the values of L or S, that is, between LS multiplets, is
of the order of a few tens of one eV. The energy difference between states belonging
to the same LS multiplet with different J values is much smaller than that.

As can be concluded by examining Table 26.2, the situation is similar for the case
of the Li atom. The states shown in this table correspond to a completed 1s shell, so
that these electrons do not contribute to the values of L, S, and J. The ground state
of Li which corresponds to the configuration 1s?2s' is 25 /.

26.6.1 Hund’s rules

Hund’s rules aim at answering the following question: Which one of the J LS multiplets
corresponds to the atomic ground state?
Hund’s rules state the following:

1. The LS multiplet with the largest value of S has the lowest energy. The reason
for this is that when S is largest, the state is spin symmetric and, thus, spatially
antisymmetric which means that the wavefunction has nodes and the electrons
stay away from each other, thus avoiding the mutual Coulomb repulsion.

2. If the largest value of S is associated with several values of L, the lowest energy
state among these corresponds to the one with the largest value of L which is
allowed keeping a totally antisymmetric wavefunction. In a state with the largest
allowed angular momentum, the electrons tend to stay away from each other, thus
avoiding the Coulomb repulsion.

3. For a single partially filled shell: If the shell is less than half-filled the value of
J =|L — S| corresponds to the lowest energy.
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Table 26.1 Energy levels of a helium atom

Configuration | 2°FIL [ ] Energy (eV)
152 IS 0 0

1s2s 38 1 19.818943
1s2s LS 0 20.615078
1s2p 3p 2 20.963377
1s2p 1 20.963388
1s2p 0 20.963511
152p 1p 1 21.217304
1s3s 38 1 22.717699
1s3s ls 0 22.919542
1s3p 3p 2 93.006294
1s3p 3p 1 23.006298
1s3p 3p 0 23.006332
1s3d 3D 3 23.072870
153d 2 23.072870
153d 1 23.072876
1s3d 'D 2 23.073296
1s3p lp 1 23.086237
1sdp 1p 1 23.741268

If the shell is more than half-filled the value of J = L + S corresponds to the
lowest energy.

Next, we apply Hund’s rules to a few examples.

Beryllium: The ground state of Beryllium is in the configuration 1s22s22p'. The
outer unpaired electron is in the 2p state, thus the total orbital angular momentum of
the atom is L = 1. Furthermore the total spin is S = 1/2 for the same reason. Thus,
the possible values of J are J = 1/2,3/2. The n = 2 shell is 1/6-filled, thus, applying
Hund’s third rule above leads to the value of J = |L — S| = 1/2. Therefore, the ground
state of Beryllium is 2P1/2.

Carbon: The ground state of carbon is in the configuration 1522s22p?. Therefore,
the value of total spin should be S = 1, because this corresponds to its maximum
value for the system of the two electrons in the p-shell. The possible values of L are
2, 1, and 0. If we select L = 2 as the largest value the total wavefunction will not be
antisymmetric because the spin part with S = 1 is symmetric and the spatial part
with L = 2 would also be symmetric. Thus, we need to select the next largest value,
that is, L = 1. Since the shell is less that half-filled, we need to take J = 0, which
leads to the ground state, 3P.

Oxygen: The electronic configuration of the ground state of O is 1522s22p*. Here,
we will follow a somewhat different approach. The p-shell is missing two electrons in
order to be completely filled. It is easier to consider it as a filled shell plus two holes,
because we know that the filled shell has S = L = J = 0. The possible values of total
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Table 26.2 Energy levels of a lithium atom

Configuration | 2°FIL [ J Energy (eV)
15225 28 /2 |0

1322p 2P 1/2 1.847751
1522p 3/2 | 1.847793
15%3s 28 1/2 3.373008
1523p 2p 1/2 | 3.834146
1523p 3/2 | 3.834158
1523d 2D 3/2 | 3.878469
1523d 5/2 3.878473
15%4p 2p 1/2 4.521515
1524p 3/2 | 4.521520
1524d 2p 3/2 | 4.540556
1524d 5/2 | 4.540558

spin of the two-hole system is S = 0,1 and the possible values of the orbital angular
momentum for two such holes in the p-shell are L = 0,1,2. We need to select the
maximum value of S which is 1 and leads to a symmetric wavefunction in spin space.
This means that its spatial part should be antisymmetric and because a state with
L = 2 is symmetric, we need to select the next largest which is L = 1. The shell is
more than half-filled, thus, J = L + S = 2. Therefore, the ground state of oxygen is
3P,.

26.7 Spin—orbit interaction in multi-electron atoms

We have discussed the spin—orbit coupling for the case of a single electron under the
influence of a central potential U(r) in chapter 24 and we derived Eq. 24.12. The same
expression will be obtained in chapter 31 in the non-relativistic limit of the Dirac
equation. Imagine that we have an atom with N electrons in various orbitals, then we
can write the total spin—orbit coupling term as follows:

N ~
IA{s.o = Zj(rz)l: : §i7 (2640)
=1

1 1dU(r)

J(r) =

2me2r  dr

(26.41)

where U(r) is the self-consistently obtained electrostatic potential energy due to the

nucleus and all other electrons. Here l; and §', are the angular momentum and spin
operators of the individual electron.
As we noted in section 26.6 of this chapter, for light atoms, the effect of spin—orbit
coupling is very small. This allows us to treat this term using perturbation theory.
Let L,S, My, Mg stand for the eigenvalues characterizing the total angular mo-
mentum and spin and their projections. In the absence of spin—orbit coupling the
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above are good quantum numbers. When the spin—orbit coupling term is introduced
as perturbation, L and S remain good quantum numbers; therefore, for given values
of these two, we need to diagonalize the perturbation in the subspace spanned by the
various values of My and M,. For that we need the matrix elements:

(nLSMpMg|H, o|nLSM} M%), (26.42)

where the state [nLSMpMg) can be expressed as follows:

InLSMMg) = Co plnLMp,a)|SMg, ), (26.43)
o,

where [ enumerates a set of states within the spin space of the N electron system
which share the same total spin eigenvalue and its projection M, along some z-axis.
Namely, the N electron spin space has a dimension of 2V and there are many linearly
independent states which can be formed in this space sharing the same values of S
and Mg. For example, take three spin-1/2 electrons. There four states characterized
by S = 1/2, not just two, that is, there two each with My = 1/2 and two each having
Ms = —1/2. Adding the spin of two of these electrons we find the possible values of
their total spin Si2 = 0,1 and then there two ways to obtain S = 1/2, one by adding
0+ 1/2 and a second by adding 1 + 1/2.

The index 8 enumerates the states which correspond to the same value of L and
My,.

The matrix element of f[s,o can be written as:

N N
Y Y CapCorprlanLMy|Tili|a/nL M) - (BSMs|5;|8'SMS). (26.44)
i=1 af,a’s’
The Winger—Eckart theorem implies the following
(anL My |lj|o/nLM}) = D(n, L, o, o/ ){LMp|L|LM}), (26.45)

namely, the proportionality constant does not depend on Mj, nor Mj. It is easy to
show this statement and we do so next.

The vector operator [; is a tensor operator of rank k = 1; therefore, using the
Wigner—FEckart theorem, we can write it as

(anLMp|l;|o/nLM}) = Oy(n, L, o, o' Y(LMp | LM}k = 1,q), (26.46)
where ¢ stands for any of the components of the vector [, and (LMp| LMk =1,q) is
the Glebsch—Gordan coefficient. Similarly, using the Wigner—Eckart theorem we can
write

(LML|L|LM}) = O5(L){LM|LMj 1, q). (26.47)

By dividing both sides of the above two equations, we derive Eq. 26.45, where
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O1(n,L,a, o)

D(n,L,a,d) = 26.48
( )= A (26.45)
In a very similar way we can also show that
(BSMs|5|6'SMg) = E(B, ', §)(SMs|S|SMs). (26.49)
Therefore, summing over ¢ and o« and 8 we obtain
(nLSMpMgs|H, o|nLSM) My) =
C(nLS)(L, My|L|L, M}) - (SMs|S|SM), (26.50)
where
N
((nLS)=>"Ti Y CisCaupD(n,L,a,a')EB,B,S). (26.51)
1=1 af,a’ [’
Equation 26.50 can be also expressed as follows:
(nLSMpMg|H, o|[nLSM}, M%) = ((nLS)
x (nLSMpMg|L - S\nLSMj ML), (26.52)
which means that we need to diagonalize the effective Hamiltonian:
Heo=C(nLS)L- S, (26.53)

in the subspace of fixed values of n, L, S.

Now, this Hamiltonian can be diagonalized by rewriting it using the identity given
by Eq. 26.39. Therefore, its eigenstates can be written as [nLSJM ;) with correspond-
ing eigenvalues E,1s(J) given as

H, ,|nLSJM;) = E,ps(J)|nLSJMj), (26.54)

where
2

h
Enps(J) = 5((nLS) (J(J +1)—L(L+1)— S(S+ 1)). (26.55)
From the above equation for the eigenvalues, Lande’s rule follows:
Enrs(J) = Enps(J — 1) = h*¢(nLS)J, (26.56)

that the difference in energy in successive J-values within the same LS multiplet
increases linearly with the value of .J.
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26.8 Problems

Problem 1

Consider the helium atom in the presence of a hypothetically very large magnetic
field such that the spins of the two electrons in the atom are parallel.

(a) What is the Hamiltonian which describes the two electrons in the atom?

(b) Write down the most general wavefunction of the two electrons in the atom
within the Hartree-Fock approximation.

(¢) Calculate the expectation value of the Hamiltonian using the Hartree-Fock
wavefunction. Namely, express it as a function of one-body and two-body integrals.
Indicate which term is the so-called Hartree and which term is the Fock term.

(d) Minimize the expectation value of the Hamiltonian with respect to variations
in the spatial part of the single-particle wavefunctions, under the constraint that they
are normalized. Namely, derive the so-called Hartree-Fock equations for the specific
case of the two electrons in the helium atom.

Problem 2

Use the Wigner-Eckart theorem to show the following:
(a) The matrix elements of a scalar tensor operator Oy (rank k = 0) obey the
following relation

(nyym|OgIn’, ',y = OF™ 6 516 mr (26.57)

where O;’"I = (nj]|O4||n’, 7) is the so-called reduced matrix element of O, which is
independent of m and m/’.

(b) For an L — S multiplet of atomic states and for the spin angular momentum
operators §; of an individual electron and S of all the electrons, the following is true

(n, S, Ms|5i|n', §', ML) = C(n,n’, S, §")(n, S, Ms|S|n’, S, ML), (26.58)

where the coefficient C(n,n’, L) does not depend on M and M’.

Problem 3

Use Hund’s rules to determine the ground states of B, C', and N, using the notation
25+1L
J-

Problem 4

Consider the so-called Jellium model of the metallic state of matter. In this model
the positive ions in a metallic solid are smashed to make a uniform inert background of
positive uniform charge of charge density p, = Nle|/V exactly opposite to the average
electronic charge density p. = —N|e|/V. For convenience we consider N electrons and
N ions in a volume V with periodic boundary conditions.
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(a) Extend the considerations of the previous atomic physics problem to the prob-
lem of interacting electrons in a uniform solid, as conceptualized by the Jellium model.
Explain why the following

h a p(R) 1 e?
2m; ; IR — 7| 2@;@, |7 — 7]
1 R)py (R
¥z / R P (26.59)
2 |R— R/|

is the Hamiltonian of NV electrons and NN ions in this case. Here, 7; are the electron
positions. Namely, we have taken the ionic charge distribution to be given by a general
function p (R’)7 which is, in fact, the constant discussed above. Notice, that we have
ignored the ionic kinetic energy because the ionic masses M are much larger than the
electron mass m and therefore the terms P2 /(2M) are much smaller than the electronic
kinetic energy terms by a factor of m/M. This is the so-called Born—-Oppenheimer
approximation. Therefore, there are no active ionic degrees of freedom.

(b) Use the experience you gained from the previous problem to write down the
Hartree-Fock equations for the N-electron system in this case.

(c) Show that the non-interacting single electron states

1 -
o(7) = We“”, (26.60)
are solutions to the Hartree—Fock equations. For our case with periodic boundary
conditions, what are the possible values of k and why?

(d) What is the ground-state wavefunction of this system of N electrons. Namely,
determine the wavevector kg and energy Er of the highest occupied (or lowest unoc-
cupied) state as a function of the electron density p = N/V. Namely, determine the
so-called Fermi momentum and Fermi energy respectively. For convenience consider
the thermodynamic limit; namely, while N — oo and V' — oo the ratio N/V is kept
constant and equal to the average electronic density p.

(e) What is the total kinetic energy contribution to the total energy? Express your
answer in terms of kg (or Ep).

(f) Show that the Hartree term is a constant and together with the ion—ion inter-
action term get canceled by the electron—ion interaction in the uniform Jellium model
case. These terms are infinite but they exactly cancel each other out.

(e) What is the exchange (Fock) contribution to the total energy? Give your answer
as a function of kg or Ep.
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Molecules

In this chapter, we discuss some elementary molecular physics. When possible, we gen-
eralize our conclusions and discussion to the case of a solid. Our goal is to understand
the reason why neutral atoms form aggregates, that is, molecules, solids, and the mat-
ter which we see around us. The answer that it is simply because of the dipole—dipole
attraction is not correct. In the case of the hydrogen molecule, for example, the size
of its binding energy is orders of magnitude larger than the size of the dipole—dipole
attraction between two isolated hydrogen atoms. In fact, in the hydrogen molecule,
the two electrons are shared by both nuclei, so the integrity of each atom is completely
lost in the molecule. Just like in the case of atoms, quantum mechanics is crucial to
answer this question correctly. That is why we try it here.

