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Chapter 1

Early and Modern QM

Quantum Mechanics is one of the most important fundamental concepts dis-
covered in the 20" century. In this chapter we first review some of the early
physical motivations that led to the initial bold steps of quantum mechanics,
and then provide a perspective for the status of Quantum Mechanics as one of
the pillars of fundamental theory of Nature as understood by the beginning of
the 21°¢ century.

1.1 Origins of Quantum Mechanics

1.1.1 Black body radiation

In 1902 Planck suggested that energy is quantized. He was trying to understand
the radiation of black bodies by fitting an empirical curve corresponding to the
energy density as a function of temperature and frequency. He considered a
hot body that emits radiation through a cavity. In the frequency interval v to
v + dv, the radiation energy density per unit volume U is given by

472
3

dU(v,T) = dvx2xE (1.1)
where c is the velocity of light. The first factor is the number of degrees of free-
dom per unit volume in the electromagnetic radiation in the frequency interval
v to v + dv, the second factor of 2 counts the number of polarizations of the
emitted photons, and the last factor is the average energy per degree of freedom.

The average energy

E _ ZEE efE/kT

S pe BT
is obtained via statistical mechanical considerations by using the Boltzmann
distribution. In 1900 Planck had already fitted the experimental curve with an

(1.2)

11



12 CHAPTER 1. EARLY AND MODERN QM

empirical formula

dU 8why?
E(V’T) 3(ehv /KT 1) (1.3)
U
classical
Planck
P v

Fig.1.1 : Planck’s versus the classical curves.

In Fig.1.1 this curve (in bold) is contrasted with the curve that results from
classical considerations, which corresponds to the h — 0 limit of eq.(1.3).
Note that there is a logical problem with the classical formula: if one inte-
grates over all values of the frequency to find the total energy carried away
by all radiation, one finds an infinite result, which is obviously non-sense.
This problem is avoided with Planck’s curve. Planck found that the constant
h = 6.63 x 10715 erg/cm? deg?, which is now called the Planck constant, gave
the correct experimental fit.

He searched for a theoretical explanation of his empirical formula for the
average energy E(v,T) that would be consistent with eqgs.(1.1,1.2,1.3). Previ-
ously Wien and Raleigh had constructed models for E based on classical physics,
but these had failed to give the right answer for all values of the frequency v.
Namely, in classical physics the energy is continuous, and therefore one would
perform an integral in eq.(1.2), but this gives £ = kT, which is independent
of v, and leads to the wrong curve. Instead, Planck had the revolutionary idea
of postulating that energy comes in quantized units £ = nhr, where n is an
integer, and that eq.(1.2) would be computed by performing a sum rather than
an integral. He arrived at this view by making an oscillator model for the walls
of the cavity that emit the radiation. He then obtained

0 S ge M M npy hv 14
T e /T T ghu/RT _ 1 (14)

which is precisely the correct experimental result. Note that the classical result
E = kT corresponds to the h — 0 limit of eq.(1.4). He therefore came to the
conclusion that the walls of the black body cavity must be emitting “quanta”
that carried energy in integral multiples of hv.
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1.1.2 Photoelectric effect

Despite Planck’s success, the Physics community did not find it easy to accept
the idea that energy is quantized. Einstein was the next one to argue that elec-
tromagnetic radiation is itself quantized (not just because of the cavity walls),
and that it comes in bunches that behave like particles. In his stellar year of
1905 he wrote his article on the photoelectric effect that shows that light behaves
like particles. He was interested in explaining the behavior of electrons that are
emitted from metals when they are struck by radiation: Electrons were emitted
provided the frequency of the light was above some threshold v > v, and the
number of emitted electrons were determined by the intensity (i.e. the number
of incoming photons). Furthermore, the kinetic energy of the emitted electrons,
plotted against the frequency, displayed a linear relationship Fy;n, = h(v — vo),
with a proportionality constant none other than Planck’s constant h (see Fig.
1.2).

ECkin)

slope=h

Vo
Fig.1.2: Photoelectric effect

To explain these observations Einstein proposed that radiation is made of quanta
(photons), with each photon carrying energy

Ephoton = hv. (15)

Furthermore, he postulated that the photons collide with electrons in metals just
like billiard balls that conserve energy and momentum, and that it requires a
minimum amount of work W to knock out an electron from the metal. Once the
electron is struck by a sufficiently energetic quantum of light, it is emitted and
carries the excess energy in the form of kinetic energy Fy;, = %mEUQ. According
to this billiard ball analogy, the energy conservation equation for each collision
reads Eppoton = W + Egirn. Using W = hyg this may be rewritten in the form

1 2

SMev” = h(v — o) (1.6)
which gives correctly the experimental curve for the velocity of the emitted
electrons. This success, had an important impact on the Physics community
for getting closer to the realm of Quantum Mechanics. Millikan performed ex-
perimental tests that confirmed Einstein’s formula, and Compton successfully
extended Einstein’s billiard ball approach to the scattering of photons from
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electrons. Ironically, Einstein never believed in the probabilistic formulation of
Quantum Mechanics that was later developed, and argued against it unsuccess-
fully throughout his life[?][?].

1.1.3 Compton effect

The idea that light behaves like particles was strengthened by the analysis of
the Compton effect. In this case the experiment involves radiation hitting a
metal foil and getting scattered to various angles 6. It turns out that the inten-
sity I(\) of the scattered light (number of scattered photons) plotted against
the wavelength A has two peaks: the first is an angle independent peak at a
wavelength close to the incident wavelength A, and the second is another peak
at a wavelength which is angle dependent at A = Ao + - _h_ (1 — cos ) (see Fig.
1.3).

() IA)

Ao A®)

Fig. 1.3 - Compton effect.

Classical physics applied to this problem fails to explain both the angle and
wavelength dependence of the observed phenomena. However, by treating light
as a particle, and applying momentum and energy conservation to a billiard ball
type scattering, Compton explained the observed phenomena correctly.

[QOI;,\> @
@E

Fig.1.4 - Kinematics

Before the collision the photon and electron have relativistic energy-momentum
(Ey = hvg, po) and (Epe = mec®, poe = 0) respectively, while after the col-
lision they have (E = hv, p) and (E. = \/m2c* + p2c2, p.) (see Fig. 1.4).
Momentum and energy conservation require

Po = P + Pe (17)
hvg +mec® = hv+ /m2ct + p2c2.
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From the first formula one derives p.? = p3 + p? — 2pop cos @, where one may

substitute the relativistic photon momenta pg = Ep/c = hvg/c and p = E/c =

hv/c. This expression may be replaced in the second formula thus obtaining a

relation between the frequencies (v, vg). This relation can be rewritten in terms
C C

of the wavelengths \g = vo and A = £ . Finally by isolating the square-root
and squaring both sides of the equation one derives

A=Xo+ (1 —cos¥). (1.8)

MeC

The combination A\, = mhc = 3.862 x 10~ 13m is called the Compton wavelength

of the electron. This result explains the second, angle dependent, peak. The
first peak occurs due to the scattering of the photon from an entire atom. In this
case the mass of the atom must be replaced in place of the mass of the electron
so that the Compton wavelength of the atom A4 = mZC < 107 '%m appears in
the formula. Since this is much smaller, the peak appears to be almost angle
independent at A = \g.

1.1.4 Particle-wave duality

The conclusion from the Planck, Einstein and Compton analyses was that light,
which was thought to be a wave classically, could also behave like a particle at the
quantum level. It was then natural to ask the question of whether this “particle-
wave duality” may apply to other objects that carry energy and momentum?
For example, could a classical particle such as an electron behave like a wave at
the quantum level? Indeed in 1923 DeBroglie postulated such a particle-wave
duality and assigned the wavelength

A=o (1.9)

to any particle that has momentum p. This is consistent with the photon’s
electromagnetic wave momentum p = E/c = hv/c = h/A. But he proposed
this momentum-wavelength relation to be true for the electron or other classical
particles as well, even though the energy-momentum relation for these particles
is quite different than the photon’s (i.e. E = p?/2m or E = (p*>c®> + m2c*)1/?).

i ©

a sin(®)

side view top view
Fig. 1.5 - Interference with electrons.
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To check this idea one needed to look for interference phenomena that can
happen only with waves, similar to the scattering of light from crystals. Indeed,
Davisson and Germer performed experiments in which they scattered electrons
from crystals, and found interference patterns of bright and dark rings that
have striking similarities to interference patterns of X-rays (see Fig. 1.5). The
interference can be understood by considering the difference between the path
lengths of electrons that strike two adjacent layers in the crystal. Given that
the layers are separated by a distance a and that the rays come and leave at an
angle 6, the difference in the path lengths is 2a sin 6. If the electrons behave like
a wave, then there will be constructive interference (bright rings) when the path
length is a multiple of the wavelength, i.e. 2asinf = nA. Thus, for electron
beams with momentum p, or kinetic energy E = p*/2m,, one expects bright
rings at angles 6,, that satisfy

. n nh nh
sinf, = — =

—_— = 1.10
20 2ap  2a/2m.E ( )

and dark rings in between these angles. Indeed this is the observation. To
distinguish the interference rings from each other the quantity A/2a should not
be too small. For electrons in the Davisson-Germer experiment the kinetic
energy was about 160 eV, which gave A\/2a = 1/4. One can perform similar
interference experiments with molecular beams or slow neutrons with kinetic
energies of the order of 0.1 eV. On the other hand for macroscopic objects (e.g.
mass of 0.001 mg) moving at ordinary speeds (e.g. 10 em/sec ) the ratio A\/2a
is too small (=2 10714) to detect any quantum interference in their behavior.

1.1.5 Bohr atom

While the concept of wave-particle duality was developing, other puzzles about
the structure of atoms were under discussion. In 1911 Rutherford had experi-
mentally established that the atom had a positively charged heavy core forming
the nucleus of charge Ze and that Z electrons travelled around it like planets
around a sun, bound by an attractive Coulomb force. This raised a puzzle: ac-
cording to the laws of electromagnetism, charged particles that accelerate must
radiate energy; since the electrons must accelerate to stay in orbit (radial ac-
celeration) they must gradually loose their energy and fall into the nucleus in
about 10710 sec. This reasoning must be false since an atom can live essentially
forever, but why? Another puzzle was that when atoms radiated, the emitted
photons came in definite quantized frequencies v, parametrized experimentally
by two integers v = const.[(1/n)? — (1/n’)?] , rather than arbitrary continuous
frequencies as would be the case in classical physics.
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™
V

Figl.6: Circular orbits

The only possibility was to give up classical physics, as was done by Bohr
who gave two rules in 1913 to resolve both puzzles. Without an underlying
theory Bohr declared the following two principles that explain the observations
(see Fig. 1.6)

1) The electron chooses orbits r = r,, in which its angular momentum L = muor
is quantized in units of the Planck constant, L = mvr = nh.

As is customary, we have used i = h/ 27. To find the orbits and the ener-
gies of the electrons one applies the rules of classical physics (force=mass x
acceleration) and the quantization condition

7 2 . 2
—2 — e , mevr =nh (1.11)
T r

and solve for both the radius and the velocity

agn? Zac

Z ’ v n '

(1.12)

where o = e?/he = 1/137 is the fine structure constant, and ag = h?/m.e? =
0.53 x 107'%m is the Bohr radius. The energy of the electron in such orbits is

1 o, Ze? mec*(Za)? | Z?
En = imev - T = *T = *F(136 BV) . (113)

Note that 1 eV =2 1.6 x 10712 erg = 1.6 x 107° J.

2) Electrons radiate only when they jump from a higher orbit at 7,/ to a lower
one at r,, and due to energy conservation, the radiation frequency v is
determined by the energy difference in these two orbits, hv = E,,y — E,,.

This gives
hv = Z?(13.6 eV)[(1/n)* — (1/n')?] , (1.14)

in accordance with observation!.

1When the quantum numbers get large classical physics results should emerge from quan-
tum mechanics, since large quantum numbers may be regarded as the limit 7 — 0 while the
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The wavelength of the radiation emitted for Hydrogen is in the ultraviolet
region, as can be seen by taking the example with n = 1, n’ = 2 which gives
hv = (1 = 1)(13.6 €V) and A = ¢/v = 1200 Angstroms. The success of the
Bohr model is additional evidence for the wave-particle duality, since the Bohr
quantization rule mor = hin is rewritten as 27 = nh/mv = nh/p = nA, where A
is the DeBroglie wavelength (which was proposed later). Therefore it says that
an integer number of wavelengths fit exactly into the perimeter of the electron
orbit, thus requiring the electron to perform periodic wave motion around the
orbit (see Fig. 1.7).

Fig. 1.7 - Waves around the perimeter.

1.1.6 Fundamental principles of QM

With all these hints, it was time to ask the question: what is the wave equation
satisfied by particles? One already knew that for radiation the wave equation
was given by Maxwell’s equations, i.e. (Vz— C%af)A# = 0. Schrodinger first
proposed to replace the velocity of light in this equation by the velocity of
the particle, but soon afterwards realized that the DeBroglie waves would be
correctly described by the Schrodinger equation

2

ihd) = [—h—VQ + Vi . (1.15)

2m

Then Born proposed to interpret |1 (r, )| as the probability of finding the par-
ticle at position r at time ¢. In the meantime Heisenberg developed a matrix
mechanics approach to Quantum Mechanics. Observed quantities such as posi-
tion or momentum depended on two states and had to be specified in the form
x;; and p;;. He extracted multiplication rules for these quantities by analyzing
spectral lines for emission and absorption. Finally it was Born and Jordan who
realized that these rules could be rewritten as matrix multiplication. It turned

classical quantity remains finite, e.g. L = An. Indeed this correspondance principle may be
seen at work in the radiation frequency. The radiation frequency between two neighboring
states at large quantum numbers n is v = mzéfz(ZozF[l/n2 —1/(n+1)?] = %(ZQ)Z. On
the other hand the classical radiation frequency is v = v/(2nr) which is seen to be the same
once the velocity and radius computed above are substituted in this expression. Thus, for
large quantum numbers quantum mechanics reduces to classical mechanics.
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out that the matrices that represented position and momentum satisfied the
matrix commutation rule

() (p) = (p) () = [(2), ()] = iR (I) , (1.16)

where (I) is the identity matrix. It was also understood that in wave mechanics
as well there were operators x and p = —iAV that satisfy

[xi, p;] = ihdi;, (1.17)

when applied on the wavefunction . It can be shown that the non-commutativity
of position and momentum leads directly to Heisenberg’s uncertainty principle
which states that the uncertainties in the measurement of position and momen-
tum must satisfy the inequality AxAp > /2 (see next two chapters). Therefore
it is not possible to measure both position and momentum simultaneously with
infinite accuracy. Quantum Mechanics does not prevent the measurement of the
position (or momentum) of a particle with infinite accuracy, but if one chooses
to do so then the momentum (or position) of the particle is completely unknown.
Finally by 1925, with the work of Born, Heisenberg, Pauli, Jordan, Dirac and
Schrodinger, it was understood that all the empirical quantum rules could be
derived from the statement that canonical conjugates such as position and mo-
mentum do not commute with each other. In fact the commutator is always i
for any set of canonically conjugate observables. Therefore, the rules for Quan-
tum Mechanics boil down to the commutation rules of canonical conjugate pairs.
In the 1950’s Feynman developed the path integral formalism as an alternative
formulation of Quantum Mechanics and showed that it is completely equivalent
to the canonical commutation rules. The path integral approach resembles sta-
tistical mechanics, and the probabilistic nature of Quantum Mechanics is built
in from the beginning. Modern developments in the past couple of decades in
several areas of fundamental physics (such as quantum field theory, string the-
ory) have relied heavily on the path integral formulation which turned out to
be more convenient for certain computations. These ideas will be explained in
more detail in the coming chapters after developing the mathematical formalism
of Quantum Mechanics and its physical interpretation in a logical rather than
historical sequence.