27.1 H; and the Born—Oppenheimer approximation

The H, ion is illustrated in Fig. 27.1 where the positions of the two protons are él
and Ro, respectively, and the position of the single electron in this problem is denoted
by 7. The Hamiltonian describing the H; ion is given by

72 2 2
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+ TS = -

|R2 — R
The Born—-Oppenheimer approximation is based on the fact that the protons are mov-
ing on a much different timescale than the electrons because they are heavier; namely,

for the electronic problem the first two terms could be initially neglected, because of
the prefactor of the V2 in each of these terms. This means that: a) As a first step, we

(27.1)

freeze the proton at a given relative distance R= ng — El. b) We solve the electronic
problem for any such fixed positions of the ions and determine the total energy of the
electronic problem, that is, E.(R) as a function of R. c¢) Lastly, we allow the atoms to
move obeying the effective Hamiltonian:

2 [
Heyp = —mv1 - mvz + Vers(R), (27.2)
2
Vers(R) = Ec(R) + %7 (27.3)

and we treat this two-body effective Hamiltonian quantum mechanically to find the
ground state, the vibrational and rotational excitations of the ion.

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.
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Therefore, the Born—-Oppenheimer approximation assumes that the electron re-
sponds to any given protonic configuration “instantly” (or on a much smaller timescale
than the protons) producing an effective proton—proton interaction, which includes
the direct Coulomb repulsion e?/R as well as electronic energy cost E.(R) as a result
of responding to a particular proton separation R. In all of the following regarding
molecules we will be working within the Born—Oppenheimer approximation.

In order to describe the electron in the H;' ion, we will use the following variational
wavefunction,

Y(r) = a1 (7) + bipa(7), (27.4)

which is a linear combination of the atomic orbitals (LCAO)

L exp(,w
VTag ag
where ag is the Bohr radius. These atomic orbitals describe states in which the electron
forms virtually an “isolated” hydrogen atom with the proton at position Ry or with
the proton at position R». Namely, this describes an electron in a state which neither
forms an atom 1 nor an atom 2 but sort-of does both, and the electron tunnels through
interatomic space (where the potential is higher than near any one particular proton),
such that it can increase its uncertainty in its position and, thus, decrease its uncer-
tainty in momentum and lower its kinetic energy. Therefore, by sacrificing some of its
average potential energy, it minimizes its total energy by lowering its kinetic energy
more than the loss in potential energy. In the general case this optimum situation is
reached by treating a (because b is related to a through the normalization condition)
as a variational parameter. In this case, however, because the two nuclei are identical,
there is a symmetry which forces the value of the magnitude of a to be the same as
the magnitude of b. Therefore, there is no variational freedom in this problem and,
apart from an overall phase factor which does not have any significance, there are the
following possible solutions: a) the even parity solution a = b and, b) the odd parity
solution @ = —b. Therefore, using the normalization condition [ d3r|¢(7)]? = 1, we
find that the solutions are

Vi (F) = ax (%

P1,2(7) = ), (27.5)

—~

7 £ 4(7), (27.6)

1
a+ = m, (27.7)
T(R) = /d%(?)wz(m = (1 + a—}z + ?f:%)e_R/“”, (27.8)

where R = |R; — Ra|.

The expectation value of the Hamiltonian with the exclusion of the protonic kinetic
energy is

(W1 H|1) + (o Hltpo) £ 2(eb1 | He|1b2)
2+ 2T(R)

E®(R) = (Yo |H|ps) = : (27.9)
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Fig. 27.1
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where
(Wl B ) = (] T >—€2+€2/d3r|w R (27.10)
1 1) — 2 2/ — 20,0 R 1 ‘F_é2| .

The integral can be calculated with the same technique applied in chapter 26 to cal-
culate the two-electron integral for the helium atom. In the present case we need
to choose the origin of coordinate system for the integration at R; (that is, change

variables from 7 to 7 =7 — él), that is,

2
_ d37'l6_27‘//a0#

4 27.11
ag 7 — R| (74

)
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and then choose the z-axis along the vector R = R, — R,. This way the integral

becomes
r’+R
/d?“/ ’_—2r /ao/ dr = / dr'r 2 —27“ /ao
|r"—R)| a’O
’ 2 2 R
dr'r!e=2" 10y = _ & 1 ¢—2R/ao, 927.12
+/R el — S S e (27.12)
To conclude this part of the calculation we write:
N e? e? R
Hip)) = —— 4+ = (14 —)e 2R/, 27.13
Wl ) = =5 + 1+ e (27.13)
Furthermore, we have:
Wilila) = (~ + )T ~ [@rn@ue——, @71
1 2) = %a R 1 2 |*—R2| .
in which the integral can be calculated in a similar way as above to yield:
. e? e? e? R
Hlp) = (—— )T R — S (1+ ) R/ao, 27.15
(il z) = (—go + ) TR = S (14 e (27.15)

Putting the results together, we obtain for V,;;(R) the energy functions AE®)(R) =
E®)(R) 4 €2/(2ag) (where the energy of the isolated hydrogen ground state has been
subtracted) shown in Fig. 27.2 for bonding (+) and antibonding (-) states. Notice that
the bonding state has a negative energy (relative with the energy of fully separated
hydrogen atom for the proton).

27.2 Hybridization

When atoms form molecules or crystalline solids, they lose their spherical symmetry,
therefore, the pure Y, are no longer part of the electronic wavefunctions. However,
these states can be used as a complete basis to express these wavefunctions. For exam-
ple, imagine the carbon atom in a graphene sheet shown in Fig. 27.3. In this example,
the full rotational symmetry is reduced to only rotations by 120° around an axis which
goes through each C atom nucleus and is perpendicular to the graphene plane (for the
following discussion we will take the z-axis along this axis). The C' atom 2s and 2p
states are very close in energy, and in this geometry in order to begin thinking about
the formation of the molecular bond it is a better approximation to consider the trans-
formation of the 2s and three 2p to the following four states instead. The 2s and p,
and p, states “hybridize,” that is, form three linearly independent combinations, the
so-called sp? hybridization, that is,

sp?), = |25) + Bo|2ps) + 70|20y ), v=12,3 (27.16)
and they are related to one another by a 120° rotation, that is,
59701 = eh 273 p?),, (27.17)

and we have taken cyclic boundary conditions, that is, |sp?)s = |sp?)1. The fourth
orbital, that is, 2p,, remains unchanged. The three sp? orbitals shown schematically
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in Fig. 27.4 and the coefficients @ 31 and ; are chosen such that a) the state |sp?) is
normalized, and b) the bonded molecular state formed between the two sp? orbitals
of the two neighboring C' atoms minimizes the total electronic energy. Once these
coefficients are fixed the other four, that is, 82 3 and s 3 are related by a 120° rotation
through Eq. 27.17.

Each carbon atom has four electrons on the n = 2 shell. In the example discussed
above, three of these four electrons will occupy the three bonded molecular states
formed with the three neighboring carbon atoms. The antibonding states are much
higher in energy and remain unoccupied. The fourth electron in each C' atom will
occupy two bands formed from the 2p, orbitals of each C atom. This part can be
treated with the so-called tight-binding approximation (TBA) but application of this
method to the problem of graphene is beyond the scope of these notes. The TBA is
discussed next and it is applied to a simpler problem, that of a benzene molecule.

27.3 Tight-binding approximation

Let us consider the molecule of benzene shown in Fig. 27.5. We can describe the
molecule of benzene by considering the four valence states 2s and 2p,, 2p, and 2p,
of carbon. The 1s state lies too deep and, thus, it does not participate directly in the
formation of the molecular bond. Let us use a rectangular coordinate system in which
the z-axis for each atom is perpendicular to the plane of benzene and the x and y
axes are both on the benzene plane. The 25 state and the p, and p, states hybridize
to form three sp? planar orbitals (shown in red in Fig. 27.5) which allow each carbon
atom to bond with its two neighbor C' atoms at 120°. Each pair of the carbon sp?
bonds form one (o) bonding and one antibonding state. A pair of electrons (one from
each C' atom) occupies completely the () bonding state. The antibonding (o) state
lies at a much higher energy and remains unoccupied. A third polar bond is formed
between the other sp? electron of C' and the hydrogen atom 1s electron as shown in
Fig. 27.5 and the antibonding state also remains empty because it is of high energy.
Now, the fourth electron of each carbon atom will go on the p, orbital (shown with a
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0zl

Fig. 27.4

dashed line in Fig. 27.5). These p. orbitals of each pair of nearest neighboring (n.n.)
atoms overlap and form six molecular orbitals.

Now, let us restrict ourselves in the case of these six electrons occupying the six p,
orbitals located on each of the six carbon atoms, namely, the orbitals |p,(i)), where
1=1,2,3,4,5,6. If we consider as our basis the above six states |p.(i)) we can consider
the overlap integrals between nearest neighboring atoms

(p=(@)| Hp-(i + 1)) = ~t,, (27.18)

and we can neglect the overlap between the further away neighbors. The atomic orbitals
decay exponentially with distance from the atomic nucleus. As a result the overlap and
the matrix elements of the Hamiltonian with atoms which are far away are very small.
We also need to consider the on-site energies, that is,

(p-(i)|H|p-(i)) = Eo. (27.19)

Notice that because the atoms are the same, these energies and overlap integrals are
the same for all atoms and n.n. pairs of atoms. In this way we have managed to form
a 6 x 6 Hamiltonian matrix in the above basis, which can be diagonalized to provide a
band of six states and the corresponding energy eigenvalues. Let us neglect the overlap
integrals between n.n. orbitals and take the six states to be orthonormal. This overlap
integral is treated more accurately in the following section. Because of the symmetry
of this Hamiltonian under 60° rotations, this problem can be solved exactly (it is like
the Bloch problem in chapter 10), with the following six eigenstates:

6
1 )
W)= 2o e ), v =1,2,3,4,5,6 (27.20)
n=1
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with corresponding eigenvalues E, = E, — 2t,cos(2wr/6). The available six electrons
will occupy just three of these six molecular orbitals. This approximation is called the
tight-binding approximation.

Fig. 27.5

27.3.1 A tight-binding model of polyacetylene

In Fig. 27.6 a schematic drawing of the polyacetylene macromolecule is shown. For the
reasons discussed in the previous section, the sp? hybridized orbitals form occupied
bonding states with nearest neighboring C' atoms and the hydrogen atoms. Thus, three
of the four C electrons from the 2s and 2p states fully occupy these bonding states.
The fourth electron from every C atom will occupy the p, orbital (shown in Fig. 27.6),
just like in the case of Benzene discussed in the previous section. Therefore, the highest
occupied orbitals of polyacetylene are these p, orbitals, and there is one per C atoms
and one electron per C atom available for such orbitals. In order to solve this problem
of N atomic p, orbitals and N electrons we will imagine that, because NN is very large,
we will consider the limit N — oo. In this limit we will choose periodic boundary
conditions for simplicity, which means the necklace geometry shown in Fig. 27.7.

Fig. 27.6
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In this case the atomic energy of each electron on the p, orbital will be denoted by
€o and the p, of the nth C atom will be denoted as |n). In this case also, the electron
lowers its energy by hopping from atom (site) to atom. In the above problem we have
that |[n+ N) = |n), that is, we have periodic (Born von Karman) boundary conditions.

Fig. 27.7

However, because these atoms are close enough together, the electron is not entirely
“committed” to a particular atom as it can lower its energy by “hopping” from one
atomic potential minimum to a nearest neighboring atomic potential minimum. We
consider, therefore, the states formed from all the N atomic wavefunctions |n), n =
1,2,..., N as a basis set of functions to carry out an approximate calculation.

The states |n) are normalized; however, they are not orthogonal to each other.
Namely,

(n|n) =1, (27.21)
(nn+1) = (n—1n) =, (27.22)

and let us assume that (n|m) = 0, if the atoms m and n are not nearest neighbors.
This assumption makes sense because, since the states |n) represent bound states at
the atom n, the wavefunctions are expected to fall off exponentially as we move away
from the location of the atom. In the above notation, when n = N, then n+1 — 1
and when n = 1, then n — 1 — N due to the cyclical boundary conditions. For the
same reason, only the following matrix elements of the Hamiltonian are significantly
different from zero for any atom n:

(n|H|n) = e, (27.23)
(n|Hln+1) = -8, (27.24)
(n—1/Hn) = -8, (27.25)
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and also, here, when n = N, then n+1 — 1 and when n =1, then n — 1 — N due to
the cyclical boundary conditions. Therefore, the electron when it is in any given atom
n can “hop” to only its two nearest neighboring atoms.

Now, we wish to diagonalize the Hamiltonian matrix in this basis. The problem,
however, is that the Hamiltonian is an N x N matrix. Let us utilize the symmetry
of the problem, namely, that the Hamiltonian commutes with the operator T,, which
translates by one spacing a (we work in units in which a = 1), that is,

Toln) = |n +1). (27.26)

It is straightforward to show (see also chapter 10) that the following state

1
k) = 7 > et n), (27.27)

when k = 2m/Nm where m is an integer, is an eigenstate of this translation operator
and of the Hamiltonian.