1.2 QM from one angstrom to the Planck scale

In the 20th century tremendous progress was made in Physics. In Fig.1.8 the
evolution of the fundamental theories which describe natural phenomena is given
along with the interconnections which exist between these theories. Historically
new insight emerged when apparent contradictions arose between theoretical
formulations of the physical world. In each case the reconciliation required a
better theory, often involving radical new concepts and striking experimental
predictions. The major advances were the discoveries of special relativity, quan-
tum mechanics, general relativity, and quantum field theory. All of these are the
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Figure 1.1: Fig.1.8 : Evolution of fundamental theory.

ingredients of the Standard Model, which is a special quantum field theory, that
explains natural phenomena accurately down to 107'7 cm. The question mark
refers to the current status of String Theory which attempts to unify all inter-
actions. These advances were accompanied by an understanding that Nature
is described by mathematical equations that have very deep and very beautiful
symmetries. In fact, the fundamental physical principles are embodied by the
symmetries.

As discussed in this chapter, Quantum Mechanics was born when Planck
discovered that he needed to introduce the fundamental constant % in order to
understand the thermodynamics and statistical mechanics of black body radia-
tion. To do so he had to abandon certain concepts in classical mechanics and
introduce the concept of quantized energy.

Special Relativity developed when Einstein understood the relationship be-
tween the symmetries of Maxwell’s equations, which describe the properties of
light, and those of classical mechanics. He had to introduce the then radical
concept that the velocity of light is a constant as observed from any moving
frame. In Special Relativity, one considers two observers that are in relative
motion to each other with velocity v, as in Fig.1.9.
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Fig.1.9: Observers in relative motion.

If the first observer measures the velocity of a moving object vy in his own frame
of reference, then the second observer measures v, such that

Vrel + Vi +ViLy/ 1 — V2, /¢ (118)

1+V1 'Vrel/CQ ,

Vo =

where vy, vi1 are the components of v; that are parallel or perpendicular to
Ve Tespectively, and c is the velocity of light. One can verify from this for-
mula that, if the particle has the speed of light according to the first observer

[vi| =, /v%H +v? | = c, then it also has the speed of light according to the sec-

ond observer |vs| = ¢, for any relative velocity of the two observer v,..;. So, the
velocity of light is always ¢ as seen by any moving or static observer. This is an
example of relativistic invariance (i.e. observations independent of the moving
frame characterized by v,.;). Furthermore, for slow moving objects and slow
moving observers which satisfy v; - v,.e; < ¢ and vfel < 2, the rule for the ad-
dition of velocities in eq.(1.18) is approximated by the familiar rule in Newtonian
mechanics vo — v, + vi. Thus, Einstein replaced the Galilean symmetry of
Newtonian mechanics (rotations, translations, and Galilean boosts to moving
frames) by the Lorentz symmetry of Maxwell’s equations and of Special Relativ-
ity (rotations, translations, and relativistic boosts to moving frames). Galilean
symmetry is just an approximation to Lorentz symmetry when the velocity of
the moving frame is much smaller as compared to the velocity of light.
General Relativity emerged from a contradiction between Special Relativity
and Newton’s theory of gravitation. Newton’s gravity successfully explained
the motion of the planets and all other everyday life gravitational phenomena.
However, it implies instantaneous transmission of the gravitation force between
two objects across great distances. On the other hand, according to special
relativity no signal can be transmitted faster than the speed of light. The reso-
lution is found in Einstein’s general theory of relativity which is based on very
beautiful symmetry concepts (general coordinate invariance) and very general
physical principles (the equivalence principle). It agrees with the Newtonian
theory for low speeds and weak gravitational fields, but differs from it at high
speeds and strong fields. In General Relativity gravity is a manifestation of the
curvature of space-time. Also, the geometry of space-time is determined by the
distribution of energy and momentum. Thus, the fabric of space-time is curved
in the vicinity of any object, such that the curvature is greater when its energy
(or mass) is bigger. For example space-time is curved more in the vicinity of
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the sun as compared to the vicinity of Earth, while it is flat in vacuum. The
trajectory of an object in curved space-time corresponds to the shortest curve
between two points, called the geodesic. The curving of the trajectory is rein-
terpreted as due to the action of the gravitational force (equivalence principle).
So, gravity acts on any object that has energy or momentum, even if it has
no mass, since its trajectory is affected by the curvature of space-time. Thus,
the trajectory of light from a star would be curved by another star such as the
sun. This tiny effect was predicted with precision by Einstein and observed by
Eddington soon afterwards in 1916.

Following the discovery of Quantum Mechanics most of the successful work
was done for about thirty years in the context of non-relativistic quantum me-
chanics. However, another contradiction, known as the Klein paradox, arose in
the context of relativistic quantum mechanics. Namely, in the presence of strong
fields the formalism of special relativity requires the creation and annihilation
of quanta, while the formalism of non-relativistic quantum mechanics cannot
describe the physical phenomena. The framework in which quantum mechanics
and special relativity are successfully reconciled is quantum field theory. Par-
ticle quantum mechanics is itself a limiting case of relativistic quantum field
theory. Quantum Electrodynamics (QED), which is a special case of relativistic
quantum field theory turned out to explain the interaction of matter and radi-
ation extremely successfully. It agrees with experiment up to 12 decimal places
for certain quantities, such as the Lamb shift and the anomalous magnetic mo-
ment of the electron and the muon. Such successes provided great confidence
that physicists were pretty much on the right track.

There is a special subset of quantum field theories that are especially inter-
esting and physically important. They are called “Yang-Mills” gauge theories,
and have a symmetry called gauge invariance based on Lie groups. QED is the
first example of such a theory. Gauge invariance turns out to be the underlying
principle for the existence of all forces (gravity, electromagnetism, weak and
strong forces). The Electroweak gauge theory of Weinberg-Salam and Glashow
based on the Lie group SU(2)®@U(1) is a first attempt to unifying two fundamen-
tal interactions (electromagnetic and weak). The Electroweak theory together
with QCD , which describes the strong interactions, form the Standard Model
of Particle Physics based on the gauge group SU(3)®SU(2)®@U(1). The Stan-
dard Model has been shown to be experimentally correct and to describe the
fundamental interactions at distances as small as 10~ '9m. All phenomena in Na-
ture that occur at larger distances are controlled by the fundamental processes
given precisely by the Standard Model. In this theory there exist gauge particles
that mediate the interactions. The photon is the mediator of electromagnetic
interactions, the W* and Z° bosons are the mediators of weak interactions and
the gluons are the mediators of strong interactions. All known matter is con-
structed from 6 quarks (each in three “colors”) and 6 leptons which experience
the forces through their quantum mechanical interactions with the gauge parti-
cles. The gauge particles are in one-to-one correspondance with the parameters
of the Lie group SU(3)®@SU(2)®U(1), while the quarks and leptons form an
array of symmetry patterns that come in three repetitive families. The Stan-
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dard Model leaves open the question of why there are three families, why there
are certain values of coupling constants and masses for the fundamental fields
in this theory, and also it cannot account for quantum gravity. However, it is
amazingly successful in predicting and explaining a wide range of phenomena
with great experimental accuracy. The Standard Model is the culmination of
the discoveries in Physics during the 20th century.

There is one aspect of relativistic quantum field theory, called “renormal-
ization”, which bothered theoretical physicists for a while. It involves infinities
in the computations due to the singular behavior of products of fields that be-
have like singular distributions. The process of renormalization removes these
infinities by providing the proper physical definition of these singular products.
Thus, there is a well defined renormalization procedure for extracting the fi-
nite physical results from quantum field theory. This permits the computation
of very small quantum corrections that have been measured and thus provides
great confidence in the procedure of renormalization. However, renormaliza-
tion, although a successful procedure, also leaves the feeling that something is
missing.

Furthermore, there remains one final contradiction: General relativity and
quantum field theory are incompatible because Einstein’s General Relativity
is not a renormalizable quantum field theory. This means that the infinities
cannot be removed and computations that are meant to be small quantum
corrections to classical gravity yield infinite results. The impass between two
enormously successful physical theories leads to a conceptual crisis because one
has to give up either General Relativity or Quantum Mechanics. Superstring
theory overcomes the problem of non-renormalizability by replacing point-like
particles with one-dimensional extended strings, as the fundamental objects of
roughly the size of 10735 meters. In superstring theory there no infinities at
all. Superstring theory does not modify quantum mechanics; rather, it modifies
general relativity. It has been shown that Superstring theory is compatible
with the Standard Model and its gauge symmetries, and furthermore it requires
the existence of gravity. At distances of 10732 meters superstring theory is
effectively approximated by Supergravity which includes General Relativity. At
this stage it is early to know whether superstring theory correctly describes
Nature in detail. Superstring theory is still in the process of development.

One can point to three qualitative “predictions” of superstring theory. The
first is the existence of gravitation, approximated at low energies by general
relativity. Despite many attempts no other mathematically consistent theory
with this property has been found. The second is the fact that superstring
solutions generally include Yang-Mills gauge theories like those that make up
the Standard Model of elementary particles. The third general prediction is the
existence of supersymmetry at low energies. It is hoped that the Large Hadron
Collider (LHC) that is currently under construction at CERN, Geneva, Switzer-
land will be able to shed some light on experimental aspects of supersymmetry
by the year 2005.
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1.3 Problems

1. Consider the Hamiltonian
H=p?/2m +v]r|. (1.19)

Using Bohr’s method compute the quantized energy levels for circular
orbits.

2. Consider the Hamiltonian
H=clp| + 7, (1.20)
and its massive version
H = (p2 +m2c")"? £ 4r. (1.21)

What are the quantized energy levels for circular orbits according to Bohr’s
method?

3. According to the non-relativistic quark model, the strong interactions be-
tween heavy quarks and anti-quarks (charm, bottom and top) can be ap-
proximately described by a non-relativistic Hamiltonian of the form

H =mic® +mac® +p?/2m +]|r| — af |r|, (1.22)

where m = mymgy/(my+ms) is the reduced mass, and p, r are the relative
momentum and position in the center of mass ( H may be interpreted as
the mass of the state, i.e. H = Mc? since it is given in the center of mass).
The combination of linear and Coulomb potentials is an approximation to
the much more complex chromodynamics (QCD) interaction which con-
fines the quarks inside baryons and mesons. Note that «y, a are positive,
have the units of (energy/distance)=force, and (energyx distance) respec-
tively, and therefore they may be given in units of v ~ (GeV/ fermi) and
a ~ (GeV x fermi) that are typical of strong interactions. Apply Bohr’s
quantization rules to calculate the energy levels for circular orbits of the
quarks. Note that we may expect that this method would work for large
quantum numbers. What is the behavior of the energy as a function of n
for large n? What part of the potential dominates in this limit?

4. Light quarks (up, down, strange) move much faster inside hadrons. The
potential approach is no longer a good description. However, as a simple
model one may try to use the relativistic energy in the Hamiltonian (in
the rest mass of the system H = Mc?)

1/2 1/2
H = (p°c® + mic?) 24 (P2 + m3ct) / +vr| —afr|. (1.23)

What are the energy levels (or masses of the mesons) for circular orbits

according to Bohr’s method? Note that the massless limit m; = mg =0 is

simpler to solve. What are the energy levels in the limits my = 0, mg # 0

and mq, = mo = 07



Chapter 2

FROM CM TO QM

In this chapter we develop the passage from classical to quantum mechanics in
a semi-informal approach. Some quantum mechanical concepts are introduced
without proof for the sake of establishing an intuitive connection between clas-
sical and quantum mechanics . The formal development of the quantum theory
and its relation to the measurement process will be discussed in the next chapter.

In Classical Mechanics there are no restrictions, in principle, on the pre-
cision of simultaneous measurements that may be performed on the physical
quantities of a system. However, in Quantum Mechanics one must distinguish
between compatible and non-compatible observables. Compatible observables
are the physical quantities that may be simultaneously observed with any pre-
cision. Non-compatible observables are the physical quantities that may not be
simultaneously observed with infinite accuracy, even in principle. In the mea-
surement of two non-compatible observables, such as momentum p and position
x, there will always be some uncertainties Ap and Ax that cannot be made both
zero simultaneously. As Heisenberg discovered they must satisfy

AzAp > h/2. (2.1)

So, if the position of a particle is measured with infinite accuracy, Az = 0,
then its momentum would be completely unknown since Ap = oo, and vice-
versa. In a typical measurement neither quantity would be 100% accurate, and
therefore one must deal with probabilities for measuring certain values. It must
be emphasized that this is not due to the lack of adequate equipment, but it is
a property of Nature.

This behavior was eventually formulated mathematically in terms of non-
commuting operators that correspond to position £ and momentum p, such
that

[z, p] = ih. (2.2)

All properties of quantum mechanics that are different from classical mechanics
are encoded in the non-zero commutation rules of non-compatible observables.
The fact that & is not zero in Nature is what creates the uncertainty.

29
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In this chapter we will illustrate the methods for constructing the quantum
theory by first starting from the more familiar classical theory of free particles.
This will be like a cook book recipe. We will then derive quantum properties
such as wave packets, wave-particle duality and the uncertainty principle from
the mathematical formalism. It will be seen that the only basic ingredient that
introduces the quantum property is just the non-zero commutation rules among
non-compatible observables, as above. Classical mechanics is recovered in the
limit of 7 — 0, that is when all observables become compatible.

There is no fundamental explanation for the “classical to quantum recipe”
that we will discuss; it just turns out to work in all parts of Nature from one
Angstrom to at least the Electroweak scale of 107'®m, and most likely all the
way to the Planck scale of 1073%m. The distance of 1 Angstrom (10~8cm) nat-
urally emerges from the combination of natural constants &, e, m. in the form
of the Bohr radius ag = h?/e*m, = 0.529 x 10719m. At distances considerably
larger than one Angstrom the Classical Mechanics limit of Quantum Mechan-
ics becomes a good approximation to describe Nature. Therefore, Quantum
Mechanics is the fundamental theory, while Classical Mechanics is just a limit.
The fact that we start the formulation with Classical Mechanics and then ap-
ply a recipe to construct the Quantum Theory should be regarded just as an
approach for communicating our thoughts. There is another approach to Quan-
tum Mechanics which is called the Feynman path integral formalism and which
resembles statistical mechanics. The Feynman approach also starts with the
classical formulation of the system. The two approaches are equivalent and can
be derived from each other. In certain cases one is more convenient than the
other.

It is amusing to contemplate what Nature would look like if the Planck
constant were much smaller or much larger. This is left to the imagination of
the reader.

2.1 Classical dynamics

The equations of motion of any classical system are derived from an action
principle. The action is constructed from a Lagrangian S = [ dt L(t). Consider
the easiest example of dynamics: a free particle moving in one dimension'.
Classically, using the Lagrangian formalism, one writes

1
L= §m¢2. (2.3)

Defining the momentum as p=0L/di, one has

p=mi — &=L (24)
m

I Everything we say in this chapter may be generalized to three dimensions or d dimensions
(d = 2,3,4,---) by simply putting a vector index on the positions and momenta of the
particles. We specialize to one dimension to keep the notation and concepts as simple as
possible.
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The Hamiltonian is given by
. P mpN?_ P
H=ni—1I = — = . 2.
pe pm 2 (m) (2:5)

The Hamiltonian must be expressed in terms of momenta, not velocities. The
classical equations of motion follow from either the Lagrangian via Euler’s equa-
tions

oL 0L
- = P o= 2.
o~ P 0 = mi=0, (2.6)
or the Hamiltonian via Hamilton’s equations
OH OH P
b=y b=, = d= p=0 (2.7)

In this case the particle moves freely, since its acceleration is zero or its momen-
tum does not change with time.

The relation between momentum and velocity is the familiar one in this
case, i.e. p = ma, but this is not always true. As an example consider the free
relativistic particle moving in one dimension whose Lagrangian is

L=—-mc*\/1—i2/c2. (2.8)

Applying the same procedure as above, one gets the momentum p = 0L/0%

2

p=—— S | — (2.9)
1—i2]c2 /p2c2 + m2c
and the Hamiltonian
H =pi — L =+/p*c®+m3ct. (2.10)

This energy-momentum relation is appropriate for the relativistic particle. Fur-
thermore, note that even though the momentum takes values in —oco < p < o0,
the velocity cannot exceed the speed of light |#| < ¢. Hamilton’s equations,
& = 0H/0p, and p = —0H/0x = 0, indicate that the particle is moving freely,
and that its velocity-momentum relation is the one given above.

Similarly, the classical equations of motion for any system containing any
number of free or interacting moving points x; may be derived from its La-
grangian L(z;, ¢;). In non-relativistic mechanics the Lagrangian for N interact-
ing particles is given by the kinetic energy minus the potential energy

N
1 .
Lzzimimff‘/(m,--- ,IN) (2.11)
i=1
One defines the momentum of each point as p; = 9L/Ji;, and from these

equations determine the relation between velocities and momenta. Then one
may derive the Hamiltonian which is the total energy
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H = vazlpii?i—L(%,i"i)
(2.12)
N

2
= Zi:l 217_7;Ll +V(zy,-zn),

that must always be written only in terms of positions and momenta H(x;,p;).

Although (2.12) is the usual form of the Hamiltonian in non-relativistic dy-
namics, it is not always the case for more general situations and sometimes it
may look more complicated. Nevertheless, through Hamilton’s equations we can
find out the time evolution of the system once the initial conditions have been
specified. One may consider the Hamiltonian as the generator of infinitesimal
time translations on the entire system, since Hamilton’s equations &; = 0H/0p;,
and p; = —0H/0x; provide the infinitesimal time development of each canonical
variable, that is

zi(t+¢€) = xi(t) +exi(t) +--- and  pi(t+e) = pi(t) +eps(t) +--- . (2.13)

This point of view will generalize to Quantum Mechanics where we will see that
the Hamiltonian will play the same role.

2.2 Quantum Dynamics

The classical formalism described above provides the means of defining canonical
pairs of positions and momenta (z;, p;) for each point ¢ (that is, x; is associated
with the momentum p; = dL/0%;). It is these pairs that are not compatible
observables in Quantum Mechanics. One may observe simultaneously either the
position or the momentum of any point with arbitrary accuracy, but if one wants
to observe both attributes for the same point simultaneously, then there will be
some uncertainty for each point ¢, and the uncertainties will be governed by the
equations Az;Ap; > h/2 . To express the physical laws with such properties
one needs to develop the appropriate mathematical language as follows.

A measurement of the system at any instant of time may yield the positions
of all the points. Since positions are compatible observables, one may record the
measurement with infinite accuracy (in principle) in the form of a list of num-
bers |x1,--- ,zy > . Also, one may choose to measure the momenta of all the
points and record the measurement as |p,--- ,py > . One may also do simul-
taneous measurements of some compatible positions and momenta and record
it as |z1,p2,p3, -, &N > . All of these are 100% precise measurements with no
errors. These lists of numbers will be called “eigenstates”. They describe the
system precisely at any instant of time. We will make up a notation for saying
that a particular observable has a 100% accurate measurement that corresponds
to an eigenstate. For this purpose we will distinguish the observable from the
recorded numbers by putting a hat on the corresponding symbol. So, we have
observables (Z;,p;) and the statements that they have precise values in some
eigenstates are written as
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Tiler, - ey > = xilag, o aN >

ﬁi|p17"' yPN > = p2|p17 ,PN > (2 14)
Tlwy,p2, o> = wi|w,p, > '
Palx1,p2, - > = palwi,po,- >

etc.. It is said that these operators are “diagonal” on these eigenstates, and
the real numbers (z;,p;) that appear on the right hand side, or which label the
eigenstates, are called “eigenvalues” of the corresponding operators. From now
on we will adopt this language of “operator”, “eigenvalue” and “eigenstate”.

The language that emerged above corresponds to the mathematical language
of vector spaces and linear algebra. Let us first give an informal description of
the mathematical structure and the corresponding physical concepts. The states
are analogous to column matrices or row matrices, while the operators corre-
spond to square matrices. Any square matrix can be diagonalized and it will
give an eigenvalue when applied to one of its eigenstates. It is well known that
Hermitian matrices must have real eigenvalues. Since only real eigenvalues can
correspond to observed quantities, Hermitian matrices will be the candidates
for observables. Matrices that commute with each other can be simultaneously
diagonalized and will have common eigenstates. These are analogous to compat-
ible observables such as 1, Z5. Matrices that do not commute with each other
cannot be simultaneously diagonalized. They correspond to non-compatible ob-
servables such as %1, p;. If an observable that is not compatible with the list of
measured eigenvalues is applied on the state, as in p;|z1, -+ ,xn > , the result
is not proportional to the same eigenstate, but is some “state” that we will
compute later. The vector spaces in Quantum Mechanics are generally infinite
dimensional. They are labelled by continuous eigenvalues such as x or p and
they are endowed with a dot product and a norm (see below). Such an infinite
dimensional vector space is called a Hilbert space.

At this point we can introduce the postulates of Quantum Mechanics. THE
FIRST POSTULATE states that: At any instant a physical system corresponds
to a “state vector” in the quantum mechanical Hilbert space. THE SECOND
POSTULATE states that: To every physical observable there corresponds a linear
operator in the Hilbert space. The result of any measurement are real numbers
corresponding to eigenvalues of Hermitian operators. These eigenvalues will
occur with definite probabilities that depend on the state that is being measured.
THE THIRD POSTULATE gives a mathematical expression for the probability as
given below. These will be clarified in the discussion that follows.

2.2.1 One particle Hilbert Space

To keep our formalism simple, let us return to the one particle moving in one
dimension. In this case there are just two canonical operators £ and p. Their
eigenstates are |x > and |p > respectively. These will be called “kets” and
we will assign to them the mathematical properties of a complex vector space.
That is, kets may be multiplied by complex numbers and they may be added
to each other. The resulting ket is still a member of the complex vector space.
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Kets are analogous to column matrices. For column matrices in n dimensions
one may define a complete basis consisting of n linearly independent vectors.
Keeping this analogy in mind we want to think of the set of all the kets {|z >}
as the complete basis of an infinite dimensional vector space whose elements
are labelled by the continuous number x and whose range is —oo < x < co. The
idea of completeness here is tied to all the possible measurements of position
that one may perform with 100% precision. Similarly, the set of the momentum
kets {|p >} must form a complete basis for the same particle. Therefore we
must think of the position and momentum eigenstates as two complete bases
for the same vector space. In the case of an n—dimensional vector space one
may chose different complete bases, but they must be related to each other by
similarity transformations. Similarly, the position and momentum bases must
be related to each other by similarity transformations, that is

|z >= / dp |p>Fp» or Ip >= / de |z > Ggp , (2.15)

— 00 — 00

where the functions F, G are to be found.

In general the particle may not be measured in a state of precise position or
precise momentum. This will be denoted by a more general vector |¢) > which
is a linear superposition of either the position or momentum basis vectors.

vo- | T o > (o) = / T dp o> ). (2.16)

—00 —00

According to the first postulate of Quantum Mechanics any such state is a
physical state, provided it has finite norm (see definition of norm later).

In a vector space it is natural to define an inner product and an outer
product. For this purpose one defines a complete set of “bras” {< z|} that are in
one to one correspondance to the position kets, and similarly another complete
set of bras {< p|} that are in one to one correspondance to the momentum
kets. Bras are analogous to the row vectors of an n—dimensional vector space.
Formally we relate bras and kets by Hermitian conjugation

<al=(z>)'  <pl=(p>)" (2.17)

Therefore, the general vector in bra-space < 1| = (|1 >)'has expansion coef-
ficients that are the complex conjugates of the ones that appear for the corre-
sponding kets

< =/°° dz *(z) < 2] = /OO dp 7 (p) < pl. (2.18)

The inner product between a bra < ¢| and a ket [¢) > is analogous to the
inner product of a row vector and a column vector. The result is a complex num-
ber. The norms of the vectors can be chosen so that the position or momentum
bases are orthogonal and normalized to the Dirac delta function
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<2|lr>=46(z' —z), <plp>=d60p' —p). (2.19)

The outer product between a ket and a bra is analogous to the outer product
between a column vector and a row vector, with the result being a matrix. So,
the outer product between two states is an operator that will be written as
[ty >< 1by]. When the same state is involved we will define the Hermitian
operator Py

P¢ = |’(/J > ’(/)|

In particular |z >< 2| = P, is a projection operator to the vector subspace of
the eigenvalue z. So, it serves as a “filter” that selects the part of the general
state that lies along the eigenstate |z > . This can be seen by applying it to the
general state

Py > = [T di'|z ><z|z’ > ¢(a))
= |z > [T da'd(z — a')p(2) (2.20)
= |z >9(@)

or similarly < ¥|P, = ¢*(z) < z|. By taking products
PPy = |z ><zla’ ><a|=0(x —2')P,

it is seen that the P, satisfy the properties of projection operators. The complete
set of projection operators must sum up to the identity operator

/ di' |2/ ><2'|=1= / dp’ |p' ><p'|. (2.21)

— 00 — 00

The consistency of these definitions may be checked by verifying that the
symbol 1 does indeed act like the number one on any vector. One sees that
1|z >= |z > as follows

1|z >= / da' |2' >< 2'|z >= / do' |2' > 6(a' —z) =z >,  (2.22)

and similarly for any state 1|t >= |10 > . Using these properties one may
express the functions F), ,, G, p, ¥(x),¥(p) as inner products as follows

|z >=1z>= [ _dp [p ><plz > = F,,=<plz>
p>=1lp>= [ _dz |z ><z|p > = Gup=<uzlp> (2.23)
[ >=1y>=[" dplp><plv> = P(p)=<pl¢> '
[ >=1>= [T do |z ><azlp > = ¢@) =<z >.
From the above definitions it is evident that
< zlp >= (< plz >)", (2.24)

< Wle>= (<l >)" =97 (),
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etc.. Also, the inner product between two arbitrary vectors is found by inserting
the identity between them

<Yyl > = <OZ>?1‘1|1/’2 > -
— f_oo dv <ii|lz ><zhpy > = f_oo dz %E(m)ﬁ/@(m)
= ffooo dp <ilp><ply > = ffooo dp 1 (p)Ya(p)-
(2.25)

These properties allows us to interpret the projection operator P, as the
experimental apparatus that measures the system at position z. So, a mea-
surement of the system in the state 1) > at position = 17 e¢m will be math-
ematically symbolized by applying the measurement operator P,_17., on the
state |1 > as above, Pi7epm|tb >= |17em >< 17cemly >. Similarly, a measure-
ment of the system at some momentum with the value p will be symbolized by
the projection operator P, = |p >< p|. It is seen that when a measurement
is performed on the system [¢) >, then its state collapses to an eigenstate of
the corresponding observable, and this fact justifies calling this mathematical
operation a “measurement”. So, the measurement yields an eigenstate of the
observable times a coefficient, i.e. Pty >= |z > 9(z) or P,|th >= |p > (p).
More generally, if the experimental apparatus is not set up to detect an observ-
able with 100% accuracy, but rather it is set up to detect if the system is in
some state |¢ >, then the measurement operator is Py = |¢ >< ¢|, and the
measurement yields the collapsed state Pgli) >= |¢ >< Pl > .

At this point we introduce the THIRD POSTULATE OF QUANTUM MECHAN-
1cS: If the system is in a state |t >, then the probability that a measurement
will find it in a state |¢p > is given by | < ¢|p > |>. The roles of ¢ and 1
may be interchanged in this statement. This probability may be rewritten as
expectation values of measurement operators

| <@l > =< Pl Pyl >=< ¢|Pylop > . (2.26)

This leads to the interpretation of the expansion coefficients ¥(x) =< x|y > and
121(;0) =< p|tp > as probability amplitudes for finding the system in state |¢p >
at position z or with momentum p respectively. The sums of probabilities such
as |[Y(x1)|? + [1(z2)|? is interpreted as the probability for the system in state ¢
to be found at either position x; or position x2. The probability interpretation
implies that the system 1 has 100% probability of being found in the same state
P, i.e. if ¢ =1 then < ¢|tv >=1, or

o0

o0
<vlpr= [ wr@ue = [ aieie -1 e
—00 — 00

for any physical state |1p > . The interpretation of this equation makes sense:
the total probability that the particle can be found somewhere in the entire
universe, or that it has some momentum is 100%.

The interpretation of [1)(z)|? as a probability density gives rise to the defini-
tion of average position of the system in the state ¢, i.e. zy = [*_dz z |1(z)[?

Similarly the average momentum is py = ffooo dp p |1]J(p)|2 These may be
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rewritten as the expectation values of the position or momentum operators
respectively zy, =< ¥|&|y) >, py, =< ¥|p|p > . This last point may be verified
by inserting the identity operator and using the eigenvalue condition as follows

< lEf >=< Bla1jp >= /dm < Plafz >< xlp >= /dwm W@ (2.29)

and similarly for < ¢|p|w > . Generalizing this observation, the expectation
value of any operator A in the state 1) will be computed as

Ay =< p|Ajp > . (2.29)

The uncertainty of any measurement in the state 1) may be defined for any
observable as the standard deviation (AA), from its average value. Thus

(AA) =< P|(A — Ay)? | >=< 9P| A% > —(< P AJy >)%. (2.30)

So, we may write
(Az)? = / dr(z — 22 [p(@)2, (Ap)? = / dp (0 — po)? D). (2.31)

2.2.2 Quantum rules

Everything that was said so far may apply to Classical Mechanics just as well
as to Quantum Mechanics since Planck’s constant was not mentioned. Planck’s
constant is introduced into the formalism by the fundamental commutation rules
of Quantum Mechanics. Two canonical conjugate observables such as position
and momentum taken at equal times are required to satisfy

[2(2), p(t)] = ih (2.32)

when applied on any state in the vector space. An important theorem of linear
algebra states that it is not possible to simultaneously diagonalize two non-
commuting operators. As we will see, this means that position and momentum
are non-compatible observables and cannot be measured simultaneously with
100% accuracy for both quantities. Their non-compatibility is measured by
the magnitude of . Note that it follows that position operators at different
times do not commute [x(t),x(¢")] # 0 since the Taylor expansion gives x(t') =
x(t) + (t —t')&(t) + - - - and the velocity is related to momentum.

One may now ask: what is the state that results from the action of p on a
position eigenstate < x|p =?. It must be consistent with the commutation rule
above so that < z|ifi =< z|[Z, p] = (< z|p) — (< z[p)Z . The solution to this
equation is 5

<zlp= Zh@m <zl. (2.33)
This can be verified by the manipulation (< z|p)E = (—ih% < z|)z =
—ihZ(z < z|) = —ih < z| 4+ z(< z|p) , which leads to the correct result
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< xlih =< z|[#,p]. > With similar steps one finds also
ple >= zﬁibc > (2.34)
p =as .

and 9 9
<plt= z‘ha—p <pl, Zlp >= —z‘ha—p p> . (2.35)

2.2.3 Computation of < p|z >

We are now in a position to calculate the inner product < p|z > . Quantities of
this type, involving the dot product of different basis vectors, are often needed
in quantum mechanics. The following computation may be considered a model
for the standard method. One sandwiches an operator between the two states
such that its action on either state is known. In the present case we know how
to apply either the position or momentum operator, so we may use either one.
For example, consider < p|Z|x > and apply the operator & to either the ket or

the bra.
x < plx >

iha% < plz > (2.36)

< p|lE|z >= {
The two expressions are equal, so that the complex function < p|z > must
satisfy the first order differential equation

0
zha—p <plx > —z < plz >=0. (2.37)

This has the solution _
< ple >=ce TP" (2.38)
where ¢ is a constant. Similar steps give the complex conjugate < z|p >=

c*erP®. To find ¢ consider the consistency with the normalization of the basis
and insert identity in the form of the completeness relation

6(p—p') =<plp/ >= [dz <plz ><zlp/ >
= [ da|cfPe T r)e (2.39)
= |c|*27hé(p — p')

Therefore, |c| = \/ﬁ The phase of ¢ may be reabsorbed into a redefinition of

the phases of the states |z >, |p >, so that finally
> ; 1
dp |p>e mP"

1
) >=
V2mh J-co P V2mh

Therefore position and momentum bases are related to each other through a
Fourier transformation. Furthermore, one has ¢ (z) =< z|1|¢) >= ffooo dp <

s .
|z >= / dx |z > e?PT. (2.40)
—0o0

2Since these steps are sometimes confusing to the beginner, it may be useful to redo
them by defining the derivative of the state by a limiting procedure (a_az < z)z =

(limg 0 <’v_+‘l{lﬂ*_<’vt)g = limg 0 ﬂﬁ%&& =<az|+Z <.
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zlp >< plp >= \/% ffooo dp err® @(p) Similarly, one may insert identity in

z-space in (p) =< p|1|¢p > and derive that it is the inverse Fourier transform

of ()

dp ehPe @(p) , P(p dx e~ *P® ¥(x)

Note that Fourier transforms emerged directly from the commutation rules
[Z,p] = ih. Without using Fourier’s theorem we have shown that the consis-
tency of the quantum formalism proves that if the first relation in 2.41 is true,
then the second one is also true. In other words we proved Fourier’s theorem by
only manipulating the quantum mechanical formalism. This is just an example
of many such mathematical relationships that emerge just from the consistency
of the formalism.