Next, let us consider a given state |¢)) and let us suppose that we know this state,
therefore, we can compute the overlap integrals with the also known basis states |n):

An = (n]). (27.28)
Now, we wish to write |1)) as a linear combination of the basis states |n) as follows:

N

W)= cnln), (27.29)

n=1

and, thus, we need to determine the coefficients c,. By projecting both sides of the
above equation to a given state |m), it is straightforward to show that these N coeffi-
cients satisfy the following N algebraic equations:

cm +Y(Cm+1 + Cm—1) = A, (27.30)

and as already discussed cy4+1 = ¢1 and ¢y = cy. In order to approximately solve the
system of the N equations above we will assume that v << 1, because - is the overlap
integral between two normalized wavefunctions which are displaced by distance a.
Clearly, when we take v = 0 the solution to these equations is trivial: ¢,, = \,,. Now,
we write ¢, = A\, + J, and we can easily determine the small correction 6, to first
order in v by using the above Eq. 27.30 and expanding in powers of d,,. We find that

Cn = Ap + (/\n+1 + )\n—l)’}/- (2731)

Now we are ready to apply the previous findings to our problem. To first order
in v we can easily show that the state given by Eq. 27.27 is an eigenstate of the



274 Molecules

Hamiltonian. To do that we proceed as follows: We apply the Hamiltonian operator
explicitly on the state given by Eq. 27.27. This will yield a state

[y = HIK). (27.32)

Then, we expand this known state |¢)) in the basis |n) as in Eq. 27.29 where the
coefficients ¢, to first order in  are given by Eq. 27.31 where

An = (n|H|E). (27.33)

The right-hand-side of the above equation can be easily calculated to be given as

VN

Therefore, using this equation and Eq. 27.31 we find that

An = (€0 — 2B cos(k))et ™. (27.34)

_ Leikn
Cn = e(k)\/ﬁ , (27.35)
e(k) = (e — 28 cos(k))(1 + 2y cos(k)). (27.36)
Which implies that
HIk) = [¢) = e(k)|k). (27.37)

Therefore we have determined both the wavefunction and the energy eigenvalues. The
energy eigenvalues can be plotted in the first Brillouin zone, that is, for 7/a < k < 7/a,
to give an energy band.

27.4 The hydrogen molecule
27.4.1 Uncorrelated electrons

Let us consider the hydrogen molecule schematically shown in Fig. 27.8. Two hydrogen
nuclei are at distance R from each other. We imagine the Coulomb potentials which
the electron experiences from each proton (one located at the origin and the other at
R), and the ground-state wavefunctions ¢1,(r) and ¢y4(|7 — R|) due to the 1s levels
around each atom. For simplicity of notation let us simplify the names of the two
states as

¢1(7) = ¢1s(r), (27.38)
$2(7) = d15(|F — R|)). (27.39)

Borrowing from the treatment of the H, ion (see Section 27.1), an approximation to
the wavefunction of each electron is the following

Va() = (620 £ 62(7). (27.40)
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A non-interacting wavefunction for the two electrons in the total spin S = 0 (singlet)
maybe the following

v0(1,2) = ¢+(771)¢+(F2)X§%)» (27.41)
where ng) is the spin-singlet part:
o _ L

xiz = 7= Dl b2 = [ D] 1)2), (27.42)

V2

which is antisymmetric, and so the total wavefunction (27.41) is antisymmetric. The
same wavefunction (27.41) can also be obtained from a single Slater determinant
formed from the two single-particle states ¢ (7)| 1) and ¥4 (7)] {).

Similarly, the spin-triplet (S = 1) state is obtained as follows

w((1,2) = %mmm@ g Y, (27.43)

(€))

where x112 is one of the following three states (spin triplet):

) %(|T>1|¢>2+|¢>1|T>2,
X1z = | | 1)e : (27.44)
)1l )2

which are symmetric and, thus, the states (27.43) are totally antisymmetric because
of their spatial part.
Now, let us consider the Hamiltonian:

H = Hy + Hy + Vi, (27.45)

where H; and Hy contain the parts for each electron in an H; ion (see Section 27.1)
and V75 is the electron—electron Coulomb repulsion.
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The energy of the two electron system in the spin-singlet state is approximately
given by
U

E522E++§,

_ / Prad®ra) 61 (r1) 2o (r2)|, (27.47)

(27.46)

and we have neglected Coulomb interaction terms in which one electron is in one atom
and the other is in the other atom. The reason is that we have assumed that the
Coulomb interaction is much stronger when the two electrons are on the same atom.
Here, E is the energy of one electron in the H2+ state which, within the TBA by
neglecting the overlaps (¢;|¢2), can be approximated by

Ey ~ E; Fig, (27.48)
where t, is the hopping matrix element

—(1|Hi|¢2), (27.49)

which causes tunneling of the electron from one atomic state around one proton to the
other.

On the other hand, the energy expectation value of the Hamiltonian in the triplet
state does not include such an on-site interaction term:

E = E, + E_ ~2E,,. (27.50)

The reason is the Pauli exclusion principle which prevents the two electrons of the
same spin to be on the same atom.

Therefore, we conclude that within this independent particle approximation, when
U > 4t,, the lowest energy state is the spin—triplet (S = 1). This happens, within
our approximation, because the electrons, when they are in the S = 1 state, avoid the
configuration in which they are on the same atomic state; this configuration, when U
is large, costs a lot of energy.

27.4.2 Correlated electrons: The Hubbard model

The independent particle approximation in the previous subsection ignores the fact
that the electrons in the singlet state, when they are allowed to visit the same atom,
can move in a correlated fashion. Namely, in the pair wavefunction, the amplitude
for such a configuration could be optimized in such a way that the electrons could
be allowed to hop from one atom to the other, avoiding the Coulomb repulsion in an
optimal fashion.

The subspace of the spin-singlet space (S = 0) is spanned by the following sym-
metric two-electron conﬁgurations:

Dq(1,2 NG (¢1 71)P2(72) + ¢2(71) d1 (Tg)) (27.51)
P (1, ) ¢1(71)91(72), (27.52)
®2(1,2) = ¢2(71) P2 (72)- (27.53)
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The two-electron Hamiltonian (27.45) can be expressed in the above subspace and
becomes the following 3 x 3 matrix,

3Els _\/its _\/ﬁts
V2t 2B, +U 0 . (27.54)
_ﬂts 0 2Els + U

It is straightforward to diagonalize this matrix to find the following energy eigenvalues:

U U\ 2
= —_—— —_— 2
By =2E1; + 5 ,/(2) + 442, (27.55)
U U\ 2
= —_— 2
Ey = 2B + +\/(2) + 482, (27.56)

Ey = 2By, + U, (27.57)

with corresponding eigenstates:

(1 U2 UN\®, +
\Ifoc<ﬂcbo+( H(E) 4755)2) (27.58)
(1 U2 UN\®, + 0y
U, = C(\/ifbo +(yf1+ (E> + E> 2), (27.59)
1
Uy = — (D) — By), (27.60)

V2
For the case of the subspace which is spatially antisymmetric, which can combine
with the spin-triplet space, it is spanned by only the following state
1
V2
Thus, the energy of the triplet state has no further corrections within this limited

subspace and is given by Eq. 27.50.
Notice, that now, since,

Wi(1,2) = —=(61(71)P2(72) — (1) d1(72))- (27.61)

2
% - (g) a2 <o, (27.62)
for any value of U, the ground state of the spin-singlet configuration is always lower
than the spin-triplet state, independently of the value of the Coulomb repulsion U.

As can be realized by the treatments of this problem, the nature of magnetism of
the ground state of molecules and of solids in general, namely, whether or not the spin
configuration is one in which the spins are aligned (ferromagnetism) or anti-aligned
(antiferromagnetism), is a matter of solving the electronic problem correctly. It has
nothing to do with the direct bare spin—spin interaction between the electrons. The
latter effect is negligible. To gain some further understanding about this issue, we
recommend Problem 2.
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27.5 Problems

Problem 1

Use the idea of linear combination of atomic orbitals (LCAO) to write the wave-
function of the electron in the H ion as

Y(r) = a1 (F) + bya (1), (27.63)
where
1 L o=
() = N exp(—|7" = Ri|/ao), (27.64)
() = — = exp(— |7 — Ral/ao). (27.65)

V TGy

(a) Use the integration method to show that the results of the integrals below are
given by

R R?
= 3 o — - 7R/a0
1) = [ Ern@nm = (14 5+ L), et
[ riacr g ey _ (27.67)
|F— R| R ao ’
e? e2 R. _
/dsrwl(f')wa(r‘)M = a—o(l + a—o)e R/ao, (27.68)

(b) Plot the even (bonding) wavefunction ¢ (r) and the odd (antibonding) wave-
function ¢_ (r) for the Hy ion as a function of r/ag for R/ag = 2 and R/ag = 4. In
addition, compare |14 (r)|? with |[¢_(7)|? for R/ag = 2 and R/ag = 4. By examining
these plots of the wavefunctions and by using a simple argument, can you explain why
the even wavefunction gives lower energy than the odd wavefunction?

Problem 2

Consider the solution of the Hubbard model as was applied to the hydrogen
molecule for the spin-singlet and spin-triplet state. Assume that the following quantum
spin-1/2 Heisenberg model:

H=J3 - 5+C, (27.69)

where §’1’2 are spin-1/2 operators, describes the effective spin—spin interaction of the
two electrons in the hydrogen molecule. This is an effective phenomenological Hamil-
tonian to describe the low-lying spin excitations and the nature of the ground state of
the spin sector of the hydrogen molecule.

(a) Show that the above Hamiltonian can share the same energy splitting between
the triplet and singlet states of the hydrogen atom. What should the value of J be in
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order for the two spectra to agree? Notice that we can always add an overall constant
to the Hamiltonian, which does not affect the physics of the problem.

(b) What is the value of J in the limit of large U/t, the so-called strong correlation
limit of the Hubbard model?



28
The elasticity field

In this chapter, we treat a monoatomic and a diatomic chain of atoms interacting with
harmonic springs. First, we find the classical normal modes and then we quantize them.
This part is also useful in order to draw an analogy with the problem of quantization
of the electromagnetic field which is investigated in the next chapter.

28.1 Monoatomic chain

Let us consider the 1D monoatomic chain as a first example to illustrate how one
introduces the phonon modes and their quantization. We shall follow the Hamiltonian
formalism for both the classical and quantum treatment of the problem for uniformity
and for pedagogical purposes. Thus, we shall consider the 1D chain of N atoms and
periodic boundary conditions as illustrated in Fig. 28.1.

1 2 3
Mwwwo% 4

N
val |

Fig. 28.1 Monoatomic chain of atoms interacting with harmonic springs.

Let the atomic displacement of the nth atom be denoted by u,, and the correspond-
ing momentum by P,,. The Hamiltonian of this problem in the harmonic approximation
can be expressed as:

ij:( + G (tUn+1 — un)2>. (28.1)

The coupling constant G is the second derivative of the interaction between nearest
neighbor atoms with respect to the displacement from the equilibrium location R = na
on the 1D Bravais lattice with lattice spacing a.

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.
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28.1.1 Classical treatment

First we shall solve the problem at the classical level. The classical equations of motion
for the coordinates u,, of the nth atom are the following

0%u,,
M 8152 = —G(Zun — Up41 — un—l)- (282)
A partial solution of the above equation is of the form
U (1) = up(w)etFra=—ewt), (28.3)

Substituting the above form in Eq. (28.2) we find that the following condition between
w and k must be satisfied in order for this form to be a solution:

|G k
w=wg =2 M‘SZWJ?Q‘ (28.4)

In addition, we need to impose that our solution (28.3) should satisfy the periodic
boundary conditions, namely u,+n(t) = u,(t) which implies that k& should take N
discrete values given by

P
k= N—Zm, m=0,+1,+2, .., (28.5)

N
— < — .
5 Sm< o (28.6)

and thus k must be inside the first Brillouin Zone (1BZ). (The meaning of the 1BZ
has been discussed in chapter 3 and in chapter 10 and elsewhere.) Thus, as expected,
there are N independent modes given by Eq. (28.3) which are obtained for N different
wavevectors k and are characterized by frequencies w = wy. Notice that in the long-
wavelength wy, is linear with k, namely limg, o wr = ck where ¢ = \/G/Ma is the
velocity of elastic waves (sound velocity) in the 1D crystal.

We can look at the classical problem from a slightly different point of view. Let us
transform the set of the degrees of freedom wu,, where n = 1,2,..., N to the following
set

~ 1 ikna
Uy = Wi Xn:une kna, (28.7)

The new label k takes the above mentioned N different values from inside the
first Brillouin zone. Therefore this transformation transforms the original N degrees
of freedom to a new set of also IV collective degrees of freedom. Now, if we define the
following momentum variables as

- 1 ,
Po=——) P,e ke 28.8
=Y (289)
we can easily show that the following is true for the classical Poisson brackets:
[ak, Pk,] = G (28.9)
P.B

This implies that the variables P, as defined above are the canonically conjugate
momenta to the collective position variables 1iy.
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The inverse transformation is given by

1 ~ _—ikna
Up = —= Y Uge ", (28.10)
S

1 ~ .
P,=—) Pgetne (28.11)
N Xk:

Again the summation is over the N different values of k inside the first Brillouin zone.
A straightforward substitution of the above expressions for u,, and P, in Eq. 28.1 gives

H=> " H, (28.12)
k
P> 1 _
Hy = 7 +§Mw,% g2, (28.13)

where wy, is the same function as (28.4). Thus, the new Hamiltonian describes a set N
of non-interacting degrees of freedom of a collective nature % with conjugate momenta
Py,. Bach of these non-interacting degrees of freedom is a harmonic oscillator with a
frequency that depends on k.