P(z

2.2.4 Translations in space and time
Momentum as generator of space translations

In a very general way one can see that the momentum operator p is the infin-
itesimal generator of translations in coordinate space. Consider two observers,
one using the basis |z > and the other using the basis |z 4+ a > because he
measures distances from a different origin that is translated by the amount a
relative to the first observer. Both bases are complete, and either one may be
used to write an expression for a general state vector. How are the two bases
related to each other? Consider the Taylor expansion of |x 4+ a > in powers of

a, and rewrite it as follows by taking advantage of 0|z >= —%}3|:E >
n 871
lzta> = Y7o hramle >
S (—;fp) |z > (2.42)

e—iaﬁ/h |$ >

So, a finite translation by a distance a is performed by the translation operator
T, = exp(—iap/h) , and the infinitesimal generator of translations is the mo-
mentum operator. That is, an infinitesimal translation |x+a >= |z > +04]z >,
is expressed in terms of the momentum operator as

0 ia .
Oglx >= a%\x >= —Ep|:1c > (2.43)

Similarly, the position operator performs infinitesimal translations in momen-
tum space. Thus, a shift of momentum by an amount b is given by exp(ibz/h)|p >=
p+b>.

Since every state in the basis {|z >} is translated by T,, a general state is
also translated by the same operator. Thus, the second observer can relate his
state ¢/ > to the state used by the first observer [¢) > by using the translation
operator [/ >=T,|¢ >, where
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oo oo

Tu|t >:/ dzTa|x>¢(1’):/ dz \:E+a>1/)(1’):/ dz |z > Y(x—a)

B - - (2.44)
So the probability amplitudes seen by the second observer are related to those
of the first observer by

Y(z —a) =< z|Tyltp > . (2.45)

Hamiltonian as generator of time translations

By analogy to space translations, we may consider an operator that performs
time translations

U(t,to)hﬂ,to >= |’(/J,t > . (246)

Recall that the Hamiltonian is the generator of infinitesimal time translations
in classical mechanics, as explained in eq.(2.13). Therefore, the expansion of
U(t,tp) should involve the Hamiltonian operator. By analogy to the space
translation operator above we may write U(t,to) = 1 — i(t — to)H/h+ - .
Therefore the infinitesimal time translations of an arbitrary state is 5t% |1, t >=
(—i0tH /)[4, t > . This statement is equivalent to

ih%h/},t >=Hly,t >, (2.47)

which is the famous Schrodinger equation. Thus, the Schrédinger equation is
simply the statement that the Hamiltonian performs infinitesimal time transla-
tions. The formal solution of the Schrédinger equation is (2.46), which implies
that the operator U(¢,ty) must satisfy the differential equation

il %U(t, to) = HU(t,t0) . (2.48)

Therefore, when H is time independent one may write the solution
Ult, to) = e (=t H/M. (2.49)

It H (t) depends on time the solution for the time translation operator is more
complicated

Ut to) = Texp[—% /t "), (2.50)

where T' is a time ordering operation that will be studied in a later chapter. For
now we consider the case of a time independent Hamiltonian.
The general time dependent state may be expanded in the position basis

[, t >= / dz |z > P(x,t) = e‘itﬁ/h\w >, (2.51)
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where we have chosen the initial state |¢),¢ = 0 >= |[¢) > . By taking the inner
product with < z| we may now derive

P(x,t) =< zlip,t >=< gle H/ My > | (2.52)

By applying the time derivative on both sides one sees that the time dependent
wavefunction satisfies the differential equation

ih2y(x,t) = <az|lHW,t> . (2.53)

Up to this point the formalism is quite general and does not refer to a particular
Hamiltonian. If we specialize to the non-relativistic interacting particle, its time
evolution will be given by

ih gt = <ol(br+V@)l,t>
=[5 02 + V()] (1),

where the second line follows from the action of $ on < z|. We have thus arrived
at the non-relativistic Schrodinger equation!

As another example consider the free relativistic particle for which the Hamil-
tonian takes the form

(2.54)

ihZy(z,t) = <a|y/m2ct+ 2p|y,t >

= /m2ct — k2292 Y(x,t).

Since it is cumbersome to work with the square roots, one may apply the time
derivative one more time and derive

(2.55)

[2(0F — 02) + m2c?] (x,t) = 0. (2.56)

This is the Klein-Gordon equation in one space dimension. The solutions of
these equation will describe the time evolution of the corresponding system.
These two examples illustrate that the time development for all systems follows
from the fundamental operator equation (2.46,2.53) regardless of the details of
the Hamiltonian. Furthermore, the solution of the equation is given by (2.52)
for any time independent Hamiltonian, but there remains to compute the matrix
element.

2.2.5 Computation of time evolution

For the free particle the Hamiltonian and momentum operators are compati-
ble [H,p|] = 0. Therefore, the Hamiltonian is simultaneously diagonal on the

momentum eigenstates
p2

] _ _ 2m
Hlp>=Bplp> — By = {(m204 + c2p?)1/2  relativistic

non-relativistic
(2.57)

Then the time evolution of the momentum wavefunctions is easily computed as
a phase



42 CHAPTER 2. FROM CM TO QM

P(p,t) =< ple /M >= e /M (p). (2.58)
The position wavefunction is obtained by the Fourier transform

1 > i . ~
Y(x,t) = —/ dp enwP* eﬂtEl’/hw D). 2.59
@n=—=[_ ) (2:59)
It is easily verified that for any ’(Z(p) this is the general solution to the Schrodinger
equation above for either the free non-relativistic or relativistic particles®.
In a more general problem, to solve the time evolution of the system one
must find the eigenstates of the Hamiltonian

ﬁ|E1 >= E1|E1 > (260)

and use these as another orthonormal and complete basis for the same particle.
That is

< Ej|Ej >=6;; > B >< Ej| =1. (2.61)

(3

where 1 is the same identity operator that has a similar expression in terms of
position or momentum bases. Then any state may be expanded in this energy
basis instead of the position or momentum basis

.t >= ) |Ei > v, (8), (2.62)
and the time evolution is computed easily as a phase

Vg, (t) =< Ei\e_itﬁ/h\w >=cp, e /N (2.63)

In particular the position wavefunction may be computed as follows

P(a,t) =< zlp,t >= Y <a|B; > e PN < Bily > (2.64)

provided we specify the basis functions ¢ 5, () =< x|E; > and the set of con-
stants < F;|t) >= cg, at the initial time. The energy eigenfunctions may be
computed by the same method used for < z|p >, i.e. by sandwiching the oper-
ator H between the states and evaluating the matrix element in two ways

E;, < x|El >
[~ 2202 4 V(z)] <z|E; >,

2m - T

< z|H|E; >= { (2.65)

3However, the squared Klein-Gordon equation has a second set of solutions with negative
relativistic energies, F = —FE(p) , which represent anti-particles (although the square-root
form has only positive energy solutions). The general solution of the Klein-Gordon equation
is the sum of the two types of solutions, with two arbitrary coefficients 12Ji (p). The negative
energy solution has the interpretation of anti-particle.
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we see that ¢ g () =< x|E; > satisfies the time independent Schrodinger equa-
tion

2
[ 502 4+ V(@) 65, () = B 5, () (266)

From this we see that from the complete knowledge of the eigenfunctions ¢ . ()
and eigenvalues E; we can predict the time development of the system described
by that Hamiltonian. The free particle cases worked out above are just special
examples of this general procedure.

2.2.6 Wave Packets
According to the third postulate of Quantum Mechanics the quantity | (z,t)]?
is interpreted as the probability for finding the particle in state v at position x
at time ¢. In this section we will clarify this point and show its consistency with
our intuition from Classical Mechanics.

For the free particle we have seen that the general solution to the Schrodinger
equation is given by a general superposition of waves

Blot) = \/% /  dpi(p) PO/, (2.67)

p?/2m  mnon-relativistic

E(p) = {\/m relativistic

where 9)(p) is arbitrary. For a given momentum p the wave exp(i[pz — E(p)t]/h)
is periodic under the translation  — x + 2wn(h/p). Therefore the wavelength
is

A p (2.68)
in agreement with DeBroglie’s idea. Recall that the wave form emerged from
the commutation rules [, p] = ih. If h were zero there would be no quantum
mechanics, position and momentum would be compatible observables, and the
DeBroglie wavelength would vanish.

Let us start at t = 0 and choose @(p) in such a way that the DeBroglie waves
interfere constructively in a certain region and destructively outside of that re-
gion. For example, consider the extreme choice 9 (p) = (1/v/21h) exp(—ipzo/h)
which yields complete destructive interference everywhere except at one point
P(x) = d(z — x0). So the particle is located at xy without any errors so that
Az = 0. On the other hand, since the probability distribution in momentum
space |1(p)|? = 1/2nh is independent of momentum, the momentum can be
anything and therefore Ap = co. However, this wavefunction is not part of the
physical Hilbert space since its norm is infinite.

Next consider the Gaussian distribution in momentum space

~ 20\t _, 2 /52
¥(p) = (?) e~ pmo/healp=po)”/h” (2.69)
™
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which is normalized [ dp [U(p)|? = 1. Tt gives

o0

Y(x) = (2)Y1 / o ein(amzo) /b -alp—po)?/n*

o0

= (20)V4 giro(o—a0)/h /dL ¢t/ (=) /h—o(p! /1)?

mh?

2mh (2.70)
= (%)1/4 eipo(x—wo)/he—(a:—zo)z/4a / dé::h e_a(p”/h,)Q

— 00
_ (ﬁ)l/4 eipo(ﬂi*wo)/h 67(1710)2/4(1
where p’ = p—po, p"” =p' —ihx/2a, and the contour has been deformed in the
complex p” plane back to the real axis since there are no singularities. Note that
all the dependence on x, xg, pg, h follows from changes of integration variables,
and only to determine the overall constant we need the intagral | i)ooo due " =
/7. The probability distributions and the widths in position and momentum

space are

W’ (m) |2 _ 217ra 67(1710)2/2(1 Ar = \/a
7 2 _ 2a,—2a(p—po)?/h? Ap = L (271)
lv(p)|* = 7h2 € P=5/s

For small « the position distribution is sharply peaked and approaches a delta
function, but the momentum is widely distributed (see Fig.2.1).

% Po

2
Fig.2.1 - [¢(x)]* and ‘1#(;0)’ probability densities.

For large a the opposite is true. Furthermore the uncertainties satisfy the

product
Ax Ap =h/2. (2.72)

Therefore the Gaussian wave packet gives the minimum possible uncertainties
according to Heisenberg’s relation AzAp > 7/2.

Let us now examine the propagation in time of these Gaussian wave packets
according to (2.67). Since the integrand is sharply peaked near py we may
approximate

E(p) = E(po) + (p — po) E'(po) + %(p —po)* E"(po) + -+, (2.73)
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and then perform the integral with the same steps as in (2.70). The result is
the probability distribution (see problem)

o=t A= VAl

where 1
zo(t) =20+ E'(po)t,  alt) =a+ —[E" ()P (275)

Therefore, the position distribution is now peaked at x = z((¢) and it spreads as
time goes on. Notice that E' = OE/0p is just the velocity (recall £ = 0H/Jp),
so that the peak moves just like the classical particle for any definition of the
energy-momentum relation. This is called the group velocity of the wave packet,
and this phenomenon now accounts for the wave-particle duality. Namely,
the wave packet simulates the motion of the particle on the average, while it
participates also in wave phenomena such as interference.

Notice that the spreading is less significant for an extremely relativistic par-
ticle, since for cpg > mc?,

E"(po) = m*cS(pac® + m204)_3/2 ~m?c®/py ~ 0. (2.76)

and there is no spreading at all for particles such as photons or neutrinos that
have zero mass m = 0 and move at the speed of light. We may compute the
amount of time required for doubling the initial uncertainty (A:r)2 = «a to 2a.
This is given by ht E” (py) > 2« , or

2m(Ax)2 /R non-relativistic
~ 2(Az)?/(hE" (po) ) = { 2(Az)?p3/ (hm?c3) relativistic
00 ultra relativistic

(2.77)
So, a non-relativistic electron wave packet localized in the atom within Ax ~
1079 would spread in about ¢ ~ 10~'7s. This simply means that in practice
the electron’s location cannot be pin-pointed within the atom. Furthermore,
in this situation one should remember that if one tries to localize a system to
distances smaller than its natural size, then the forces acting on the system
will dictate a different energy-momentum relation than the one assumed for
the free particle. Generally one cannot localize to distances smaller than the
natural size, for then the quantum mechanical system gets destroyed, as we shall
demonstrate below.

2.2.7 Understanding Az Ap > h/2 through gedanken ex-
periments

As we have seen from the wave packet analysis there is an inescapable uncer-
tainty in position and/or momentum as dictated by the uncertainty principle.
It is useful to sharpen our intuition about this phenomenon by considering a
few gedanken experiments and explaining the role of the uncertainty principle
in those situations.
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Heisenberg’s microscope

Suppose one tries to measure the position of a moving electron by observing
it through a microscope. This means that the electron collides with a photon,
and the photon is deflected inside the microscope where it is focused to form an
image (see Fig.2.2)

P, = P sing

>
photon
® A o / pP=hvic

photon
=

electron

Fig.2.2 - Heisenberg’s microscope

According to the laws of optics the resolving power of the microscope is
given by the size Az = A\/sin¢. Therefore this is the minimum uncertainty
in the position of the observed electron. It would seem that by using very
short wavelengths one could locate the electron’s position to within any de-
sired accuracy. What happens to the momentum? How accurately can we
measure it simultaneously? By momentum conservation, the uncertainty in
the x-component of the electron momentum is equal to the uncertainty in x-
component of the photon momentum. The photon will be deflected to an angle
smaller or equal to ¢ as shown in the figure. The x-component of its momentum
will be smaller or equal to psin¢ = (hr/c)sin ¢. Therefore the uncertainty in
the x-component of the photon momentum (and hence in the electron’s mo-
mentum) will be Ap, = 2(hv/c)sin ¢ (the factor of 2 takes into account the full
angle). The product of these uncertainties for the electron is

Az Ap, = L X ZM sin ¢ = 4nh (2.78)
sin ¢ c

where we have used v\ = c. So, one could not beat the uncertainty principle.
Can one measure the recoil of the screen and determine (Ap,) photon? No,
because one will have to confront (Ax) for the screen, etc.

Two slit experiment:

Consider the two slit experiment. The distance between the two slits is a, and
the distance to the screen is d . The path difference between two rays passing
through two different slits is asin f, therefore at angles asinf, = An there is
constructive interference and bright fringes form (see Fig. 2.3)
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Y. =dfan®,)

a sing®)

Fig.2.3 - Double slit experiment.

The distance between adjacent fringes is given by
dX
(0Y) fringes = Yn+1 — Yn = dtan by, — dtan b, ~ — (2.79)

where we have approximated tan 6 ~ sin 6 for small #. Suppose an observer who
is placed at the slits will attempt to tell which slit the electrons pass from. The
question is whether this measurement is possible and still have the interference
phenomena? If the observer can determine the position of the electron within
Ay < a/2, then he can tell which slit the electron went through. To make an
observation he must impart the electron with a momentum which is imprecise
by an amount Ap, > h/a. But then there will be an uncertainty in the angle of
the electron given by

A(sin ) = % > a—’; _2 (2.80)

This will propagate to an uncertainty on the location the electron hits the screen

IS

(2.81)

fringes *

Ay~ d A(sinf) > A (0y)
a

The uncertainty Ay is larger than the distance between the fringes (dy) Fringes-
Therefore, the interference pattern is lost if the observer tries to localize the
electrons at the slits. So, it cannot be done without destroying the system.

Locating the electron position in H-atom

According to Bohr’s calculation (see chapter 1) the electron in the H-atom
travels in quantized orbits with radii given by r, = An?/mca. The distance
between two adjacent radii is 6r,, = 41 — r = B(2n 4+ 1) /mea. Can we make
an experiment that measures the position of the electron with an error that is
smaller than half this distance, Ar < dr, /2, so that we can clearly tell where
the electron is within the atom?

According to the uncertainty principle, in such an experiment we can de-
termine the momentum of the electron with an uncertainty Ap, > W =
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mea/(2n + 1). Then the energy will be uncertain by an amount

meo ac 1
AE =2 pAp/m > . = —

pap/ n 2n+1 2
Since the uncertainty in energy is larger than the binding energy, such a mea-
surement will disturb the atom to the extent of altering its energy level struc-
ture. Therefore, such an experiment cannot be performed without destroying
the atom.

mc’a? /n?. (2.82)

Quick estimates in quantum theory

One can sometimes use the uncertainty relation to make quick estimates about
a quantum system. We give two examples. The first concerns the ground state
energy of the H-atom, and the second the mass of the pion.

(i) The H atom is described by the Hamiltonian H = p?/2m — Ze?/r. The
electron is localized within a radius r, so its momentum must be of order p ~ h/r.
Therefore, the energy is estimated to be E ~ h?/2mr? — Ze?/r. To find the
ground state we can minimize the energy with respect to r, dE/0r = 0, and
find 7 = h?/me®Z = ag/Z, which is the Bohr radius. Substituting this into the
energy equation we get the correct ground state energy E = —mc?Z2%a?/2

(ii) Yukawa postulated that the nuclear force is due to emission and ab-
sorption of the m—meson. From the knowledge that the range of this force is
about one Fermi, we can estimate the mass of the pion by using the energy-time
uncertainty relations. Let us first establish this relation. The uncertainty in
momentum implies an uncertainty in the energy AE = pAp/m, and the un-
certainty in position implies an uncertainty in time At = Az /& = Azm/p.
Therefore their product is

AE At = Ap Az > h/2. (2.83)

This relation was derived for a non-relativistic particle, however it also applies
unchanged to a relativistic particle described by the equations (2.9) and (2.10).
Now, because of the emission/absorption of the pion the energy is uncertain by
an amount AFE = m,c?. Therefore the time that it takes for the pion to reach
another part of the nucleus may be estimated to be t ~ h/ m,c?. The distance
travelled by the pion during this time will be of the order of the range of the
nuclear force, i.e. 1071%m. So, rg = ct ~ ch/ mrc* ~ 10~®m. This allows the
computation

h
Mmac? = —= ~ 130 MeV (2.84)
To

which is a fairly close estimate of the correct value of 139 MeV.

2.3 Problems

1. Consider a particle moving on a circle of radius R instead of the infinite
line. The position and momentum eigenstates are |x > and |p >, respec-
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tively. What are the allowed eigenvalues? Why? Consider probabilities in
providing an answer. What is < z|p >=? Write down the completeness
and orthonormality relations, and show how they work on the set of func-
tions < z|p > . What happens in the infinite radius limit? Next consider
a particle moving on a torus of radii (R;, R2). Generalize your reasoning
and provide the allowed eigenvalues for positions and momenta.

2. Consider two operators & and 3 whose commutator is a c-number [&, 3] =
c. Prove that o o
evel = P x const. (2.85)

and determine the constant. Now consider space translations by a distance
a that are performed by the operator A = exp(—iap/h) and momentum
shifts by an amount b that are performed by the operator B = exp(ibz/h).
Show that the products AB and BA differ from each other by a phase, i.e.
AB = BAe', and find the conditions on a,b such that [A, B] = 0 become
compatible observables.

3. Consider the Hermitian dilatation operator D = %(:Eﬁ + pi). It commutes
with the parity operator P. By definition, their eigenvalues and eigen-
vectors satisfy D|A, £ >= A\, £ >, and P|\,&+ >= £|\, &+ > . These
states must form a complete orthonormal basis just like | > or |p > .
Therefore one may expand one basis in terms of the others. Find the cor-
rectly normalized position space wavefunctions (or expansion coefficients)
wf(x) =< z|\, £ >=7, and prove that they are complete and orthonor-
mal

Z/oo dAYY* (@) 93 (@) = S(a '), (2.86)
+ —0o0

/jo dz bE* (x) ¥3 (2) S(A—=N).

4. In class we discussed the Gaussian wave packets at arbitrary times ¢ (z, t).
Using these wavefunctions compute the average position, the average mo-
mentum, and the average uncertainty

zy(t) = < tlEfy.t >,
py(t) = <.ttt >, (2.87)
Azy(t) = [<, 8@ —zy(0)?|0,t >]'/2

at arbitrary times, for (i) a free non-relativistic particle, and for (ii) a
massless ultra-relativistic particle. What relation is there between . (t)
and py (t) ?

5. Suppose that at ¢ = 0 the wavefunction of a free non-relativistic particle
is

Y(x,0) = Cealzl+ike, (2.88)
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What is t~he correct normalization C =7 What is the momentum wave-
function ¥ (p,0) =7 What is ¢(x,t) =7

. Consider the position and momentum translation operators of problem 2.

Assume that they are applied on the wavefunction of a particle that moves
on a circle. Such a wavefunction must be periodic ¥ (z + 27R) = ¢(z).
Suppose that the translation operator A applied N times on this wave-
function is equivalent to a 2w R translation, i.e. AN = ). Assume that
the particle is allowed to live only on the discrete points x,, = (n/N) 27 R
connected to each other by the translation A (like particles in a periodic
crystal). Labelling the wavefunction at the positions z, as v, we may
write Ay, =1, ., and 1,y = 1,,. There are N independent states, so
we may take them as isomorphic to the N dimensional vector space of
column or row matrices

1 0
0 :

Py = . P 7¢N = 0 . (2-89)
0 1

Furthermore, this position wavefunction is obviously an eigenstate the
operator B :

B, = exp (ibx, /h) ©,, = exp (ibn2rR/Nh) 9,,. (2.90)

Note that AN = 1 is simultaneously diagonal on every state. Let’s impose
also the condition that B = 1 on the wavefunctions. Then the allowed
eigenvalues for B must satisfy exp(iNbx,, /h) = 1, for every n, which fixes
bR/h = k = integer. Using the smallest possible b, we may take k = 1.
Therefore the eigenvalues of B are exp(in27/N). So, we can write B as a
diagonal N x N matrix

exp(i2m/N)
exp(i4m/N)
B exp(i67/N)

exp(i27)

(2.91)
This allows us to interpret 1, as position eigenstates. What is the ma-
trix form of the translation operator A =7 (note this is called a “circu-
lar matrix”). Verify explicitly the relation AB = BAe'® by matrix mul-
tiplication; what is the phase? Now consider the products of transla-
tions in position and momentum space A" B™2. How many such inde-
pendent operators are there? What do get if you try to commute them
[Am1 B2 Am Bn2] =7

. The uncertainty relation AEAt > h/2 was derived for a non-relativistic

particle. Show that it also applies to a relativistic particle described by
the egs.(2.9) and (2.10).



Chapter 3

STRUCTURE OF QM

3.1 Postulates

Quantum Mechanics is based on three postulates that establish the mathe-
matical language corresponding to the physical concepts. In this chapter the
mathematical structure of QM will be discussed in general terms. The relation
of mathematical concepts to physical concepts, such as Hilbert spaces to physi-
cal states, operators and matrices to observables, eigenstates and eigenvalues to
physical measurements, etc., will be explained. The meaning of solving a quan-
tum mechanical problem completely, will be clarified. Finally these concepts
will be illustrated in a quantum system consisting of only two states.

The three postulates of QM were already introduced in the second chapter
in the discussion of the single free particle. We state them once again in general
terms:

1. A physical state is represented by a vector in the Hilbert space |¢) > .

2. To every physical observable there corresponds a linear, Hermitian oper-
ator in the Hilbert space. Operators have eigenstates and corresponding
eigenvalues. The results of measurements are the eigenvalues of compati-
ble observables. As we will see, the simultaneous eigenstates of a complete
set of compatible observables form a complete basis, such that an arbitrary
state |¢b > in the Hilbert space can be written as a linear superposition of
the basis.

3. When a system is prepared in a state [¢) >, and it is probed to find out
if it is in a state |¢ >, after the measurement the state i) > collapses to
the state |¢ >< ¢l >, where < ¢|1) > is a complex number called the
probability amplitude. The probability that a measurement will find the
system in a state |¢ > is given by | < ¢|y > |2.

In principle, in an ideal measurement the state |¢ > is an eigenstate of
the observables being measured. Therefore the observed eigenvalues occur with

o7
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definite probabilities depending on the state |0 >. More generally, the state
|¢ > may be a superposition of eigenstates of the observables, corresponding to
a distribution of eigenvalues. A consequence of the probability interpretation is
that a physical state must satisfy | < [t > | =1, or

< Yl >= +1, (3.1)

since a system prepared in a state |t > has 100% probability of being found
in the same state [1) > . The (—1) case is discarded as part of the postulates
of QM. This corresponds to requiring a unitary positive norm Hilbert space.
We now define the necessary mathematical concepts, relate them to physical
quantities according to these postulates and clarify their meaning.

3.2 States, kets&bras, norm

A physical state has a mathematical description in terms of a vector in a unitary
Hilbert space. A unitary Hilbert space is an infinite dimensional vector space
with a positive norm that is not infinite. However, there are quantum mechanical
systems that are effectively described in terms of finite dimensional vector spaces
as well. We will consider a Hilbert space as the n — oo limit of a complex
vector space in n dimensions. A complex vector space is a set of elements called
vectors (which we denote here by the ket symbol |e >) that may be multiplied
by complex numbers and added to each other such that the set remains closed
under these operations. So, a|y > +5|¢ > is in the set if (a, 5) are complex
numbers and (|¢) >, |¢ >) are vectors in the set. A complex vector space in n-
dimensions boils down to a set of basis vectors {|i >, i=1,2,---n}. A general
vector 1) >=3".|i > 1), is a linear superposition with coefficients v; that are
complex numbers. It is evident that general vectors satisfy the definition.

There is a dual vector space whose elements are put in one to one corre-
spondence to the original vector space by Hermitian conjugation. Formally one
writes the bra < | = (|9 >)T, and the dual basis vectors are denoted by bras
{<i|, i=1,2,---n}. Therefore the general dual vector is < 9| = >, ¥; < i,
where the complex conjugate coefficients appear.

It is natural to define inner and outer products < i|j > and |j >< | respec-
tively. By assumption, the basis is complete, and it is always possible to bring
it to orthonormal form. These statements are expressed as

i=1 b=J

where §;; is the Kronecker delta function. The dot product of two general
vectors follows as a complex number

<ol >=D iy, <ili >=_ éie, (3:3)
% [
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and the norm of the general vector is real and positive

<Pl >=> " wiy, (3.4)

i=1

and may be normalized to < ¥|¢) >= 1.

A finite dimensional vector space can be put in one to one correspondence
with column and row matrices. Thus, |i > is represented by a column vector
that has zero entries everywhere except at the i’th row, where the entry is 1.
Similarly, < | is represented by the Hermitian conjugate row matrix. The outer
product |j >< 4| is a square matrix with zeros everywhere except at location

(4, )

1 0
0
1>=1 . In >=
0 1
<1 =(0---0) <n|=(00---1)
1><1|= 00 1 ><n|= 0
0 0 0 0

(3.5)
Therefore, the general vector |1 > and < 1| are general complex columns or
rows respectively, while the linear combination of outer products

My My -+ My,
M1 Mas -+ My,
M=>"|k>My<l| = _ : . : (3.6)
o : : . :
Mnl Mn2 e Mnn

is a general complex matrix with entries My;. The matrix elements may be
computed by using the dot products

<ilM|j>=)" <ilk> My <llj >= > dxMudy; = My;.  (3.7)
kl kl

An infinite dimensional vector space may be countable or not. If it is
countable it may be labelled by integers ¢ = 1,2,---00 , so that it is de-
fined by simply taking the limit n — oo in the above expressions. It may
also be convenient to label it with all integers ¢ = —oo,---,—1,0,1,--- ,00
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instead of only the positive integers; these are equivalent. If it is not count-
able it may be labelled by a continuous variable, as e.g. the position basis
{lx >, —00 < z < oo}. In this case it is useful to think of the continuous
variable as the limit of a lattice with the lattice constant going to zero, i.e.
{zr =4a; i=-n,---,-1,0,1,--- ;n; a — 0, n — oo}. This allows us to
define vectors with a new normalization
) li >

T =10 >= —— 3.8

| = (38)
such that, in the a — 0 limit, the sums are replaced by integrals (using [ dz ~
>~ a) and the Kronecker delta is replaced by a Dirac delta function

. o
[Zode |z ><a| = lim oo S alzﬁ 7% =1
(3.9)
<zly > = lim::i %‘j—z = 1im::000 ‘Zj =d(x —y).

Therefore, the norm of the vector is infinite < x|z >= 6(0) = co. However, this
is what is required for consistency with integration of the delta function

oo L
/ dzdé(z —y) = lim a—L =1 (3.10)
—o0 na:oo i=—n a

and is self consistent as seen in chapter 2. In some applications it is also possible
that the interval in the continuous z-variable is finite € [—a, a]. In this case
the limits for n and a are not independent, and must be taken such that na = «
always remains finite.

A Hilbert space is an infinite dimensional vector space which admits only
vectors which have a finite norm. Therefore, not all vectors that can be con-
structed from the continuous basis | > is a member of the Hilbert space. In
particular the vector |z > itself is not in the Hilbert space due to its infinite
norm. Any general vector expressed in terms of a continuous basis, such as
| >= [dz |z > 1(z), or countably infinite basis such as |[¢p >= "7, i > 1,
is in the Hilbert space provided its norm is finite

<Pl >= /d:c [9(x)]? < oo, or <Pl >= Z [, [? < oo. (3.11)

=1

Physical states must have finite norm since the norm is interpreted as probability
that cannot exceed 1.

3.3 Observables, eigenstates, eigenvalues

An observable in Quantum Mechanics has a corresponding observable in Clas-
sical Mechanics. Examples of observables are position, momentum, angular
momentum, spin, charge, isospin, color, etc. for every particle in a system.
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According to the second postulate an observable A is a linear operator in the
Hilbert space. This means that the action on a vector |¢) > in the Hilbert space
involves the first power of A, and the result of the action is another vector |x >
in the Hilbert space. A similar statement holds for the bra space, thus

Al >=|x >, < ¢|lA =<1,

such that both |¢) > and |x > (or < ¢| and < 7|) have finite norm. The action
of the Hermitian conjugate operator is defined through Hermitian conjugation
of the states < 1| = (Jop >)T

<ylAT=<x|, Allp>=|n>. (3.12)

Sandwiching the operator between a ket and a bra defines a complex number
through the inner product defined in the previous section

< GlAfp >=< P|x >=<n|Y >

< |Atg¢ >=< x| >=< ¢l > . (3.13)

Therefore the result is the same if one acts first on either the left or the right

< PlAlY >=< ¢|(Alp >) = (< ¢|A) Y >= (< Y|AT|p >)7, (3.14)

and the last equality follows from the complex conjugation property of the inner
product < ¢lx >= (< x|¢ >)* = > ¢;¢;.