28.1.2 Quantization of the phonon field

We have been able to perform a unitary transformation and cast the Hamiltonian in a
form that describes a set of non-interacting harmonic modes with a band of frequencies
w = wg. A very analogous procedure can be followed for the quantum mechanical
version of the problem. We will follow the procedure introduced in chapter 11 for
the solution to the harmonic oscillator problem using the formalism of creation and
annihilation operators.

Following the canonical quantization procedure, we define the atomic displacement
and momentum operators @, and P, and we keep the form of the Hamiltonian (28.1)
and we replace u, and P, by their corresponding operators. These operators should
obey the standard commutation relations

[ﬁny pn’} = Z‘h(sn,n’a (2814)

We then perform a transformation identical to the one given by Egs. 28.7-28.8 to
new operators uy, and Pj, and the Hamiltonian operator takes the same form given by
Eqgs. 28.12-28.13 as in the classical treatment with u; and ]5k replaced by ﬁk and Pk
respectively. The difference in the algebraic manipulations between the classical and
quantum treatment is that the operators do not commute; however, neither the trans-
formation nor the two terms of the Hamiltonian mix these non-commuting operators.
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It is straightforward to show that the new operators follow the standard canonical
commutation relations:

[itk, Por] = iy i, (28.16)

[fig, 1] = [Py, Por] = 0. (28.17)

Following the approach of solving the problem of a single harmonic oscillator, we define
the following operators:

(28.18)

Py (28.19)

Using the commutations relations given by Eq. 28.17, we can easily show that these
operators satisfy the commutation relations obeyed by Boson creation and annihilation
operators, that is,

[a, GL] = O k! (28.20)

[ak, ar] = [aL,aL,] =0. (28.21)

Egs. 28.18-28.19 can be solved for @ and Py, in terms of aj, and a,TC and by straight-
forward substitution, the Hamiltonian can be expressed in terms of the above creation
and annihilation operators as follows:

. 1
H =" hwy(afar + 5)- (28.22)
k

Therefore, the Hamiltonian is a sum of N independent harmonic oscillator with char-
acteristic frequencies given by wy. The ground state of the system of the NV oscillators
is a state that is annihilated by all the aj operators:

ax|Wo) = 0. (28.23)

As in the case of a single harmonic oscillator, the eigenstates of the Hamiltonian are
shared with the number operator ng = a,tak. Thus, the energy eigenstates are all the
states obtained as follows

) = 1] F al)" o). (28.24)

Namely, the above state is characterized by the number ny of quanta of the harmonic
oscillator of type k present. An elementary excitation where the mode k& is populated
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by only one quantum is called one-phonon of frequency wy. The reason for this quasi-
particle (that is, phonon) interpretation of the excitation spectrum of these modes
is the following. First, the energy excitation spectrum for any given mode is evenly
spaced. This allows us to think that the first excitation corresponds to creation of
one such quasi-particle, the second excitation corresponds to the creation of two such
quasi-particles, and so on. Furthermore, we found that the operators which create
these emerging quasi-particles obey Boson commutation relations. Thus, it is natural
to give the interpretation that these phonons behave like particles which obey Bose
statistics.

The ground state is a direct product over all N independent decoupled harmonic
oscillators where each one is in its ground state characterized by no phonons. This
state could be called: the vacuum of the phonon field, namely, the no-phonon state,
that is, vacuum in the sense that is empty of these quasi-particles. At this point, it
may be worth studying the ground-state wavefunction a bit further. The ground state
of the system of these N decoupled harmonic oscillators is given by

ka
wh

Uo({un}) = Qun}Wo) = [[(ok)d eap(— My ] /21). (28.25)
k

Using the expression (28.7) for 4 we obtain

Uo({un}) = Ceap(—= Y frmiintim), (28.26)

n,m

where C' is a normalization constant and
M ) —m)a
fr—m = AN Zwkelk(n )a, (28.27)
k

Notice that the ground-state wavefunction represents a system of degrees of freedom
U1, Usg, ...y which are correlated at a long distance from one another. The first exercise
of the problem set of this section deals with the precise form of correlation factor f,, .,

for the 1D monoatomic chain. If one takes the limit of an infinite chain, then when

n —m is even f,_,, = 0, while for odd values of n — m f,,_,,, = SVwC,*;M m

28.2 Diatomic chain

Now, we shall add some complication to the problem by considering a diatomic 1D
chain as illustrated in Fig. 28.2 where the lattice spacing of the corresponding Bravais
lattice is a (i.e, the distance between adjacent unit cells, each containing a pair of
atoms) and there are two different spring constants G; and G and N unit cells (2N
atoms). In this more complicated problem, we will find out that for any given value of
the wavevector k there are two different modes because there are two different degrees
of freedom in each unit cell. This is analogous to the modes of the electromagnetic
field where for each wavevector there are two modes which correspond to the two
transverse directions of polarization. If we consider a 3D lattice of atoms, we will
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Fig. 28.2 Diatomic chain of atoms interacting with harmonic springs.

find three different directions of polarization for phonons, that is, two transverse and
one longitudinal polarization. As we will see, there is no longitudinal polarization for
photons due to the gauge invariance.

We need to introduce two different displacements u;,, and us, of the two atoms
in the nth unit cell and their corresponding momenta denoted by P, and Ps,, re-
spectively. The Hamiltonian of this problem in the harmonic approximation can be
expressed as:

N 2 2
Pl n P2 n
H — ) 3
;(QM + 2M
1 2 1 2
+ iGl (ulm — u27n) =+ iGg(uLn — U27n_1) . (28.28)

28.2.1 Classical treatment

The classical equations of motion for this problem are the following

82’11,17”

M o2 = _Gl(ul,” - u2,n) - GQ(ul,n - u2,n71)7 (28.29)
821,@7"

M o2 =-Gi (u27” - ul,n) - GQ(“Q,n - u17n+1)~ (2830)

A partial solution of the above equation is of the form

urn(t) = eelFremet), (28.31)

Ug (1) = egeFra=wt), (28.32)
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Substituting the above form in Eqs. 28.29-28.30 we find a system of two equations
which can be cast in the following matrix form:

Gi1+ G, —(G1 + Goe~ika) €\ _ a2 €

—(G1 + Ggeika) G1+ Go €] v € ]’
The above matrix equation has the form of an eigenvalue problem and it is of the
form D(k)ex, = Ageg, where D(k) is a 2 x 2 matrix which depends only on k and is
independent of w. Thus, the eigenvalues and eigenvectors depend on k£ and thus, w
depends on k. Diagonalizing the matrix D(k), which is called the “dynamical matrix,”
we find the following two eigenvalues:

1
= <G1 NI 2G162coska>7 (28.33)

with corresponding eigenvectors:

:t .
€k G1+ Ggeilka
S =F 28.34
€2k T1G1 + Gae 4] (28.34)
If we normalize these eigenvectors, we obtain,
1 Gy + Goetha
+ 1 2
= F——— . 28.35
L= F V2 |Gy + Gaetka| ( )
e = L (28.36)
ok . .

V2

As in the monoatomic chain, there are only N different values of k, obtained by
applying periodic boundary conditions on the wu;,, and they are identical to those
given by Eq. (28.6) with a, now, the unit-cell to unit-cell distance. Notice that the
number of degrees of freedom is conserved before and after the solution to the problem,
that is, we have 2N atomic displacements (u1,1,u21,u1,2, Y22, ..., U1, N, U2, N) and at
the end of the calculation we end up with 2N different modes, that is, N different
k-values in the first Brillouin zone and two branches shown in Fig. 28.3.

The lower branch which is linear in the long wavelength limit (ka << 1) is the so-
called acoustic branch, while the upper corresponds to the so-called optical phonons.
Eq. 28.34 suggests that in the long wavelength limit, for acoustic modes €] = €, while
for optical phonons €] = 763' . Thus, in the case of acoustic phonons the two atoms
in the unit cell move towards the same direction in the long wavelength limit, while
optical phonons move in opposite directions. In the case of ionic crystals in which
the two atoms may have different charges in the case of optical modes, the atomic
oscillations in opposite directions give rise to an electric dipole moment, which couples
to the light and these modes can be optically activated.
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Fig. 28.3 Frequency-wavevector dispersion of the phonon modes of a diatomic chain.

28.2.2 Quantum mechanical treatment

Following the canonical quantization procedure, we substitute the momenta P;,, and
the atomic displacements w; ,, in the Hamiltonian (28.28) by the corresponding opera-
tors which follow the standard commutation relations. As in the case of the monoatomic
cAhain, we take advantage of the translational invariance by introducing new operators

Pi,k and ﬁtk (i = 1,2 for each atom) as follows:

ul B = \F Z U, netkne. (28.37)

Py By peikna, 98.38
\ﬁ Z (28.38)

The new label k takes N different values from inside the first Brillouin zone. The
inverse transformation is easily obtained as

PN 1 < —ikna
Ui = —— U e , (28.39)
U

~ 1 2 )
= Z P, jetina, (28.40)
VN 4

In terms of the new operators, which also obey canonical commutation rules (the
reader is encouraged to show this), the Hamiltonian takes the following form:

2
H= Z( “2 +; i} . Dij (k‘)ﬂj,k), (28.41)

where the D;;(k) is the dynamical matrix defined earlier, and a summation over the 4
and j indices is implied. Notice that, as far as the k-variable is concerned, the above
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Hamiltonian is diagonal; however, the labels of the atoms in the unit cell do couple
in the second term. This Hamiltonian can be also diagonalized within the unit cell by
performing the same transformation which diagonalizes the dynamical matrix in the
classical treatment. Namely, if we define the transformation

+ +

€l €
U=(1L2),

€ €

the matrix L = U'DU is diagonal. Here we have dropped the k-dependence of the
eigenvectors and of the matrix for simplification of the notation. The second term

of the Hamiltonian (28.41), which is of the form uDu (where & = (gl)), can be
2

rewritten as aUTUDUTUG = Y*LY, where the new vector ¥ = Ua. Thus, the second
term can be written as D@ = A*|T|2 4+ A7|T |2 where T+ are the two components
of the vector T and A\* = Mw*2, that is, the two eigenvalues of D. This is the standard
procedure of diagonalizing the quadratic part of a Hamiltonian. Now, let us turn our
attention to the kinetic energy term of the Hamiltonian. So far we have defined

TV = e i + gy tia g, (28.42)

where the superscript A = + stands for the two different eigenvectors found by diag-
onalizing Dy. It can be easily shown that the canonical momentum H,(? conjugate to

'i',(j‘) (that is, ﬂ,(:‘) = —ih%) is also given by
k

M =" P (28.43)
The transformation is unitary and thus it can be inverted very easily to yield:
P S, 250
A

where in our case i = 1,2. By straightforward substitution the kinetic energy term
takes a diagonal form and the Hamiltonian becomes:

(A
H=Y" ‘H’(“)|2+1M(W(A))2|T(A)|2 : (28.45)
N\ 2Mm 2 4§

Thus, we have shown that the Hamiltonian operator can be transformed to a form
which is a sum over 2N harmonic oscillators with frequencies given by Eq. 28.33.
The steps from now on are identical to those followed in the monoatomic case. The
phonon creation operators carry an additional index A which specifies the branch and
the Hamiltonian takes the form

1
H =" hw(a) yars + 3) (28.46)
B

and the operator ay j is given by Eq. 28.18 where the operators 4 and P, should be
replaced by Té/\) and H,(C’\) and wy by w,(c’\).
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28.3 Problems

Problem 1

Consider a 1D monoatomic chain as shown in Fig. 28.4. Namely, a similar problem
to that considered in the present chapter, but this time each atom is coupled through a
spring of constant g to a fixed external point, the center of the circle. Namely consider
a periodic arrangement of atoms on a circle of radius R and perimeter L = 27 R.
When the atoms do not move (in the classical case) their distance is a and they have
the same mass m. Let us consider a periodic array of N atoms, such that the atoms
can only move along the perimeter of the circle, and let the displacement along the
perimeter from the equilibrium position of the nth atom be u,,(t). Each pair of atoms
couple with spring-like interactions, with spring constant GG. In addition, each atom in
the chain is coupled to the center of the circle with a spring-like interaction of spring
constant g. This means that due to this spring, the interaction energy of the nth atom
with the center due to the spring is 1/2gu?.

-

Fig. 28.4

i) Explain why the Hamiltonian of the system is

N 9
Pn 1 5 1 2
H= (— - =G (Uy, — up, ), 28.47
2 (g + 00+ 500 ) (28.47)

where, p,, are the conjugate momenta to the displacements u,,. Explain why in this
Hamiltonian each nearest-neighbor (n.n) interaction bond (pair of atoms) has been
added only once. Have we have included all n.n interactions?

ii) What are the equations of motion for each atom in the chain?
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iii) Consider the following ansatz for the time dependence of the displacements of the
atom of the nth unit cell,

U (t) = GgeFra=wt), (28.48)

What are the possible values of k for periodic boundary conditions and for this circular
system of N unit cells and total length L = Na?