It is possible to find a set of vectors {|a >} which are eigenvectors of the
operator A. That is, the action of A reproduces the vector up to an overall
constant which is called the eigenvalue. The eigenvector is labelled conveniently
by the eigenvalue

Aloy >= aile; >, < oy|AT = af < i . (3.15)

The second equation follows by Hermitian conjugation. The results of physical
measurements are the eigenvalues. Since these have the same meaning as the
classically observed quantities (i.e. position, etc.), the eigenvalues of observables
must be real numbers. To guarantee this property the postulate requires that
a physical observable is a Hermitian operator AT = A. Indeed, for a Hermitian
operator one can show that the eigenvalues must be real, as follows. Consider

*
a; < aglog >

< Oéz'|A‘Oéj >= { ) (3.16)

a; < ai|aj >
which is obtained by acting with the Hermitian operator to the left or the right.
This equality leads to

(OézF — Ozj) < Oéz'|Oéj >=0. (317)

*

Choosing the same states gives (af — «;) < ay]o; >= 0, which requires real
eigenvalues o = a; since the norm cannot vanish. Furthermore, choosing dif-

ferent eigenvalues a; # o requires < a;fo; >= 0, which shows that eigenstates
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belonging to distinct eigenvalues must be orthogonal. There could be more than
one state with the same eigenvalue. Such states are called degenerate eigen-
states. One can always choose a basis in which the degenerate eigenstates are
also orthogonal among themselves, and they are distinguished from each other
with an additional label on the state. To keep our notation as simple as pos-
sible we assume at first that there are no degenerate states, and discuss them
later. Since all possible measurements of an observable correspond to these
eigenstates, they must be complete. Thus, we have the completeness and or-
thonormality conditions satisfied for the basis defined by the eigenstates of a
Hermitian operator.

Z |Oé7; >< Oéi‘ =1, < Ozi|01j >= (5@', (318)

where the sum runs over all the states (including the degenerate ones, if any).
In this basis one can define matrix elements of any operator B by sandwich-
ing it between bras and kets

Bij =< a;|Bla; >, (3.19)
and the operator itself may then be written as a sum over outer products, since
B = 1B1 gives

B = Z |Ozi > Bij < Oéj|. (320)

Q,Q
In particular the operator A corresponds to a diagonal matrix in this basis since
Aij =< Oéi|A‘Oéj >= 0y < Oéi|Oéj >= aiéij (321)

It is evident that there is an isomorphism between the eigenstates of a Her-
mitian observable and the basis of vector spaces discussed in the previous sec-
tion. If the basis of |a; > eigenstates is countable, we may choose the isomor-
phism such that |o; >= |i > corresponds to a column vector in n— dimensions
as in (3.5). Then the operator A takes the diagonal matrix form

ap 0 0 O

0 ay O 0
A= Z |Ozi >y < Oéz'| = 0 0 a3 O (322)
i 0 0 0

and the normalized eigenstates are precisely the ones listed in (3.5).

If there are degenerate eigenstates, then there will be several a;’s or as’s
etc. on the diagonal. Then one may think of the above matrix as blocks con-
taining the degenerate eigenvalues, such that the unit matrix within that block
is multiplied by the corresponding eigenvalue. One reason for the occurrence
of degeneracies is the presence of more than one compatible observables (e.g.
[A, B] = 0 ), since the vector space is labelled by their simultaneous eigenval-
ues |ay, ;> . Then necessarily there are degenerate eigenstates since for each
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eigenvalue «; there are many states labelled by the eigenvalues ;. The vec-
tors within each block of degenerate a’s would then be distinguished by the
eigenvalues of B.

3.4 Compatible and incompatible observables

3.4.1 Compatible observables and complete vector space

Given a physical system, there is a maximal number of compatible observables.
These form a set of operators {47, As,--- Ay} that commute with each other

[Ai, A;] = 0. (3.23)

In principle the number N corresponds to the number of degrees of freedom
of a system in its formulation in Classical Mechanics. This corresponds to the
number of canonical position-momentum pairs, plus spin, charge, color, flavor,
etc. degrees of freedom, if any. Thus, for a system of k£ spinless neutral particles
in d dimensions there are N = k x d degrees of freedom that correspond to
compatible positions or momenta needed to describe the system. The operators
{A1, Ag,--- An} could be chosen as the N positions or the N momenta or some
other N compatible operators constructed from them, such as energy, angular
momentum, etc.. As explained below, for each choice there is a corresponding
complete set of eigenstates that define a basis for the same physical system. A
physical state may be written as a linear combination of basis vectors for any
one choice of basis corresponding to the eigenstates of compatible observables.
Furthermore any basis vector may be expanded in terms of the vectors of some
other basis since they all describe the same Hilbert space.

Let us consider the matrix elements of two compatible observables A; and
Ay in the basis that diagonalizes (A1);; = a1,0;;. The matrix elements of the
zero commutator give

0=< Z|[A1,A2]|j >= (0[11' — Oélj) (AQ)ZJ (324)

Choosing states with different eigenvalues of the first operator ay; # oy; we
conclude that (Asz);; = 0. Therefore, the second operator must also be diagonal
on the same basis (A2);; = a2;0;;. This argument is slightly different if there are
degenerate eigenstates with same values of «;. Then the commutator argument
only says that (Asz);; is block diagonal, where the blocks are defined by the
degenerate eigenvalues of A, as discussed at the end of the previous section.
However, by an appropriate similarity transformation each block in As can
be diagonalized since similarity transformations do not change the blocks of
degenerate eigenvalues of A1 Therefore the result is that the basis can always be
chosen such that the two compatible operators are simultaneously diagonal. The
argument may now be repeated with the pairs (A1, A3) and (A, A3), arriving
at the result that the three operators are simultaneously diagonal, etc..

So, all observables in the complete maximal compatible set {41, Ag,--- Ax}
have common eigenstates on which they are simultaneously diagonal. It is wise
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to label the eigenstates with their eigenvalues so that
|i > |Oz1i1 y Oy 50t > (3.25)

corresponds to a possible measurement of the system. As a shorthand notation
we will often use the symbol |i > although we mean (3.25). Since these states
represent all possible measurements that may be performed on the system they
form a complete basis. Any state of the system may be expressed as a linear
superposition of this basis. They can also be chosen orthonormal, as discussed
above. Thus, we may write

Dans, oy o |0 Q2 5 >< iy 0y 5[ =1

< Q1ip 024y 500 |a1j1 y Q2 5t >= 60&11‘,1 Q15 5(121‘,2 sazj, e

(3.26)

All computations may be performed in terms of this basis. Thus, the matrix
label “” is replaced by a composite label “i1is---”, and matrix elements may
be denoted by

(B)ij = (B)iy iz, g1 ja-r (3.27)
etc.. When the eigenvalues of observables are continuous the corresponding
labels are also continuous, and matrix elements are then functions of those
variables. For example consider an operator acting on position space, with
< z|Alz" >= A(z,z’) which is a function of two variables. However, it is still
useful to consider these functions as infinite dimensional “matrices”.

3.4.2 Incompatible observables.

Let us now consider an observable B that is not compatible with the set { Ay, Ag, - - -

that is [B, A;] # 0. Then we may derive
(g iy, — a 3,,) (B)ig =< i|[Ax, B][j >=0(?) (3.28)

The right hand side may or may not be zero; this depends on the states ¢, j and
operators A, B. Consider the subset of states for which the result is non-zero.
In general when i # j the eigenvalues of the Ay’s are different, and the non-
zero result on the right implies that B cannot be diagonal. Therefore, there
cannot exist a basis in which incompatible observables would be simultaneously
diagonal. If there were such a basis, they would commute by virtue of being
diagonal matrices, and this contradicts the assumption.
Let us consider two incompatible observables and their respective sets of
eigenstates
Alay >= ayfay >, B|B; >= 3,18, > . (3.29)

Since each set of eigenstates is complete and orthonormal, and they span the
same vector space, they must satisfy

Dplag ><ap] =1= 3510, >< Byl

<ailaj > =0;= < BB > (3:30)

AN})
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This allows the expansion of one set in terms of the other by simply multiplying
the state by the identity operator

o >=Y 18, >< Byl >, 1B, >= > |k >< B > (3.31)
k k

The expansion coefficients satisfy < 8;|a; >= (< a;|8;, >)* therefore they form
a unitary matrix

Ui =< ,Bk|04¢ > (3.32)
since we can write
UUNm =2 Uil = 30, < Bilai > (< Byley >)*
=, < Brlou >< a;|f) >=< B|6; > (3.33)
=0

We conclude that the bases of non-compatible observables are related to each
other by a unitary transformation. The unitary operator that performs the
transformation may be written as the outer product of the two bases. By con-
struction we see that the operator U has the following properties:

U= lu><Bl, loi>=UlB;> Uk =<alUlai>=<pla;>.
l

(3.34)

In the case of multiple observables that form complete sets {41, Aa, -+, Ay}

and {Bj, Ba, -, By} that are not compatible, the unitary transformation from
one basis to the other takes the form

U= Z lars, , aory - >< By s Bagy s - (3.35)

Iyl

3.5 Measurement

3.5.1 Projection operators

The third postulate of Quantum Mechanics relates to the measurement process.
To measure a system one must put it in an eigenstate of the observables that
are being measured. If |¢ > represents the quantities that we wish to measure,
and the system is in a state 1) >, then the measurement process collapses the
state to |¢ >< ¢|p > . The probability that the system is found with the
desired values of the observables is | < ¢[1) > |?. Therefore we may represent
the measurement apparatus by the outer product

Py =|p>< 4| (3.36)

The act of measuring is then equivalent to applying this operator on the state

Py [ >=[¢ >< ¢l > . (3.37)
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The probability | < ¢|¢» > |?> may be expressed as the norm of the new state
obtained after the measurement, provided we normalize |¢ > to one < ¢|¢ >= 1.
Then the norm of the collapsed state gives the probability which may also be
written as the expectation value of the measurement operator

[Py [ > | =< p|Pie >=< p|Pylp >=| < ¢l > |*. (3.38)

Since we have a complete set of states defined by the simultaneous eigenval-
ues of compatible observables as in (3.25) we may define the set of all possible
measurements of the observables {Ay, As, -+, Ay} by the measurement opera-
tors

P, =i ><1l. (3.39)

We may think of P; as a filter that projects the general vector |¢p > along the
basis vector |[¢ > and computes the component of the vector. Indeed, the P;
satisfy the properties of projection operators

PPj=0;P, Y Pi=1 (3.40)

where the last sum follows from (3.26). If one wants to measure only observable
Ay, and not the others, one must sum over everything compatible that is not
measured. So, one sums over all the projection operators with a fixed eigenvalue
of A1

P, = Z |l S aiy o >< g, Q2 50| (3.41)

24y 5

This projection operator serves as a filter for the eigenvalue y;, . The sum of
such projectors is the full identity (3.26)

ZPle = Z Piiy.. =1 (3.42)
i1

11,02,

According to these rules, measuring position means multiplying the state
by the projector |z >< z|, and obtaining the state |x >< z|¢p > . The
coefficient < z|tp >= (z) is the probability amplitude for finding the sys-
tem at position z !'.Similarly, measuring momentum means multiplying the

1Since the norm of |z > is infinite §(0) = oo, rather than 1, we must divide out its norm
if we wish to express the probability as the norm of the state |z >< x|t > that results after
the measurement. To be strictly correct, the measurement apparatus cannot be represented
by |z >< x| since the the state |z > is not in the Hilbert space due to its infinite norm. One
should really use a normalized wavepacket |1/Jx0 > that cooresponds to a sharp probability
distribution concentrated around the measured position xg. Then the measurement apparatus
is really |1, >< 4, | (which is more realistic anyway), and there are no problems with infinite
norms. However, in computations it is much more convenient to use the position space vector
|z > as an idealization for the sharp wavepacket, and then one must understand that its
infinite norm should be divided out. The same remarks apply to momentum measurements
|p >< p|, or any other observable that has continuous eigenvalues.
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state with |p >< p|,and interpreting < pltp >= 1)(p)as the probability am-
plitude for finding the system at momentum p.The same idea applies to en-
ergy, angular momentum, spin, charge, etc. So, for example, the projector
|E,l,q >< E,l,q|represents the simultaneous measurement of the compatible
observables energy, angular momentum and charge. If only one of these quanti-
ties is measured the corresponding projection operator is obtained by summing
over the unmeasured eigenvalues.

If one performs a series of measurements one after the other, these filtering
operators keep track of the system and compute the state after each measure-
ment. Imagine the two possible series of measurements described by the setups
below. where each box represents a measurement.

[measure #1] [measure #2] [measure #3|
W’ > [1><1|p> - 12><2]1><1]yp> - 13><3[2><2[1><1|p>
|w - [measure #1] N N [measure #3]

[1><1]pp> 13><3[1><1|p>

Thus, after three measurements of observables described by the measuring sys-
tems associated with |1 >, |2 >, |3 >, the system is found in the state

PsPyPly >= |3 >< 3|2 >< 2|1 >< 1|y >, (3.43)

and the probability of finding those attributes in the state |¢) > is given by the
norm of the resulting state P3P, Py|v) >. Using P? = P3, it may be written as

< Y|Py PyPsPyPy|ih >=| < 3|2 >< 2|1 >< 1o > |2 (3.44)

On the other hand if one only measures attributes described by |1 > and |3 >,
i.e. not measure in between the attributes described by |2 >, then the resulting
state and probability are

P3Py >= |3 >< 3|1 >< 1[3p >, <Y|PIPsPi|Yp >=| < 3]1 >< 1|3 > |°.
(3.45)
The second result is unrelated to the first one, and in general it cannot be
recovered from a sum of all possible measurements of attributes |2 >. This
is because of the decoherence or collapse of the state created by the act of
measurement. This would not have happened in classical mechanics.

However, there are cases in which decoherence will not happen. For example
if the series of measurements involve only compatible observables decoherence
will not happen. Thus, if every attribute in |2 > corresponds to compatible
observables with those in |3 > then [P, P3] = 0 (prove this statement for two
compatible measurements represented by operators of the type (3.41) P,,, and
Py, ,,. see problem 1:). Then one can write

< 'Q/J|P1P2P3P2P1|’¢J >= w|P1(P2)2P3P1|’§/J >= w|P1P2P3P1|’g/J > (346)

This means that after summing over all the probabilities for measuring all values
of attributes |2 > we can recover the probability for not measuring attributes
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|2 > at all (i.e. no filtering of any special attribute |2 >) :

> < Y|PP PPyt >=< | PLPs Pt > . (3.47)
2

This explains in general why there is no decoherence in Classical Physics. It is
because in the limit 7 — 0 all observables are compatible.

3.6 Uncertainty relations

The average value of an observable A in a physical state |1 > is defined by the
“expectation value”
Ay =< p|Alp > . (3.48)

As an example consider the average position

Ty =< Y|2p >= /dm < Y|lE|z >< 2| >= /dmx [v(x)]?, (3.49)
which makes sense intuitively given the interpretation of |1)(z)|? as a probability
distribution. The mean square deviation from the average may be taken as a
definition of the uncertainty in a measurement in the state |¢p >

(AA)? =< [(A— Ayt > . (3.50)

This quantity is positive since it can be rewritten as the norm of the vector
(A—Ay)|Y >= |4 > . Consider two incompatible observables [A, B] # 0, and
examine the product of the uncertainties in their measurements

(AA) (AB), =< 9|(A— Ay)?lp > < Y[(B = By)?lp >

=< Pultha ><plp >

> | <Palbp > =] <y|[(A—Ay)(B = By)lp > |?
| < 1/’|2if-[(A —Ay), (B = By)llY > |?
| < l5;]A, Bl > |2,

AVALY

(3.51)
where we have used the following steps: (i) From line 2 to line 3 we used the
Schwartz inequality for the vectors |14, > and |1 >, (ii) from line 3 to line 4
we used the Schwartz inequality for complex numbers o =< ¢[(A — Ay )(B —
Byl > or a* =< |(B-By)(A-Ay)l >, ie. [af? > (Ima)? = [(a—a”)/2i]%
and (iii) in the last line the c-number terms dropped from the commutators.
Finally taking the square root we obtain the basic uncertainty relation that
applies to any state |1 >

(AA)y (AB)y > | < ¥l (A, Bl > |. (352)

If two observables are compatible it is possible that (AA),(AB)y = 0 in some
states |¢) >, but this is not necessarily true in every state |t > . However, if
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they are incompatible there can be no state in which the product is zero. As an
example, we may now apply this relation to the observables £ and p and derive
from first principles the well known Heisenberg uncertainty relation

1. . h h
AzAp > | < ¢|Z[$,p]|¢ > | = 5 < Yl >= 5 (3.53)

In this final expression the dependence on the state |1) > dropped out since
the norm of any physical state is 1. Obviously this will always happen if the
commutator of the two observables is a c-number, which is of course the case
for any canonically conjugate pair of generalized “position” and “momentum”.
Therefore, for any such pair the uncertainty relation is the same as the basic
Heisenberg uncertainty relation.