Show that this ansatz satisfies the equations of motion and for a non-trivial solution
it is given by

in2
WWk\/g+4Gszn (ka/2)' (28.49)

m

How many physically acceptable solutions are there?
iv) Carry out the quantization of the problem of this monoatomic chain. Explain why
the following expression

H= Z(— +-ga2 + %G(an - an+1)2), (28.50)

is the Hamiltonian of the system, where u,, and p,, are the nth atom displacement and
its corresponding momentum operators, and explain why these operators should obey
the standard commutation relations

[ﬂnﬂan/] = ihén,n’a
[r&nﬂln’] = [ﬁvuﬁn/] = 0. (2851)

v) Consider the following transformation

1 Y 1 Y
ikna n ~ —ikna ~
— g e Uy, Pk = —— E e D (28.52)
VN = VN “—

Show that k = (2r/L)m, where m = 0,£1, 42, .... How many values of k exist which
lead to different g, pr? Select an interval in k-space which contains exactly that
number (the so-called Brillouin zone).

vi) Show that the inverse transformation is
" 1 —ikna~ =~ 1 kna~
Uy = —— e "My, Pn = — e Py, (28.53)
N >

What values of k is the sum over?
Hint: In order to show this you may need to use the following identity, first:

1 N-1
Jm S N (2550
m=0

where 6§y, o is the Kronecker 4.
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vii) Show that the new operators follow the standard canonical commutation relations:
(g, Prr] = iRk, (28.55)
[ﬂ’k,ﬂk’] = [ﬁkaﬁk’} =0. (2856)
Show that in terms of these new operators the Hamiltonian takes the form

—Z<|pk| + mwklu | ) (28.57)

where we have used the fact that (py)" = p_p and (%) = @_;, (show that this true)
and wy, is defined as

_ \/g +4Gsin?(ka/2) '

- (28.58)
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Quantization of the free
electromagnetic field

In this chapter, in a manner very analogous to that used to quantize the 1D chain of
atoms coupled via spring-like constants to its neighboring atoms (see chapter 28), we
will quantize the electromagnetic field in a space of volume V with periodic boundary
conditions and free of sources (no static charges nor currents).

29.1 Classical treatment

First, we will use the scalar and vector potentials ¢(Z,t) and ff(jﬂ t) respectively, in
terms of which the electric and magnetic field are given as follows:

—

B(#,1) = —Vé(&, 1) — %@A(f, 0, (20.1)
B(Z,t) = V x A(Z,1). (29.2)

If we consider free space without any sources, then we can take ¢(Z,t) to be constant
and, therefore,

. 1. -
E(Zt) = ——0,A(Z, 1), (29.3)
c
B(Z,t) = V x A(Z, 1), (29.4)
namely, they are expressed in terms of the vector potential only. From the four
Maxwell’s equations only the following (in the absence of sources)

V x B(Z,t) = %&E(f, t), (29.5)

adds independent information, because the other three have already been implicitly
assumed by the forms given by Eq. 29.3 and Eq. 29.4. Straightforward substitution in
this equation of the expressions given by Eqgs. 29.4 above, gives

v L OPA@E)

V2A(Z,t) A V(V - A(Z,1)) = 0. (29.6)

If we choose to work in the Coulomb gauge, that is,

V- A(Zt) =0, (29.7)

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.
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the above equation takes the simpler form

. 1 02A(Z,t)

VZA(gz‘,t)—g oz =0 (29.8)

Notice that this is the familiar 3D wave equation where the vector potential is the
degree of freedom which oscillates at every point in our volume V. Compare this
equation with the classical equation of motion of the coupled harmonic oscillators (the
monoatomic or the diatomic chain) problem when we took the continuum limit. Notice
that the term VQX(f, t) corresponds to the term az;(f) in the monoatomic chain case.
This last term came from the term which coupled neighboring atoms, that is, from
the term G(u;4+1 + u;—1 — 2u;) which gives the force to the atom in position ¢ from
the atoms at positions ¢ — 1 and ¢ + 1. We will see next that the term V2A can also
be thought of as coming from a similar interaction term between neighboring lattice
sites if we put our space on a 3D finite (discrete) grid (lattice).
The energy of the free electromagnetic field is given by

/d3 E@ 0P +|B@.oP). (29.9)

Using the expressions given by Eqs. 29.4 we obtain

_ 1 3 (Lo 2 a2 i )2
&= 87r/d x(02|8tA(m,t)| |V x A, )] ) (29.10)

Let us compare this expression with the energy of the monoatomic chain, that is,

o = Z(%m|atui(t)|2 + %G|ui+1(t) —~ ui(t)|2). (29.11)

7

Notice that in the continuum limit where the spacing a between the atoms in the
chain goes to zero by keeping the product Ga? = mc? finite (this corresponds to a
finite compressibility), where ¢ is the sound velocity in the chain (see chapter 28), we
obtain

£o = %mc /dx( o0+ |‘9“(”” D2 ). (20.12)

Notice the similarity of the two problems. Namely, apart from a constant C' = 1/(2a)mc?

(which is the energy of an atom moving with the speed of sound in the chain divided
by the length per atom), the two expressions are qualitatively similar. The differ-
ences come from a) the fact that the monoatomic chain is 1D, while the problem of
the electromagnetic field is in 3D, and b) in the case of the electromagnetic field en-
ergy, the second term is the curl of the corresponding degree of freedom while for the
monoatomic chain problem we simply have a derivative.
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Inversely, if we put the electromagnetic field on a discrete lattice, we will obtain an
expression with degrees of freedom A; on every lattice point with an energy expression
given by an expression containing the same “kinetic-energy” term

T_

8mc?

/d3x|8tff(f, )2, (29.13)

involving the “velocity” 0;A; of the local degree of freedom and a “potential-energy”-
like term coupling the degree of freedom at lattice point ¢ to its neighbors, which has
the continuum limit form

1 S
V= —/d3x|v x A(Z,1)|%, (29.14)
8T
such that the total energy is given by £ =T + V.
With the above observations and analogies in mind, we can write down the La-
grangian of the electromagnetic field, L =T — V, as follows:

_i 3 l A= 2 (= 2
L= 87r/d r(S10A@ 0P - |9 x A 1)), (29.15)

This is the correct form of the Lagrangian which is a function of the degrees of freedom
and their time derivatives. Now, we are in a position to find the Hamiltonian of the
system, that is, a function of the variables A;(#,t) and their corresponding conjugate
“momenta” II;(Z,t). Namely, using the Lagrangian formulation where the canonical
momentum is obtained as

oL
(SAZ‘ (.T, t)
where A;(Z,t) stands for the time derivative of A;(Z,t), we find that
- L.
Therefore, we can find the Hamiltonian of the problem, as follows:
H= / B d(E ) -Ti(7 1) — L. (20.18)

Using the result given by Eq. 29.17 we can eliminate ff(f, t) from the expression for
H, because the Hamiltonian is only a function of the degrees of freedom A;(Z,t) and
its corresponding momenta IT;(Z,t). We find,

. 1 .
H= /d3x(27702|H(33’, 2 + §|v x A(Z, t)|2). (29.19)
0
Therefore, we have been able to obtain the Hamiltonian in terms of the field degrees

of freedom and its conjugate momenta. Thus, we are ready to apply the familiar
Hamiltonian based quantization procedure.
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29.2 Quantization

We begin with the form of the classical Hamiltonian and we make the replacements

Ai(Z, ) — Ay(T), (29.20)
I (Z, 1) — II;(2), (29.21)

where these are now operators which obey the following commutation relations

[Ai(f),Aj(f’)] —0, (29.22)
{ﬂi(f),f[j(f’)} =0, (29.23)
[Ai(f),ﬂj(f')] = ih6; ;0(F — T). (29.24)

With this substitution, the Hamiltonian operator can be diagonalized by means of the
following transformation

Ay = — / Baer(F) - A7), (29.25)
= —/d?’xa(l%') (7). (29.26)

This is a Fourier transformation of the vector operators A(Z) and II(Z) and, in addition,

-

we have taken their projection onto the polarization direction €) (k). Because of gauge
invariance which allows us to work within the Coulomb gauge there are only the two
transverse polarization directions; namely, Eq. 29.7 has to be imposed on the operator

=

A(Z), that is,

V. A@@) =0, (29.27)
which also leads to:

k-& (k) =o0. (29.28)

Thus, we can choose two unit vectors E’A(E), that is, A = 1, 2, which satisfy the following
conditions

& (k).&(k) =0, (29.29)
ax(k).en(k) = 1. (29.30)

A@) = L > ak)A; e T (29.31)

(@) = —= 3. 3 e®)i; e 7, (29.32)
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It is straightforward to show that these transformed operators obey the commutation
relations

[AEA’AE',N} =0, (29.33)
[ﬁ’?wﬁﬁw} =0, (29.34)
[AE,/\’ ﬁ/;/,x} = ihdan0(k — k). (29.35)

After substitution in Eq. 29.19, and carrying out the integration over Z, we obtain
H = ZZ% A0 (29.36)
EA
7 X 1 >
h = 2m (g |2 + 871«2\Am2. (29.37)

This means that the problem is solved, because we were able to transform the Hamil-
tonian into a sum of decoupled Hamiltonians each of which represents a familiar har-
monic oscillator. The “mass” of each such harmonic oscillator and their corresponding
frequency is obtained by setting

.1
m= (29.38)

and the frequency w(k) is defined by the requirement

k2, (29.39)
which leads to

w(k) = ck, (29.40)

H=>"> hg,, (29.41)
A

+ omw(k)?| Az 2. (29.42)

This situation is very similar to the case of the monoatomic chain. Each harmonic
term can be diagonalized by means of the familiar transformation:

Im*w(k) ~ . 1
aE,A = o Y +1 72hm*w(k) Hfl_c',)\’ (2943)
n m*w(k) A 1
CEATV o TR TN 2w (k)

g, (29.44)
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obeying the commutation relations

a0y | = [ob 0l ] =0, (20.45)
[Cl];"/\,a%/ )\/} = 5E7§/5A,>\/7 (2946)

in terms of which the Hamiltonian takes the familiar form

= ZZM )(af g+ ;) (29.47)
w(k) = ck- (29.48)

The spectrum of each mode specified by the wavevector k and the polarization direction
A, is given by
1

) (29.49)

By, = (k) (ng , + 5),

2]

where np oy = 0,1,2,... is an integer giving the number of quanta, the number of pho-
tons, which occupy this mode. Namely, the nth excited state of this harmonic oscillator
can also be interpreted as a state occupied by n Bosons, since the energy spectrum is
equally spaced, and the commutation relation for the corresponding creation operators

(Egs. 29.45, 29.46) is that of Bosons. These Bosons, the photons, are created by the

operator a% \ acting on the ground state of the electromagnetic field which is the state

with ngy = = 0 for all modes, that is, all wavevectors k and all polarization vectors A.
The ground state of the electromagnetic field is the no-photon state.

29.3 Problems

Problem 1

(a) Show that using the Lagrangian given by Eq. 29.15 the Hamiltonian of the
electromagnetic field is given by

. 1 .
H= /d3m(27r02|1'[(£', OP + oIV % A 1)) (29.50)
Y8

(b) Begin with this form of the classical Hamiltonian and make the replacements

Ai(T,t) — A;(D) (29.51)
IL;(Z,t) — 11;(Z), (29.52)
where these are now operators which are taken to obey the canonical commutation

relations (canonical quantization).
(c) Show all the steps described in section 29.2 leading to Eqs. 29.41, 29.42.
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Problem 2

(a) Show that following the steps outlined in section 29.2 the Hamiltonian can be
transformed to the familiar form

w = ck. (29.53)

(b) Explain why the spectrum of each mode specified by the wavevector k and the
polarization direction A, is given by

epy = hw(k)(ng , +1/2), (29.54)

where ngy = = 0,1,2,... is an integer giving the number of quanta, the number of
photons, which occupy thls mode.

Problem 3

(a) Use the creation and annihilation operators to write down the excited state
of the electromagnetic field which corresponds to the following occupation numbers:
Mg = 2,n Foro = = 2, where (k‘o, o) is a particular wavevector k and polarization A,

and for all other values of (k, A) the occupation numbers are zero, that is, nz, = 0.
(b) Which normal modes are excited and how many and what type of photons are
present in the state which is discussed in part (a)?
(c) Write down the wavefunction of the ground state (that is, the vacuum or no-
photon state) of the electromagnetic field, that is, the probability amplitude for a given
field configuration defined by AE, ,, specified by all possible values of (I;, A).
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Interaction of radiation with charged
particles

In this chapter we treat fully quantum mechanically the interaction of charged particles
with a fluctuating electromagnetic field using time-dependent pertutbation theory. We
discuss absorption, spontaneous emission and stimulated emission in atomic physcs.

30.1 The total Hamiltonian

In order to obtain the form of the Hamiltonian of the electromagnetic field interacting
with charged particles we need to make the minimal substitution

pPop—-A (30.1)

ol®

The total Hamiltonian, which includes the electromagnetic field part, the matter part,
and the interaction of the EM field with matter, is the following:

a=3 EA: reo() (ol ag , + %)
k
+ ﬁ /w*(m(—mv - fo)zw(F)d%
—e / Ero(@)t (@) + V. (30.2)

Let us explain each term separately. The first term is the Hamiltonian of the electro-
magnetic field as derived in the previous chapter, where the operator a%)\ increases

the occupation of photons with momentum k and polarization A by one and, as was
shown, it is given in terms of the vector potential and its corresponding conjugate
momenta by the expressions given by Eq. 29.43 and Eq. 29.44 which obey the familiar
Boson commutation relations given by Eq. 29.45 and Eq. 29.46.

The second term is obtained as follows. First, as was shown with regard to second
quantization, any one-body operator of the form

N
0w =30V, (30.3)
=1

can be written as follows using second quantization formalism:

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
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oW = ZZ (BloM )l es, (30.4)

where we have chosen as a basis the smgle—partlcle states denoted as |a), which are
created by a general creation operator cl,. Now we choose to work in position represen-
tation, that is, to use the basis |7¥) (here we have ignored spin), and the corresponding
creation and annihilation operators are denoted as ' (7) and ¢ (7), which add or re-
move a particle at position 7, namely

(P 7L, Py oy PN )+ = |7 7Ly Ty ey N ) (30.5)

and the state |7, 7, ..., 7y ) ¢ is a properly symmetrized or antisymmetrized N particle
state. In this basis the one-body operator (see chapter on second quantization) above
is expressed as

O = [ardv 1otV (o). (30.6)
and in the special case of the kinetic energy operator, this leads to
T = % /d3er(ﬂ(—ihV)2w(F). (30.7)
When we use the minimal substitution, that is, Eq. 30.1, we find
T 2—/d3rz/}T(F)( ihV — gﬁ(m)%(f’). (30.8)

This explains the presence of the second term in the expression given by Eq. 30.2 for the
total Hamiltonian. The third term comes from the coupling of the charged particles to
the scalar potential, that is, —e Zfil @(7;) which, being a one-body operator diagonal
in position representation, in second quantization takes the form given by the third
term in Eq. 30.2.

The last term in Eq. 30.2 stands for any interaction term between the charges
themselves, such as the pairwise Coulomb interaction, or the interaction of the atomic
electrons with the atomic nucleus, or if we are describing the case of the electrons in
a solid, the interaction with the ions.

The total Hamiltonian can be separated into the following two terms

H = Hy+ Hipy, (30.9)
7355 SIRCICRASE)
2m / VIV dr + V, (30.10)

Hipy = em / W () A - Vpdr

/IAI U P () dr. (30.11)

We have considered the case where the static field ¢ is a constant which can be
taken to be zero. In general a similar one-body term has been included in the term V'
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above. Notice that we considered the pure electromagnetic term and the pure matter
term as the unperturbed part of the Hamiltonian, and we regarded the interaction
of the charges and the external electromagnetic field as the interaction terms in a
perturbation theory approach which we are ready to employ.

30.2 Absorption and emission processes

We are going to apply leading order time-dependent perturbation theory because, as
it turns out, when calculating transition rates or even corrections to energy, leading
non-zero terms would be proportional to the dimensionless quantity a = e2/(hc) (we
are working in cgs units), which is a dimensionless number less than 0.01. We will
apply Fermi’s golden rule to describe the absorption and emission of photons by an
electron in an atom by neglecting spin degrees of freedom. In addition, we will only
consider the effects of the first term in Hj;,; as it is linear in A while the second is
quadratic.
Spontaneous Absorption o
Spontaneous Emission

Initial state Final state
i

Initial state . Final state
§— ¢ §—r— e e
! i hd ! i
fiw f
[aVAVAVAV, y
[aVaVaVaV
e o e—1 g ¢
Stimulated Emission
Initial state . Final state
§ — 8
fw f ’\f\ﬁf&)\f\j
oA :
ficw
[aSaYavav]
& &
Fig. 30.1

Fermi’s golden rule for transition from an initial state |¥;) of the system (the atom
plus the electromagnetic field) to a final state |¥s) gives us the rate of transition as

2m s
T = 5 (| Hint [90)[*0(E; — Ey), (30.12)
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By simple inspection of the nature of the interaction term (first term in H;,¢, and we

neglect the second term) which, using the fact that using Eqs. 29.43, 29.44, A can be
expressed as

2 1 e o
AR = —= ) A (k)™ T, 30.13
(_J) \/ng; A k),}\( ) ( )

[ 27 hic?
EA T w(k‘) (aE,A + a]:,;’)\)a (30.14)

we realize that in order to have a non-zero matrix element the initial and the final
states can differ by only one photon. Namely, we write

Dy

W) = |)].... na(k, A)...), (30.15)

where |¢;) is the initial state of the electron which can be written as
6 = [ ot o)., (30.16)

where |0). is the no-electron state and 9T (7) creates an electron at position 7 when
acting on the vacuum, that is,

¥H(7)[0)e = 17, (30.17)

and ¢;(7) is the electron wavefunction, that is,
6= [ dro (30.15)

The state |...n;(k, A)...) denotes the wavefunction of the photon field, using the occu-
pation number representation. We only explicitly show the initial occupation of the
mode specified by k, A. Similarly the final state wavefunction is written as

W) =)oy np (ks N).). (30.19)

where n s (K, ) = n;(k, \) £ 1. The matrix element needed in the expression for Fermi’s
golden rule can be calculated in a straightforward manner and we obtain

- eh [2mc? | 1 -
(W) = =100y [ 2T p o [ draia F)

G (30.20)

where the factor f is either \/nl(E, A) or \/nZ(E, A) 4+ 1 depending on whether there
is absorption or emission of a photon.

Now, let us denote the energy of the initial and final state of the electron by e;
and ey. Then, in the case of photon absorption, the energy of the initial state of the
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system (electromagnetic field plus the atomic electron) is E; = e; and the energy of
the final state is Ey = ey 4+ hw(k). These quantities enter in the energy conserving ¢
function in Eq. 30.12 which gives the rate. In the case of emission, E; = e; + hw(k) and
E¢ = ey. In Fig. 30.1 the processes of spontaneous emission, absorption, and induced
or stimulated emission are schematically illustrated.

In practice, under many circumstances, the state of the electromagnetic field corre-
sponds to a macroscopic occupation of the same mode E, A by a large average number
of photons n,-(lg, A), which is proportional to the field energy content of this particular
mode. We are interested in calculating the sum over all modes k for a given polarization
A, to find the rate

=% Tp,= Zé E)[(W | Hyn | W3) 2, (30.21)
k

when E = ey — e; for photon absorption and £ = e; — ey for photon emission is a
given definite energy difference. This summation can be written as

2 (E)
I'= 5 dQ———=
dp(BE) BV

dQ  8m3(he)3’

(W g | Hint |93 2,

(30.22)

where d’;g) is the photon density of states per unit solid angle. Therefore, the rate

per unit solid angle is given by

(%

dl' = w(k) f2|M|?ds, (30.23)

2me?
« e (7. P ik-7
M = /d?’rqﬁf(?#)e,\(k) - i(Me ko (30.24)
This equation describes both photon absorption, induced (or stimulated emission),

and, in addition, spontaneous emission. Notice that

anﬁ;s}ﬂptwn F;ri()llEmzssmn (3025)

Spontaneous emission (see Fig. 30.1) occurs when n;(k, A) = 0, and the electron is

excited at a given excited state of the atom. In this case f = 1 and if the transition is

of the so-called electric dipole type ek 1. Furthermore, we can replace the electron

momentum operator in the matrix element M above by the following commutator

[HF} : (30.26)
where

H, = o HV(), (30.27)
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is the Hamiltonian of the electron in a hydrogen-like atom. Here, we have neglected
electron—electron interaction if we are dealing with a multi-electronic atom. Using
these approximations and relations, the matrix element M takes the following form

M:%/fmyme[mﬂ¢my (30.28)
— s =) [ oy R ) (30.29)
:mﬂ)/ﬁmyma@ymmm. (30.30)

Using these approximations, we may write
I = 2;izufﬂ13~ég(é)ﬁ7 (30.31)
ﬁz/ﬁwwwmm, (30.32)

and by integrating over the solid angle and summing over both photon polarizations,
we obtain for the last part of the above expression

L 8T~
S [aoip-awr = 5Ibr (30.33)
A
thus, the final expression, for spontaneous emission, is
4o 5, =09
r= @w |D|=. (30.34)

Therefore, the rate of spontaneous emission in free space increases with w?. This
approximation breaks down in the case of inner shell electrons in high-Z atoms.

30.3 Problems

Problem 1

Show that using the minimal substitution
7o - E/T, (30.35)

and the formulation of second quantization, the total Hamiltonian which includes
the electromagnetic field part, the matter part, and its direct interaction, and the
interaction of the EM field with matter takes the form given by Eq. 30.2 where the
operator 1 (7) is defined as follows:

YT ()71, Py ey TN & = |73 1, Ty ooy PN ) (30.36)

and the state |7, 7, ..., "y )+ is a properly symmetrized or antisymmetrized N particle
state. Here, |7) is the single-particle position eigenstate.
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Problem 2

Derive all the steps leading to formula (30.34) starting from Fermi’s golden rule,
that is, from formula (30.12).

Problem 3

(a) What is the condition on the hydrogen atom excited state |nlm) such that
through a single photon emission it undergoes a transition to the ground state |100)?

(b) Calculate the rate of the spontaneous emission through the transition |210) —
[100).



31

Elementary relativistic quantum
mechanics

In this chapter we are seeking relativistic wave equations, which are invariant under
Lorentz transformations, in an attempt to obtain a quantum mechanical description
of relativistic particles. First, we start with the Klein—-Gordon equation and then we
discuss the Dirac equation. We also take the non-relativistic limit of the Dirac equa-
tion to derive the Schrodinger equation with two additional terms, the Zeeman term
and the spin—orbit coupling term. These two terms emerge naturally from the Dirac
equation, and thus the spin, as an internal quantum number which behaves like an-
gular momentum, is clearly identified. Finally, the existence of antimatter is clearly
supported by the nature of the solutions to the Dirac equation.

31.1 Klein—Gordon equation

In this section, we seek an equation to describe the evolution of a relativistic quantum
mechanical spin-less particle. In non-relativistic quantum mechanics, we can obtain
the Schrédinger equation by considering the energy-momentum dispersion

E=*2. (31.1)

We first consider operators corresponding to energy and momentum as follows

E — ihoy,
5 —ihV, (31.2)

and then we construct an equation obtained by the corresponding operators acting on
wavefunctions representing the state of the particle, that is,

n2

By(rt) = %mw, t). (31.3)

If we use the expressions given by Eq. 31.2, the above equation is the Schrédinger
equation for a free particle.

In the present case we seek an equation which remains invariant under Lorentz
transformations. Clearly the Schrédinger equation is not Lorentz invariant because
time and space are treated differently. It is invariant under Galilean transformations

Practical Quantum Mechanics. First Edition. Efstratios Manousakis.
© Efstratios Manousakis 2016. Published in 2016 by Oxford University Press.
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because it provides a non-relativistic description. If we try to apply directly the pre-
vious approach by taking the relativistic energy-momentum dispersion

E = c/p? + m2c?, (31.4)

and we substitute F and p by the operators specified by Eq. 31.2, we will obtain the
following equation

thow (T, t) = e/ p? + m2c2Y(7, t), (31.5)

which is plagued with a number of problems and inconsistencies. First, it is not an
analytic function as |[p] — 0 in the zero mass case. Second, it is non-local in space.

A simple differential equation which describes a relativistic particle can be ob-
tained by considering the square of the four-vector p, — (E/c,p) where the time-like
component pq is the energy divided by the speed of light, E'/c and the three space-like
components p,, are the three components of the momentum vector p. Namely, p,p"
remains invariant, and it equals m2c?, under a Lorentz transformation. This implies
the following well-known equation

m2c? — pupt = m2c? — (=) +p2 =0. (31.6)

If we treat p'and E as operators given by Eq. 31.2 and we substitute their expressions
in Eq. 31.6, we will obtain the following operator

~ h2
O =m?c® + 0—233 — V2, (31.7)

which when acting on a function representing the state of a relativistic particle should
give zero at all reference frames, that is,

1 mc
(gaf v (28

W )2)¢(F, t) = 0. (31.8)

This is the well-known Klein—Gordon equation. Notice that it is like a classical wave
equation with an additional constant “mass” term.

If the particle is charged and there is an electromagnetic field present we need to
couple it via the substitution

E — E —eg, (31.9)

Fop— A (31.10)
C

where ¢ is the electric potential and A the vector potential. Therefore, the Klein—-Gordon
equation in this case takes the form

(—C%(ihf)t —e¢)” + (—ihV — EA)Q + (mc)2>z/;(f’, t) =0. (31.11)
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31.2 Continuity equation

It is straightforward to derive a continuity equation as in the non-relativistic case.
We begin from the Klein—Gordon equation (Eq. 31.8) and we multiply both sides by
*(7,t); then, we take the complex-conjugate of Eq. 31.8, and after multiplying both
sides by ¥(7,t) we subtract them. We can transform the resulting equation to bring it
to the following form

=

Bup(F,t) + V - J(F,t) =0, (31.12)

where the current has the same form as that for the non-relativistic case, that is,

. oo .
1) = 5 (v Ve —vvy). (31.13)
The quantity p(7,t) which we interpret as density is given by
S 1h . )
p(F,t) = 5o (V") — v ). (31.14)

Notice that this is fundamentally different from the non-relativistic case, where the
probability density to find a particle at position 7 at time ¢ is the square of the wave-
function. The integral of this quantity over all space does not change in time. This is
obtained by integrating the continuity equation and using Gauss’s theorem and the
boundary condition that the current at infinity is zero. We will see, however, that this
quantity p(7,t) above cannot be interpreted as a probability density, but rather as a
charge density probability distribution. The reason is that p is not positive definite for
all types of solutions of the Klein—Gordon equation.

31.3 Solutions of Klein—Gordon equation

Due to the fact that the Klein—-Gordon equation is a second-order differential equation
in time, we must specify the initial values of ¥ (7, t) and of 9;1 (7, t). This implies that,
as compared to the non-relativistic case, here we must provide more information in
order to specify the initial state of the relativistic particle. We will see that this is so
because we describe the particle and its corresponding antiparticle together.

Another peculiar property of this equation is the following. In the absence of an
external potential it has a solution of the form

P = Aeh (Pr=Ept), (31.15)
and the equation is satisfied by the above function provided that
E, = E5 = £c\/p? + m?c2, (31.16)

and both cases of sign (positive and negative) correspond to different solutions with
positive and negative energy, which are solutions which describe a particle and an
antiparticle respectively.
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In a frame where the free particle rests (p = 0) we have

ime?
h

e = Ae* (31.17)

Notice that under a Lorenz transformation to a frame moving with momentum p, the
exponent is transformed to the following

mc’t = Byt — - 7, (31.18)

and the wavefunction given by Eq. 31.17 transforms to that given by Eq. 31.15.