3.7 General solution to a QM problem

3.7.1 Time translations

Just as in Classical Mechanics, in Quantum Mechanics one wants to study the
time development of the system once it is prepared in some initial state |1, ty >.
Solving this problem is a central goal of physics, since this is how we understand
a physical system and predict its behavior. As motivated in chapter 2, the time
development of a state is done through the time translation operator

|w,t >= U(t,to)W),tO > . (354)
The state |i,t > is the solution to the Schrédinger equation
ihdy |, t >= H|i,t > . (3.55)

These two statements combined imply that the time translation operator satis-
fies the first order equation

ihd,U(t,to) = HU(t,to) (3.56)

which must be solved with the boundary condition U(tg,t9) = 1. It is easy to
see that

U(t, ty) = exp|—iH (t — to) /] (3.57)

when the Hamiltonian is time independent. If the Hamiltonian depends on time,
then the differential equation, combined with the boundary condition, can be
put into the form of an integral equation

Ult,to) =1— i/h/t dty H(t1) U(ty, to). (3.58)

to
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An equation of this type is solved by iteration, i.e. by replacing repeatedly the
same form inside the integral

Ult,te) =1—i/h [ dt H(ty) {1 — /R [ At H(t2) Ulta, to)| = -
=1—i/h [} dty H(tr) + (—i/R)? [} [ dtrdts H(t1) H(tz) + -

=3 o(=i/n)™ ftto dt1~~~ftto”’1 dt, H(ty)--- H(tn)

=y T ftto dtl---ffo dt,, T{f{(tl)--- ﬁ(tn)}

=7 {exp[~i/h [ At (11)]}
(3.59)
To be able to write a compact form we have introduced the time ordering op-
eration, which instructs to order the operators according to their chronological
order

T{A(t1)B(t2)} = 0(t1 — t2) A(t1)B(t2) + 0(ta — t1) B(t2)A(t1) - (3.60)
More generally

T{AM)BEICE) ) = AE)BERICE) - h=t>t>
= B(t2)A(t1)C(3) - - lo >t >t3 >

Inside the time ordering bracket the order of operators can be changed as if they
commute with each other at different times

T{A(t1)B(t2)} = T {B(t2)A(t1)}, (3.61)

since this gives the same result according to its definition. This property allows
us to write the steps in lines 4 and 5 in the above equation (see problem 3) by

using the fact that T’ {I:I(tl) e ]:I(tn)} is completely symmetric as a function

of the time variables t; - - - ¢,,. However, the meaning of these expressions really
boils down to the series on the 3rd line.

Schrédinger and Heisenberg Pictures

We also need to discuss the time development of operators. In Quantum
Mechanics there are several setups of time development. The one we have
been discussing so far prescribes the time development of the states |1, ¢ >=
Ul(t,to)|w), tg >. Operators are at time ¢y and their matrix elements may be
computed in the Hilbert space at time ¢, for example, < x,t|B(to)[w,t > . This
approach is called the Schrédinger picture. Another alternative is to peel off the
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time dependence from the state and associate it with the operator by rewriting
the same equation as follows

<X HB(to) |1, t >=< x, to|UT (¢, t0) B(to)U (¢, to)|v, to >

=< %, to| B, to > (3.62)

where we have defined a time dependent operator B(t) = UT(t,t0)B(to)U(t, to).
The second approach produces the same matrix elements or probability ampli-
tudes for measurements. This is called the Heisenberg picture. In the second
picture we may keep the Hilbert space unchanged, but compute the time evo-
lution of all observables by this rule. The Heisenberg picture parallels more the
situation in classical mechanics in which there are no states, but there are time
dependent observables.

To emphasize that the rules to be followed for time development are different
in the two pictures, it is customary to attach additional labels on the states and
observables : [ >g,Bg or |¢p >p, By where S, H stand for Schrodinger or
Heisenberg pictures respectively. Choosing ¢, = 0 for convenience, the two
pictures are related to each other by the unitary transformation U(t) = U(t, 0)

Bu(t) =U'(t)BsU(t) [t >s=U(®)[¢ > - (3.63)

The time derivative of observables in the Heisenberg picture have a relation to
dynamical equations of motion in classical mechanics. To explore this point

we compute the time derivatives by using the equation of motion satisfied by
U(t,0)

OBu(t) = [OU(O]BsU(E) + Ut (1) Bs[U (1)
. (Ut(t)Hs BsU(t) — U'(t)Bs HsU(t))
U'HgU U'BsU — U'BsU UTHgU) (3.64)
=+ (HyBy — BgHp)
= +[Hu(t), Bu(t)]
where we have defined the Hamiltonian in the Heisenberg picture Hgy(t) =
Ut(t)HsU(t). The Heisenberg Hamiltonian has the same form as the Schrodinger
Hamiltonian Hg = H (Zs,Ps), but it is built from the Heisenberg position and
momenta Hy = H (i, p) since

St St St
NN

Hy = U'H(ig,ps)U = HUY2sU, Ut psU) = H(zw,pr).

Furthermore, the equal time commutation rules in the Heisenberg picture are
the same as those of Schrodinger picture [&x(t), pr(t)] = k. This is proved by
applying the similarity transformation to products of operators and inserting
the identity operator UT(t)U(t) = 1 in between factors, e.g.

(@ (t),pr ()] = [UT(0)2sU ), UT(0)psU ()] = UT (1) [Es, ps)U(¢) = ih.

The last equation together with (3.64) are in one to one correspondance to the
Poisson bracket formulation of classical mechanics and therefore one expects
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to obtain equations of motion for Heisenberg observables that have the same
form as those in classical mechanics (except for taking care that the orders
of non-commuting operators in the resulting equations must not be changed).
Indeed, as an example, if we apply it to the case of free particles we see that
it produces the same equations of motion for the dynamical observables as in
classical physics

Otn = ¢y, &n) = $[55, in] = B2 (3.65)
Opr = ¥ [Hp,pul =

Computation of time development

In most cases we only need to discuss the time independent Hamiltonian, so we
will stick to the solution in (3.57). To actually perform the time translation of
the states in the Schrodinger representation, one must first find the eigenstates
of the Hamiltonian operator (we will avoid writing explicitly the extra index S
for the Schrédinger representation)

H|E; >= Ei|E; >, (3.66)

and expand the general initial state in this energy basis

[,to >=_|Ei > cp, . (3.67)
E;

Then the time development follows from

.t >=Ult,to) |1, to >= D _|E; > e Filt=to)/hepy (3.68)
E;

It is easy to verify that this solves the time dependent Schrédinger equation
with the correct boundary condition.

3.7.2 Complete solution

We now clarify what it takes to have a complete solution to a general problem
in Quantum Mechanics. We identify schematically three steps

1. Find a complete Hilbert space. This is defined by means of the set of
eigenvectors {|ai,as, -+ >} of a complete mazimal set of compatible
observables {A1, Ay, --}. Generally there are several convenient sets of
compatible observables . Each such set defines a complete basis which
may be convenient for different calculations (e.g., position space, versus
momentum space, versus angular momentum space, versus energy space,
etc.).

2. Learn how to expand one convenient basis in terms of others, and how
to apply all the non-diagonal operators on the chosen basis. We say that
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a complete solution for the system is obtained when all expansion coeffi-
cients < 1, B9, - - |aq, aa, -+ > are known and all operations of the type
Blag, g, -+ >, for any operator B and any |y, ag, - > are computed,
at least in principle. In this case one is able to find any desired matrix
element of the type < aj,aq,---|Blaj, ab, - > and then relate them to
measurable properties.

3. To predict how a state |, ¢t > will evolve with time one needs to con-
sider the basis that includes the Hamiltonian H =A1, as one of the oper-
ators in the set of compatible observables { H,As, - - }, so that one of the
eigenvalues is the energy. Then the time evolution of the system is solved
as discussed above. This is the fundamental reason for computing the
eigenvalues and eigenstates of the Hamiltonian. To find the space-time
interpretation of the system one needs to also compute the position space
wavefunction, ¥ g, (21, %2, -+ ) =< 1,22, - - |E;, - - - >, which is the proba-
bility amplitude. To be able to find the energy eigenvalues and eigenstates
one may need to solve the differential form of the Schrodinger equation
satisfied by this amplitude. In some cases algebraic methods may suffice
to find the energy eigenvalues and/or the position space wavefunction as
we will see in some examples.

To clarify this program let us see how it applies to solvable problems con-
sisting of just free particles:

One free particle in one dimension

For the free particle this program has already been accomplished in chapter 2,
but let us review the essential elements. There are just two basic operators
Z and p. Therefore at step (1) there are two bases {|x >} and {|p >}. At
step (2) we compute < z|p = —ihid, < x| and derive the expansion coefficients
< z|p >= (2rh)~/? exp(izp/h). Furthermore, using these results we know how
to compute the matrix elements of any function of the operators F(&,p) in the
momentum or position basis. The answers to step (3) are easy because the
Hamiltonian is a function of momentum

. 52 /2m, non-relativistic
- { r/ v (3.69)

\/p2c2 + m2ct relativistic,

and therefore it is already diagonal in momentum space. That is, energy space is
the same as momentum space in this case. Therefore the expansion coefficients
< z|p >=< z|E > are already computed. The general state may be expanded
in the position basis or momentum basis (i.e. energy basis): |¢ >= [dx |z >
P(x)= [dp|p> ¥(p), and its time evolution is computed easily in momentum
space. For definiteness let us concentrate on the non-relativistic particle (the
reader may easily generalize the discussion to the relativistic case). Then

[t > = [dp |p> exp(—itp®/2mh) (p) . (3.70)
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It is harder to compute it in position space

[t > = [de e Me > gx)
= [do [da' |2/ >< a'|e” /0 |z > () (3.71)
= [da' |2/ > (2, 1)

The final ¢(x,t) is obtained by equating the last line to (3.70) and taking the
inner product with < x|. This produces the Fourier transform

P(z,t) = / \/%exp(ixp/h— itp? /2mh) ¥ (p) . (3.72)

The space-time properties of this probability amplitude was discussed in the
previous chapter, where it was interpreted as a wave packet.
Another interesting quantity is the propagator defined by

0t) < a'|le /Mg >=9(t) < '|z,t >= G2, ;). (3.73)

It has the interpretation of the probability amplitude, for a particle that was
initially at position z, to be found at position =’ after some time t. We have
included the step function 6(¢) in the definition since this interpretation is valid
only for positive times t > 0. We know by construction that this quantity is a
delta function at zero time

G2, z;t = 0) =< 2’|z >= (2" — ). (3.74)

Namely, initially the particle is sharply located at ' = z. For later times,
the probability amplitude is computed by inserting identity in terms of the
momentum basis

G a;t) =0(t) [dp < ale”™H/Mp>< plo >

— o(t) Qd% efitpg/Qmﬁefip(a:fw')/h (375)

=0(t) /557 P (im(gh_txl)z)

The last integral is performed by the completion of squares method that was
illustrated for wave packets in the previous chapter. We expect that, by con-
struction, in the limit ¢ — 0 this expression should reduce to a delta function,
and indeed it does (see problem 4). For larger times, the probability that the
particle is at some other point increases, since the distribution gets broader.
This is related to the spreading of wave packets (see problem 2 for the relativis-
tic case).

The propagator G(z’, x;t) is actually the Green function for the Schrédinger
equation for the free particle since it satisfies the equation

2
(mat, _ 27:”—@5,) Gl ¥ —t) = ihd(a — ) 6(¢ — 1), (3.76)
m
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This result may be seen in two ways. One may either check the differential
equation by substituting the explicit result for G(a/, x;t) given above, or note
that it must be satisfied by construction (use < a’|p? = —h?92, < 2’| ):

(mat ~ 22, ) Gz t) =
= (mat — L2, ) (9( ) < af|e /g >)

2m !
ihé(t) < o|e /Mg > 10(t) < |(H — L)e it /Mg >
= ihd(t) < o'z >
= ihd(a' — ) 8(t).

(3.77)

where we have used H = p2/2m and set t = 0 for the terms multiplying 6(t).
From (3.71) we see that the propagator gives the time evolution of the wave-
function

W, t) = /dw’G(w’,x; £ to) (', to) (3.78)

This is integral is directly in position space and reduces to the same result as
the momentum space integral in integral (3.72).

N free particles in 1-dimension

To see how the general program applies to a system of particles, let us consider
N free non-relativistic particles. Let x;(t) represent the z-coordinate of the i-th
particle at time ¢. The classical Lagrangian for the system is the total kinetic
energy

L(x;, ;) = X:mZ (3.79)

Using the standard procedure we define momenta p; = L/0%;, and derive the
Hamiltonian which has the expected form

l\DI»i

iUupz =

A
Z % (3.80)

For relativistic particles the corresponding Hamiltonian is

N

H(zi,pi) = Y _\/p?c® + m2ct. (3.81)

i=1

Quantum mechanics is defined for either case by the commutation rules of com-
patible and non-compatible observables

[Z:, 2] = [pi, ps] = 0. (3.82)
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We completely define the Hilbert space of a system of N free particles by giving
one of the following Hilbert bases

{lz1,...,zn >}
{lp1,..-,pN >} (3.83)
{|E1,...7EN >}

or any combination of coordinate, momentum and energy eigenvalues that are
simultaneously observable, like

|21, p2, 23, Eg - > (3.84)
The properties of orthogonality and completeness are given accordingly

<ai...zy |).ay >=0( —a)). . 0(an —ay) (3.85)
fdlrl"'deEN |z1...ony ><z1...0Nn|=1 . .

We notice that we really are working in a direct product vector space Vyror =
V1®Ve®---®Vy, where V; is the vector space of particle 4. So, the meaning of
|x1, -+, &y > is the direct product |21 > ®|za > ® -+ @ |z > . All the other
definitions given before hold, provided we make the necessary modifications; in
fact one has

eipi xzi/h
vV 2mh

and the expansion of the position basis in terms of the momentum basis parallels
the single particle case

<xp.o.xnlpre.pn >=TIY, < aylps >=TIY, (3.86)

|£C1...SL'N> :fdpl--'fdp]\[ |p1...pN><p1...pN \xl...xN>

= (2nh)" N2 [dpy -+ [dpy e PP |py . py >
(3.87)
To find the time development we consider the momentum space basis |p; - - - py >
since the Hamiltonian is diagonal on it

N
Hlpy-pn >= (Z Ei(]%)) lpr---pn > (3.88)
i=1

where

Ei(p:) p?/2m; non-relativistic
w V/pic2 +mict relativistic
Given any state, we compute its expansion in the energy basis [, t = 0 >=

[dpy--- [dpn |p1---pn > ¥(p1 - pn) and obtain its time development in the
usual manner

(3.89)

[, t >= e Ht|y >=

) : ~ 3.90
= fdp1 e—itE1(p1)/h fde e~ itEN(pN) /D |p1 CpN > 1/)(p1 .. 'pN)- ( )
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As before, this leads to a collective wave packet for all the particles

Y(x1,- N, t) = /dp1 .../de e~ Eilpi)/h &(pl"'pN)- (3.91)

If there are no correlations in momentum space in the initial state, then we may
write a specialized wavefunction ¥ (p1 -+ pn) = ¥1(p1) - ¥y (pn) which leads
to a product of position space wave packets

’(/}(5517"' 7xN7t):wl(xlvt)"'¢N(xN7t)' (392>
The propagator takes the form of products

Gy -2y, xy-an;t) =<ai---aly e H Mg ooy >

=TI, < aj|e ™/ a; > (3.93)
=L, Giaf, s 1),

where G;(x}, x;; t) is the free propagator for particle of mass m;. It was given
explicitly above for the non-relativistic particle in eq.(3.75).