-

Now, using the definitions of p(7,t) (Eq. 31.14) and J(7,t) (Eq. 31.13) arising from
the continuity equation, we find that

E+
Pt = 2
pi(T, ) me2’
N )
J (7, 1) = ot (31.19)

and the current can be rewritten as

Ty = pa(7,t)0,
= 2
pc
’ 31.20
Ex ( )

=
I

where U4 is the relativistic velocity for particles and antiparticles.
Let us consider the case of the particle rest frame. In this case we obtain that

p+r = £1,
Jp =0, (31.21)

namely, the density p for particles is positive and negative for antiparticles.

31.4 First-order Klein—Gordon equation

The Klein—-Gordon equation, while it is second order in time-derivative, can be easily
cast into a first-order Schrédinger-like equation using a two-component vector for the
state.

It is straightforward to show the following Schrodinger-like equation

im0y (P t) = HU(Ft), (31.22)

where the state U represents a two-component vector

U(rt) = (ifg:: g) , (31.23)

and
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h2
H= —%v%@ + i79) + mc?Ts, (31.24)

where 7; are the Pauli matrices

01 0 —i 10
n<10>,72<2. OZ>,73(0_1>. (31.25)

This equation is entirely equivalent to the Klein—-Gordon equation. This can be veri-
fied by simple substitution of the two component vector given by Eq. 31.23 into the
Schrodinger-like equation (Eq. 31.22) using the Hamiltonian given by Eq. 31.24. This
substitution produces two differential equations from which, by subtracting and adding
them, we can produce two equations from which one can show that the combination
1 =1y + 1p_ satisfies the Klein-Gordon equation.

In this formalism one can derive a continuity equation in which the conserved
density and the current are given by

p(7t) = [y |? = [ | = Uiry ¥, (31.26)
7 h * *
T [w Vb — Vb ] (31.27)

where 1) = 1, 4+ 1_. Therefore, because the conserved quantity is UT73¥ the normal-
ization condition should be imposed as follows:

/d?’rp(r", t) = /dsrxyTTSxI/ = +1, (31.28)

and the sign depends on the nature of the solution (particle or antiparticle).
As a result the scalar product between two such wavefunctions is defined as

(U0 = /d?’r\lﬁrgxlﬂ. (31.29)

Since an operator is Hermitian when its matrix elements fulfill the property
(U = (W' H|W)]" (31.30)

As a consequence of the definition of the scalar product by means of Eq. 31.29, an
operator is Hermitian if it satisfies the following identity

H = 73H'rs. (31.31)

The student should show that the Hamiltonian given by Eq. 31.24 satisfies this identity.

31.5 The Dirac equation

We discussed that the Klein—Gordon equation is second order in time. Dirac was
trying to find a differential equation first order in time to describe relativistic particles.
Namely, the square of the four vector p,, that is, p,p* is invariant under Lorentz
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transformations, however this is not linear. We also discussed that taking the brute
force square root of such an operator leads to a non-local operator.

However, let us assume that an intrinsic property of the particle, such as the spin,
breaks the rotational invariance of the problem, because the spin polarization axis
introduces a direction. Then, we can seek solutions to the following equation

H2 = 72+ mPt, (31.32)
P = —ihV, (31.33)

with # being the unknown operator. Furthermore, we can restrict our search for a
solution by restricting it to the form

H = ca@-p+mcB, (31.34)

where @ = (G, ég, &3) and B are four Hermitian operators acting on the spin variables
alone. In order for the above ansatz, given by Eq. 31.34, to satisfy Eq. 31.32, the squares
of these matrices should be unity and their components should anticommute, that is,

&t =1, =1, (31.35)

(2

Qibj + Gjay = 0, &3+ Béy = 0. (31.36)

The student is strongly encouraged to show that the substitution discussed above
along with the properties of these matrices (Egs. 31.36) leads to Eq. 31.32. Now, our
problem, therefore, is to find a solution to the above equations (Eq. 31.36) for &; and
B which should be Hermitian matrices. Using these equations one can show that these
are at least 4 x 4 matrices. Pauli has shown that all matrix solutions are related to one
another by unitary transformation and the following particular solution is sufficient.

100 0

. (00 - lo1o o

O‘i_(aio)’ F=1o0-10 | (31.37)
00 0 —1

and o; are the three Pauli matrices. This is also called the standard representation.
Therefore, the equation representing the relativistic spin-1/2 particle is given by

iho, U = HU,
H = cd p+ mc?B, (31.38)

which is the Dirac equation. The state vector ¥(7,t) is a four-component spinor be-
cause the matrices &; and 3 are 4 x 4 matrices.

In the presence of an electromagnetic field we need to make the minimal substitu-
tion given by Eq. 31.10 and we obtain

-,

iho,U = (co_Z - LA) + me2B+ qqﬁ)\ll. (31.39)

[SRES]
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31.6 Rotational invariance

—

Consider the case where the particle is free (A = 0 and ¢ = 0). The equation of motion
for the orbital angular momentum L = 7 X p'is given by:

Lo o o e
mddt =L, H—HL,, (31.40)
H = cd - p+mcB. (31.41)

After evaluating the commutator, the result is

dL,
ih
at

= —ihc(Gapy — Q). (31.42)

Therefore, the angular momentum is not a constant of motion. The reason for this
is that the rotational invariance is broken because of the internal quantum number
of spin. Namely, there is the vector & associated with the particle which breaks the
rotational invariance.

Now, if we consider the time evolution of the vector

= g0
Y= (0 &> , (31.43)
for example its z-component, we find

ds,
ih—% = 2ihe(@:py = dyp-). (31.44)

Therefore, we consider the quantity
I
J= L+ hs, (31.45)

is a constant of motion. As a consequence we refer to the quantity J=L+S58 , with
S = 1/2h%, as the total angular momentum and S as the spin operator.

31.7 Free-particle solution of the Dirac equation

We would like to investigate the interpretation of the four component spinor which
describes the state of the relativistic particles quantum mechanically.

Towards this goal let us construct free particle solutions to the Dirac equation, at
first with a particle at rest. In this case the solution of the Dirac equation is of the
form

U (7 t) = e # Py, (31.46)

and by substitution, the Dirac Eq. 31.38 becomes
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Eu = mc*pu, (31.47)

that is, the spinor u satisfies an eigenvalue equation. The eigenvalues of the matrix
B are £1 which correspond to energy eigenvalues £ = +mc? with corresponding
eigenvectors uX given as follows

1 0

ul = 8 uf = (1) , (31.48)
0 0
0 0

wr= |1 =1 (31.49)
0 1

The interpretation of these four solutions is that those positive energy solutions cor-
respond to a particle (e.g., the electron) with spin projection o, and the negative
energy solutions correspond to an antiparticle (e.g., positrons) with spin projection o.
Namely, the two states u} corresponding to positive energy eigenvalue are eigenstates
of o, with eigenvalue ¢ and they vary in time as e~%/ hme*t The same holds true for the
two states u_ which correspond to negative energy eigenstates which vary as ei/hme’t

Now, let us consider the case where the particle is not at rest. The simplest case is
when the momentum vector is along the positive z-axis (same as the spin quantization
axis). In this case the state can be written as

U, (7, 1) = e” 7 P2y, (31.50)

and by substituting this expression into the Dirac equation we find that u satisfies the
equation below

me2 0 cp 0 Uy Uq
0 me2 0 —cp ug | Uo
cp 0 —mc® 0 us | B us3 (31.51)
0 —cp 0 —mc? U Uy

There are two eigenstates corresponding to the same positive energy eigenvalue

E=Ef = Ep = \/p?c + m2c, (31.52)

which can be chosen to be the following

1 0
(R) 0 (L) 1
W =al 4 |, u® =B (31.53)
0
E,+mc? —ep
0 E,+mc?

where A and B are determined by appropriate normalization. In addition, there are
two eigenstates corresponding to the same negative energy eigenvalue
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E=E; = —E,=—/p* + m?c, (31.54)

which can be chosen to be the following

—ep 0
E,+mc? cp

o) — O 0 7 o) = p | Betme | (31.55)
1 0
0 1

The reason for labeling the states with the L and R index is because we can choose
common eigenstates between the Dirac Hamiltonian and the helicity operator DE D
where the operator ¥ is defined by Eq. 31.43. Therefore, the energy eigenstates can
be characterized by a definite value of the helicity operator. Namely, the eigenstates
labeled R are eigenstates of the helicity operator with eigenvalue +p and the eigenstates
labeled L correspond to helicity -p. Helicity corresponds to spin projection along the
direction of momentum.

31.8 Non-relativistic limit

We can write the state of the Dirac particle as

uz

V(7 t) = <u1> : (31.56)

and in terms of u; and ug, the Dirac equation (Eq. 31.39) splits into the following two
equations

ihopuy = ¢(—ihvV — %ff) -Fug + (qp + mc*)uy, (31.57)
ihopug = ¢(—ihV — %ff) -Guy + (qp — mc®)u,. (31.58)

Now, the time-independent Dirac equation is obtained by realizing that the following
time dependence is a solution to its time-dependent version

(“1) = (f”) e~ Bt (31.59)
U2 u2

which yields the following equations:

-,

Bty = ¢(—ihV — %A) Fiiy + (g6 + mc)y, (31.60)

Bty = ¢(—ihV — %/T) -Gy + (g — me?)ite. (31.61)

If we define the quantity € as follows

E=mc® +e, (31.62)
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the above second equation can be written as

~ C . q o -~
= (—ihV — =A) - . 31.63
2 2m02+e—q¢( ihv c ) ( )
In the non-relativistic limit where

2

p
~ 31.64
e~ (31.64)

e << mc?. In addition, by non-relativistic limit we imply that mc? is also much larger
than g¢, which leads to the following approximation

uy = —(—ihV — fA) duy. (31.65)

2me

Therefore, uy is smaller than the upper component u; by a factor v/c in the non-
relativistic limit. Substituting this approximation for us back into Eq. 31.57 we obtain

1 . 2
ihdpay = %((—ihv - %A) ~a) u; + (q¢ + mc?)uy. (31.66)

Using the following properties of the Pauli matrices,

-,

(@-3)(b-&)=(d-b)+id-(axb), (31.67)

we can transform the first term in the right-hand-side of Eq. 31.66 as

-, 2 -
((—mv - gA) : 5) up = (—ihV — L)%
C
qh

C

(Vx A+ AxV)uy, (31.68)

and using the fact that the magnetic field is given by H =V x ff, we obtain

1 . ho.o
ihdyuy = [%(—mv - %AF - ﬁa H + (g0 + mCQ)} u;. (31.69)

Namely, we have obtained the Schrodinger equation. In addition, notice that we have
derived the expression for the Zeeman interaction of the spin—dipole moment with an
external magnetic field. The electron dipole moment due to its spin has a g-factor
which takes the value g = 2.

31.9 Spin—orbit coupling

Let us consider the Dirac equation for a particle in a central potential V (r), such as
the case of the electron under the influence of a very heavy nucleus:

iU = (cd - F+mcB+V(r). (31.70)

Again we express the energy eigenvalue in terms of the parameter € as in Eq. 31.62
and we will work in the non-relativistic limit where € << mc?. Unlike in the previous
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section, where we kept the leading order in the non-relativistic limit v/¢ << 1, in this
case we will keep terms up to the next to the leading order. As in the previous section,
we write

U7, 1) = (“1> , (31.71)

Uy
and the equations for u; and u, are given as
(e—=V)uy — ¢ -puy =0, (31.72)
(e 4 2mc? — V)uy — ¢ - pu; = 0. (31.73)

Again, it follows from the above two equations that us is of order u/c times u;. From
the second equation we obtain

1

Ug =

Using this expression, the first equation above becomes:

1 1

eup = %(E-ﬁ)m(ﬁ-ﬁ)ul + Vu. (31.75)
We will use the expansion:
- 126m0V2 —1- ;;; + o (31.76)
and the identities:
PVO) = Vil — il(VV), (31.77)
(G-VV)@G-p) = (VV)-p+id-[(VV) x pl, (31.78)

where ﬁ': —1hV, to obtain

e—V. p? h?
e = [(1- e+ V] - 5 (VV) - (V)
n? 2,
For a central potential we have that

1dV
V=-——f 31.80
rdr ( )

dav o
V) V=——. 31.81
(Vv)-v dr Or ( )
Approximating the term (1 — %)pQ/Qm simply by p?/2m — O(p*) we see that we

have recovered the Schrodinger equation with some additional higher order terms. In
particular we see that there is the following term:
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1 1dV - -
22 G§.L 31.82
2m?2c2 r dr ’ ( )

; . n
L-ixp §=37 (31.83)

which is the spin—orbit coupling term already discussed in previous chapters. While the
other terms which we do not discuss are of the same order in the expansion, we focus on
this term because it depends on spin and angular momentum; namely, its existence is
much more clearly demonstrated in experimental atomic physics because the observed
energy levels need to be classified according to their total angular momentum which
includes spin.

31.10 Covariant form

The Dirac equation can be cast in a more compact and covariant form using the
so-called y-matrices. Namely,

V=8, =B, ?=Ba, A+ =pa., (31.84)
for which we can easily show that
VY M =291, (31.85)

where 1 is the unit 4 x 4 matrix. We now multiply both sides of Eq. 31.38 by B and
then by moving every term to the left-hand-side we obtain

ov
_inr 2 —
ihry py + me¥ =0, (31.86)

where as usual this means a summation over the four values of the four-vectors and
at = (ct,x,y, z), that is,

0 10 Ao
w_Z — R A+ V. 1.
Vg =P th Y (31.87)
The Dirac equation can be written even more compactly as follows
(Y'Pp —me)¥ =0, (31.88)
where
ALz 0 ih 0
pt — E p) =ith— = (——. —1 . 1
P = (E/c,p) maxu (% 5 V) (31.89)

It is customary to use the following short-hand notation

b ="Du, (31.90)
by means of which the Dirac equation takes the following more compact form

(p—mc)¥ =0. (31.91)
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31.11 Coupling to external electromagnetic fields

When an external electromagnetic field is present, the Hamiltonian is obtained by
making the minimal substitution

Pt - Lan, (31.92)
c
where A" = (¢, /Y) and g = —e for electrons. In this case the Dirac equation takes the
form
[’Y“(ﬁu - gA,L) - mc} ¥ =0. (31.93)
c

In more compact notation, it can be written as follows:

[(46 - %/4) - mc} =0 (31.94)

31.12 Continuity equation

The continuity equation is obtained following very similar steps as in the non-relativistic
case or in the case of the Klein—Gordon equation. We take the Hermitian conjugate of
the Dirac equation (Eq. 31.93)

—ihd, — LA )t (v — mewt = 0. 31.95
L
Using the fact that
()T =144, (31.96)
we obtain
(—ilid, — LA,) Ty — mewt =0, (31.97)
C
where
T = 0ly0 (31.98)

By right-multiplying the above equation by vY¥ we obtain:
(—ihid, — LA,) TP T — meB¥ = 0, (31.99)
c
By multiplying the Dirac equation from the left by ¥ we obtain:

T (ihd), — %AH)\II — mel ¥ = 0. (31.100)
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We subtract the above two equations and we obtain:
10, (Uy" W) = 0. (31.101)

This is the continuity equation. In a covariant form for the current density of the
four-vector of the electron—positron system it is

G = Uy W, (31.102)
and the continuity equation is
ouj" =0, (31.103)
or it can be written in the more familiar form as
dp+V-j=0. (31.104)
where the probability density p is given as
7=y = yly. (31.105)

Therefore, as in the Schrédinger’s case, the conserved quantity is the norm of the
wavefunction.

31.13 Interpretation of the Dirac equation

The negative energy solutions which we found introduce the following problem. An
electron placed in positive energy states, when coupled to the electromagnetic field,
should decay to lower (negative) energy states. Electrons, however, do not behave this
way.

Dirac introduced the so-called hole theory. According to this theory the vacuum
should be regarded as the many-body quantum state in which all negative energy states
are occupied. This state dressed with quantum fluctuations due to the coupling of the
electrons with the electromagnetic field is called the “sea” of electrons or Dirac sea.
This is in analogy with the filled Fermi sea of electrons in the ground state of electrons
in a metal. The Pauli exclusion principle prohibits electrons from occupying the same
state. Thus, an additional electron has to occupy a positive energy eigenstate. In
addition, a positive energy electron cannot decay into a negative energy state because
they are all occupied.

Now, when a negative energy eigenstate is not filled, that is, when there is a
hole at momentum p and of definite spin, this would behave as a positively charged
particle of positive energy. The energy is positive because energy is required to create
an electron—hole pair from the vacuum. Such a hole can be regarded as the positron
state. Therefore, when an electron—positron pair is created out of the vacuum, we think
of this process as follows: An electron occupying a particular negative energy state in
the vacuum is promoted to a positive energy state, thus creating a hole (positron) and
an electron state with positive energy above the vacuum.

This theory, however, is not adequate to be used as a straightforward interpre-
tation, because the electrons in the vacuum interact. A better theory should emerge
by treating this problem of the interacting vacuum using the tools of quantum field
theory.
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31.14 Problems

Problem 1

(a) Show that the following continuity equation follows from the Klein-Gordon
equation

Op(T,t) + V- J(7,t) =0, (31.106)
where the current has the same form as that for the non-relativistic case, that is,
h
J(Ft) = —— (w*vw - zpw;*). (31.107)
2mi
The quantity p(7,t) which we interpret as charge density is given by

_ih
T 2me?

p(7,t)

(b) Show that the following Schrédinger-like equation

(w*atw - z/}(?tw*). (31.108)

thoy ¥ (7, t) = HU(7,t), (31.109)
where the state ¥ represents a two-component vector
- er (Fa t) )
U(r t) = K , 31.110
o= (3 (31.110)
and
h2
H= —2—v2(r3 + i79) + mc?Ts, (31.111)
m

where 7; are the Pauli matrices

01 0 —i 10
71—<10>, 72—<Z. OZ>, 73—(0_1>. (31.112)

is entirely equivalent to the Klein—Gordon equation. This can be verified by simple
substitution of the two component vector given by Eq. 31.110 into the Schrodinger-like
equation (Eq. 31.109) using the Hamiltonian given by Eq. 31.111. This substitution
produces two differential equations from which, by subtracting and adding them, we
can produce two equations from which one can show that the combination ¢ = 1+ _
satisfies the Klein—-Gordon equation.

(c) Using the above first-order equation derive a continuity equation. Show that
the conserved density and the current are given by

p(Ft) = [y )? — [Y_|? = Uir, (31.113)
J= [y - vv*]. (31.114)
2mi

where ¢ = ¥4 + _.
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(d) Therefore, because the conserved quantity is W73 ¥ the normalization condition
should be imposed as follows:

/d3rp(f', t) = /d?’r\IﬁTg\If = +1, (31.115)

and the sign depends on the nature of the solution (particle or antiparticle).
As a result the scalar product between two such wavefunctions is defined as

(Tw'y = /dgT\I/TTg\I/,. (31.116)

As a consequence of this, since an operator is Hermitian when its matrix elements
fulfill the property
(‘II|I§'|\IJ'> = [(¥'|H|V)]*, (31.117)
an operator is Hermitian if it satisfies the following identity
H=r3H'rs. (31.118)

Verify that the Hamiltonian given by Eq. 31.111 satisfies this identity.

Problem 2

Show that in the non-relativistic limit the conserved density of the Klein-Gordon
equation becomes the square of the magnitude of the wavefunction, as in the Schrédinger
case.

Hint: Use the approximation that in the non-relativistic limit we can write

W(7 1) = B_imCZt/h’L/)/(’F, £), (31.119)

where ¢’ (7, t) varies much less rapidly in time than the factor e—imt/h,

Problem 3

Let us consider solutions to the Dirac equation in the case where the momentum
vector is along the positive z-axis (same as the spin quantization axis).
(a) Show that, in this case, the state

U, (7, 1) = e” 7 BP2)y, (31.120)

can be a solution of the Dirac equation provided that u satisfies the equation below

me® 0 cp 0 Uy (1
0 me*2 0 —cp ug | U
ep 0 —mc® 0 ug | E us (31.121)

0 —cp 0 —mc? Ua Uy
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(b) Show that there are two eigenstates corresponding to the same positive energy
eigenvalue

E = Ef = Ep = \/p*c® + m?c?, (31.122)

which can be chosen to be the following

1 0
(R) 0 (L) 1
E,+mc? .

0 Ep+7§)7,c2

where A and B are determined by appropriate normalization.
(¢) In addition, show that there are two eigenstates corresponding to the same
negative energy eigenvalue

E=E, =-E,=—\/p?c? +m?c, (31.124)

which can be chosen to be the following

—cp O
E,+mc? p

o B — O (1) . o =p E,,«Bmcz _ (31.125)
0 1

(d) Show that the states labeled with L and R index are also eigenstates of the
helicity operator Y- P where Y is defined as

= (30
¥ = (0&) (31.126)



Appendix A
Review of the Dirac delta function

The delta function is defined as

| sw-as@) = 1@ (A1)
1)

(x—2')=0, V z#2, (A.2)
5(x—2') - oo, when 2’ — . (A.3)

Where, the function f(z) is an arbitrary continuous function. From the definition, the
following simple properties follow immediately:

/OO Sz —12")=1, (A.4)

) 5(x—2') =62 —x), (A.5)
5laz) = ﬁa(w). (A.6)

The delta function is obtained as a limit of functions. Below, we list three well-known
examples. First, the step:

1 when —¢/2<z<¢/2
b(x) = (A7)

0, otherwise.

The Dirac delta function is obtained by taking the e — 0 at the end of the integration.
The Gaussian representation:

bu(w) = —— exp(— 1) (A3
() = 27T6exp 502): .
The Lorentzian representation:
1 €
Oc() = ——5—. A9
(@) = 2= (A.9)

Another representation of the delta function is the following integral:

oot () = / dge??mér = NeEl, (A.10)
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To prove this we write:

e} 0 00
/ d£6i2‘n’£xe—>\|£| :/ dfei27r£xe>\£+/ dgez?ﬂ'&we—ké

— o0 — 00 0
1 1
= - + -
2mix + A —2mwix + A
-~ 2\
A2+ (272)2]

which is the Lorentzian representation of the delta function with e = A/(27).

(A.11)

Notice that the integral and the A — 04 limit do not commute. Namely, the

integral with A = 0 is undefined.

A.1 Problems

Problem 1
Show that the Gaussian

and the Lorentzian

1 €
T2+ €2

de(z) =

in the limit of € — 0 satisfy all the properties of the Dirac delta function.

(A.12)

(A.13)



Appendix B

Normalization integral of spherical
harmonics

In this section of the appendix we calculate the normalization integral 5,11 for spher-
ical harmonics defined by Eq. 15.61.
First, by integration by parts we find a recursion relation between such integrals:

Ippsr = /d9 (sin§)2+! = /dedcow ng)?

=2l / df(cos 0)?(sin 0)2 "1 = 21Ly; 1 — 2115 44. (B.1)
0

To derive the last step we have used the identity cos? @ = 1 —sin? #. Therefore, we find
that

(20 + 1) Iapy1 = 20Ta1. (B.2)
Applying this relationship for [ — [ — 1 we find that
(20 — DIy 1 = 2(1 — 1)Iy_s3. (B.3)
Now, we apply the above equation for [ — [ — 2
(20 = 3) o135 = 2(1 — 2) Iz —5. (B.4)
and so on until we reach [ — 1 — (I — 1)
315 = 2I,. (B.5)
Now we multiply these ! equations together to find (after the cancellation)
(20 +1)(20 — 1)(21 — 3)....3I341 = [21][2(1 — 1)]...214, (B.6)
which implies that

24121,

Ippq = 22170
TRl )y

where
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I :/ dfsinf = 2. (B.8)
0

Putting the various pieces that we found together, we conclude that the normalization
constant C' is given by

(=Dt i+ 1)
¢= 20! dr

(B.9)

where we have added by hand the phase factor (—1) following the traditional conven-
tion.



Appendix C
Legendre equation

In this appendix we prove that the polynomials obtained by Eq. 15.74 are indeed
solutions to the Legendre equation (15.73).
Consider the identity:

(s — 1)%(52 — 1! = 2x(z? - 1) (C.1)

First we calculate the derivative of both sides of the above equation [ times and
reorganize the terms. We obtain
e after acting once:
(s> —1)—— i S(s2 = 1) =21(s* — 1)' +2(1 - 1)si(s2 - 1) (C.2)
ds? ds ' '
e After acting again we find that
a3 d
21 -1 204 2(1 — 1)]—(s* — 1)
(2= 1) (2 = 1) = 204 20~ D] (2 = 1)
2

21— 2)s (s>~ 1)\ (C.3)

e After acting for a 3rd time we obtain

(s — )d; (2 = 1) =20 +2(1 — 1) +2(1 — 2)]
2 d3
d - (s — 1) +2(1-3)s 7o (s — 1) (C.4)

e After acting for a [th time we obtain
dl+1
(s? — 1)dsl+1 (s — 1)
=020+20-1)+2(1—-2)+...+1]
dl 1 dl

dsl 1(5 —D 4200 -1D)s dl(s -1 (C.5)
namely
I+1 -1
(s _1)jsl+1 (s2—1) = l(l—i—l)jl 1(5 — 1L (C.6)
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e Now we act again as follows

I+1 l
dii (5%~ 1)%(32 —1 =+ 1)%(52 — 1) (C.7)

Therefore, the expression given by Eq. 15.74 satisfies the Legendre equation (15.73).



Appendix D

Expression for the spherical Bessel
function

Here, we show that the expression (16.55) satisfies the equation (16.14) for the spherical
Bessel function.

First we need to calculate the first and second derivative of j;(p) using the ex-
pression (16.55) and substitute in the left-hand-side of the spherical Bessel equation
(16.14). We find that the term [(I + 1)7;(p) is exactly canceled by a term arising from
the derivatives, and after factoring the left-hand-side of Eq. 16.14 it takes the form:

2(1+1)p /1 ips 2,1
—— se?(1 — s%)'ds
9l+1]) . (

Pl+2 ! 2 i 241 2
—m/ls e?* (1 —s%)'ds + p~j(p)- (D.1)

We rewrite the combination of factors 2(1 4 1)s(1 — s?)! in the first integral as —d(1 —
52)*1 /ds and we integrate by parts. The first term becomes:

Pl+2 b 2y1+1
e e (1 — s%)" " ds. (D.2)
s |

By combining this resulting term and the second term above we find

pl+2 1 ) o
72l+711|/1 €Zps(1 — S ) dS, (D3)

which is equal to —p?j;(p). Thus, the left-hand-side of the Eq. 16.14 is zero.
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