In this discussion we assumed that all the particles are distinguishable (e.g.
they have different masses). To discuss indistinguishable particles correctly
we must take into account their properties under permutations and how the
wavefunction behaves. Notice that when the masses of particles are equal the
Lagrangian and/or the Hamiltonian remains invariant under the interchange of
the particles. The wavefunction must be labelled by the quantum numbers of
this symmetry. We will postpone this discussion until we learn about symme-
tries and their representations. However, we might as well mention that Nature
chooses only one representation space for the permutation symmetry of identical
particles. If the particles are identical bosons (integer spin) their wavefunction
must be completely symmetric. If they are fermions (integer plus 1/2 spin) their
wavefunction must be completely antisymmetric. Mixed symmetry states are
not allowed for identical particles. So, for identical particles it is not possible to
have uncorrolated wave packets of the type (3.92) since this is not either sym-
metric or antisymmetric. For example for two identical free bosons or fermions
one must have

qz[}bosons(mlv5627t) = % (’lpl(mlat) ’1/12(1'2,t) +1/11(£E2,t) ’1/12(1'1,t))
(3.94)
¢fermions(‘r17x27t) = % (wl(‘rlvt) ¢2($27t) - ¢1($27t) wQ(xlvt))

So, there are automatically correlations even for free identical bosons or fermi-
ons. For example two fermions have zero probability for being in the same state
since for ¢, = 1, = 1 the fermion wavefunction vanishes. This peculiar prop-
erty of Nature is explained in terms of the fundamental principles of causality,
Poincaré symmetry and quantization rules in Relativistic Quantum Field The-
ory (spin & statistics theorem), but in our formalism it has to be assumed.
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1 free particle in 3-dimensions.

The Lagrangian of a free non-relativistic particle in three dimensions is given
by its kinetic energy. Using bold characters to denote 3-dimensional vectors we
have

(3.95)

This problem is mathematically the same as the one discussed above for 3 equal
mass particles moving in 1-dimension. However the physical interpretation is
quite different. As the vector notation suggests, there is a rotational symmetry
since the Lagrangian depends only on the length of the velocity vector and not
its direction. This will be discussed in more detail in later chapters. There
is, of course, also a permutation symmetry among the coordinates, but we do
not impose symmetry or antisymmetry properties on the wavefunction for the
interchanges of the different coordinates, since the interpretation is not the same
as identical bosons or fermions.

The vector spaces are labelled as |x > or |p > . This has the same meaning
as direct products

|X >= |$1,:132,.T}3 >= |.’E1 > ®‘$2 > ®|.’E3 > . (396)

Therefore, following the same formalism as the multi-particle case we obtain the
results for the expansion of the position basis in terms of the momentum basis

< x|p >= (2wh)~%/? exp(ix - p/h) (3.97)

and all other relevant quantities. It all boils down to the expressions of the single
free particle in one dimension, except for substituting vectors everywhere one
encounters a position or momentum symbol, and taking dot products among
them. For example, for the non-relativistic particle, the free propagator in 3
dimensions is

G, x;t) =0(t) (522)"% exp (M) (3.98)

2mih t 2ht

For the relativistic case the results do not follow from the relativistic multi-
particle formalism, since the Hamiltonians are different: For the three dimen-
sional relativistic Hamiltonian we must use

H = /p?c2 + m2c* (3.99)

and not eq.(3.81) with ¢ = 1,2,3. Therefore, the results are similar to those of
the single relativistic particle in one dimension except for substituting vectors
and taking dot products.
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N free particles in 3-dimensions
For the non-relativistic case the Lagrangian is

N N
L= % > mik} = % > o mildh + i + i3] (3.100)
i=1 i=1
This problem is mathematically equivalent to a set of 3N particles moving freely
in 1-dimension. There is a rotational symmetry. To obtain all the relevant re-
sults it is sufficient to consider the one dimensional multiparticle case, substitute
vectors everywhere and take dot products. For identical particles there is a per-
mutation symmetry, therefore the wavefunctions would have to be completely
symmetric for bosons and completely antisymmetric for fermions.

3.8 Matrix QM with 2 states

It is instructive to examine the Quantum Mechanics problem for a two state
system, since its complete solution provides a model for clarifying many con-
cepts. Furthermore, it has some rather important applications in various parts
of physics.

First we need a basis. We assume that we have diagonalized an observable A
. Following the general discussion let us assume that its normalized eigenstates
are in one to one correspondence to the vectors |i >, ¢=1,2

1:>_.(é> 25— (g) (3.101)

that are orthonormal and complete

gh’ >< i = (é) 0, <(1)> 0 1) _ ( (1) (1) > .10

Then the operator A is diagonal in this basis

2
A:Z|i>ai<i:<061 CS ) (3.103)
2
=1

The matrix elements of any other operator B are given by < ¢|B|j >= B;;, and
it can be represented in the form

B=1B1=) |i> B;; <j| = ( g; g;z ) . (3.104)
4,J

The action of B on the vector space is given by

Blk>=_|i > Bij <jlk >= > |i > Biy (3.105)

4,J (2]
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This action on the vector space is identical to matrix multiplication, i.e. B|1 >=
[1 > Bij + |2 > Boy is the same as

Bi1 B 1 By
= . 3.106
<B21 B22><0> <B21> ( )

Thus, any operator may be written as a 2x2 matrix, and its action on the vector
space is well defined. An arbitrary state is

o=l >t 2> = () @.107)

where 1, 95 are complex numbers.
Now consider the Hamiltonian operator. Let us assume it does not commute
with the observable A, therefore it should take the form of a general Hermitian

matrix
_( h1 hs
H= ( h b ) (3.108)

with hq, hso real and hs a complex number. The time translation operator is the
matrix

Ult,to) = exp [@ ( Z; Z;’ ﬂ . (3.109)

This matrix may be constructed by expanding the exponential series, comput-
ing the powers H™ as 2x2 matrices and re-summing the matrix elements (see
problems 6,7). Then one would know how to act with U on any state |[¢) > .
However, the easier and standard approach is to go into a basis that diagonalizes
H

)

H|E, >= E7|Ey1 >, H|Ey >= Es|Es >, (3.110)
expand every state in terms of that basis, and then easily compute the time
translation. This is an exercise in 2x2 matrix diagonalization. The result is

most conveniently given in terms of the following parametrization h; = = + v,
hy =z — vy, hg = re'®, tanf = 2|h3|/(h1 — ha) = r/y, that is,

B T+y y tan @ e'?
H= < y tan @ e~i® T—y (3.111)

Then it can be verified that the eigenstates and eigenvalues of the Hamiltonian
are

Elzx—l—&%, EQZ:E—E%
By >— cos 0/2 /2 By >— —sin /2 e'¢/? (3.112)
V7T sing)/2 eier2 ) 277\ cos/2 emi0/2 )¢

This basis is complete and orthonormal
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1 0

|Ey >< Eq|+ |Ey >< B3| = ( 0 1

) s < El|EJ >= (5” (3113)
An arbitrary state may be expanded in this basis [ >= > |E; > Y(g,) Where
we may compute the expansion coefficients by taking the inner product of the
new basis with the state in eq.(3.107)

Uiy =< Erl[) >= 1, cos0/2 e7/2 4y sin /2 /2
(3.114)
V(g =< B2l >= —¢);sin0/2 e=1?/2 4 4hy cos0/2 €'/?

The time translation of the state is then

|w,t >= |E1 > ’IZJ(EI) e_i(t_tO)El/h + |E2 > ’IZJ(E2) e_i(t_tO)Ez/h (3115)

which may be written as a two dimensional column after substituting the above
expressions. In particular one may find the time development of the original
basis |i,t > by specializing the calculation above to (¢; =1, 95 = 0) or (¢, =
0, ¥5 = 1) respectively

yi—to)) - [ y(t—to)
cos( ) icosf sin hcos@) e—iz(t—to)/h

h cos 0
I1,t >= ,
—ie " sin@ sin (%)
(3.116)
—ie®sinf sin (yh(cos%) _io(t—ta) /b
2, >= (t—to) (t—to) ¢ ’
cos (yh — ) +icosf sin (yh P )
The matrix elements of the time translation operator are
Uij(t,t()) =< i|U(t,t0)|j > =< i|j,t> . (3117)
From the above result we see that the operator
Ultsto) =Y [i > Usy < jl =Y |5,t ><j| (3.118)
ij J

may be written in the form of a matrix U(t,t) whose first and second columns
are precisely the column vectors of (3.116). One may then compute various
quantities at later times, such as transition probabilities, expectation values,
etc..In particular, the Green function is

Gij(t, to) = 9(t — t0> < Z|],t >= Q(t — to)UZ‘j(t, to). (3119)

Following the same steps as eq. (3.77), it is expected that, by construction, the
matrix G(t,tg) must satisfy the matrix differential equation,

[(ihdy — H)G(t,to)]ij = ihd(t — t0)dj. (3.120)
The reader should verify this equation explicitly by inserting the matrices for
H and G(t, tp).
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3.9 Quantum Mechanical puzzles and answers

3.9.1 Schroédinger’s cat

3.9.2 Einstein-Rosen-Podolsky paradox

3.9.3 Measuring the phase of the wavefunction

Aharonov-Bohm effect

Recent developments

3.9.4 Quantum Mechanics for the entire universe

3.10 PROBLEMS

1. Consider two compatible observables [A, B] = 0 that have simultaneous

eigenstates |, 3; > . When one of the observables is not measured, the
measurement apparatus is represented by the projection operators P,, or
Pg, defined by

Poy =Y i, B >< i, B, Ps, =Y |oi,B; >< oy, B, (3.121)
B; Rt

(a)Prove that these satisfy the properties of projection operators.

(b) When two measurements are performed for a system in state |¢p >,
first for the eigenvalue of A, and then for the eigenvalue of B, or in reverse
order, are the results the same or different? What is your answer to part
(b) if the observables are incompatible? (Hint: consider [P, , Pp,]).

. A and B are observables and they have one or more simultaneous eigen-

states labelled by their eigenvalues as |a,b > .

e If the two observables anti-commute {A, B} = 0, what can we con-
clude about their simultaneous eigenvalues a, b?

o If the states |a,b > are orthonormal and complete, can we always
conclude that [A, B] = 0?7 If your answer is yes, prove it. If your
answer is no, give a counter example.

. What is the propagator G(z’,z;t) in the case of a massless relativistic

particle? What is the behavior of this probability distribution as a function
of time?

. Using the properties of the time ordering prescription, prove the steps in

eq.(3.59). Start by proving it for the n = 2 term that involves only two
integrals, and give convincing arguments for the higher order terms.
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5. The propagator G(z’,z;t) given in eq.(3.75) is expected to reduce to a
delta function in the limit ¢ — 0. By noticing the rapid oscillatory behavior
in the limit, prove that it indeed acts like a delta function by showing that
its integral with any smooth function satisfies

f(@') =lim [ deG(z',z;t) f(x). (3.122)

t—0

6. For the 2-state problem show that the propagator is the Green function
by verifying that it satisfies the matrix differential equation of (3.120).

7. For any 2x2 real or complex matrix M show that the powers M™ may
be rewritten as a linear combination of the matrix M and the matrix 1.
Then verify that M" = o, 1+3,, M, where the coeflicients are the following
functions of the trace t = tr(M) and determinant d = det M

_ -1 -1

o = g | (4 V7 = )"~ (t— Vv —4d)"

B = g [t + VP —4)" - (t - v —4d)"].

(3.123)

8. Using the results of the previous problem compute the time translation
operator U(t,tg) for the 2-state problem by re-summing the exponential
series into the form of a 2x2 matrix. The parametrization of H given
in eq.(3.111) simplifies the expressions. Show that you recover the same
results as eqs.(3.116-3.118).



Chapter 4

INTERACTIONS

4.1 The framework

In non-relativistic Classical Mechanics the motion of interacting particles is
governed by a Lagrangian that is equal to the total kinetic energy minus the
potential energy, L = 3", m;%? — V(x1,-+ ,xn). The standard canonical for-
malism gives the usual momenta, p; = dL/0%; = mx; , and the Hamiltonian is
the total energy

p;
- 2mi
(3

H = +V(x1, - ,xXN). (4.1)

The equations of motion are dyx; = O0H/0p; = p;/m; and O:p; = —0H/0x;
= —0V/9x; (force). In Relativistic Mechanics interactions cannot be covariantly
discussed in terms of potentials. One needs to consider field theories that are
relativistically covariant. Therefore we will limit our discussion here to non-
relativistic particle mechanics, or more generally to any Hamiltonian that may
be written as a function of positions and momenta H(x,p).

In quantum Mechanics we promote the canonical variables to operators X;
and P; and impose the canonical commutation rules [Z;7,Z;7] = 0 = [pir, PjJ),
and [Z;1,pjs] = thd;;0r; . Here we have used low case indices ¢ = 1,--- , N
to identify the particle, and capital indices I = 1,--- ,d to denote the compo-
nents of a vector in d—dimensions. This part is independent of the details of
the Hamiltonian and is the same as the free particles case studied in previous
chapters. Therefore there can be no difference in the properties of the position
|x1,- - ,%Xny> or momentum |py,---py> states as compared to free particles.
We must have the same setup as before for the position and momentum bases.
In particular, we recall that for a single particle in d—dimensions we must have

89
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< x|#r=zy < x|, < x|pr=— ih0s,; < x|
prlp > =pilp >, Trlp > = —ihy, |p >
< x'|x >=6D(x —x) <p'lp >=69(p' - p) (4.2)

[ dx |x><x|:1=fdp'|p><p|
< x|p >=(2mh)~ %2 exP/,

The form of the equations of motion of observables in the Heisenberg picture,
O: Ay = i[I:IH,AH]/h, must be the same as those of Classical Mechanics, as
discussed in the previous chapter. Indeed, it is easy to check that positions and
momenta in the Heisenberg picture satisfy equations of motion that have the
same form as the classical equations written above:

Oy (Zir)m = 'L'LHH, (&) u]/h = o (pir) 1 (4.3)
Ou(pir)m = i[Hu, (ir)ul/h = — 55577 '
Therefore, we should expect that the expectation values of observables in the
quantum mechanical system will behave somewhat similarly to the classical
observables at least in a probabilistic sense. This helps us develop physical
intuition about the quantum system from the behavior of the classical one.
For an arbitrary potential V' it is not easy to solve the equations of motion
for the observables in the Heisenberg picture, and generally we must work our
way through the diagonalization of the Hamiltonian operator to find the time
development of the system in the Schrodinger picture as described generally in
the previous chapter.

For a single particle the general problem we would like to solve is reduced
to the eigenvalue equation in the Schriédinger representation

H|E,--->=E|E,--->. (4.4)

The dots --- correspond to eigenvalues of simultaneous observables that com-
mute with the Hamiltonian. The additional labels represented by the dots
are needed to specify a complete Hilbert space. We will see examples below.
Furthermore, to give a space-time interpretation, we need to compute the prob-
ability amplitude < x|E, -+ >= ¢ ... (x) . There is a distinct wavefunction for
each choice of compatible quantum numbers represented by the dots “---”, but
for notational convenience we will suppress the extra dots until needed. To solve
for the probability amplitude we sandwich the Hamiltonian between the states
< x| and |E,--- >, and evaluate it by applying it to the ket or the bra

<x|E,--->E

<x|H|E, - >= . (4.5)
~Ly? +V(x)} <x|B,- >

Therefore the probability amplitude must satisfy the time independent Schrédinger
equation.



4.1. THE FRAMEWORK 91

52
5 ViV v = B (46)

2m

An arbitrary state at the initial time ¢ > may be expanded in the complete
basis |E,--- >. Then, as discussed in the previous chapter, the probability
amplitude < z|tp >=1(z,t) at later times will be given by

Vo0t = 3 ep . (x) e (47)
E,--

where ¢ (x) form the basis of energy eigenstates and cg... =< E,---|¢) >
is a set of constants that characterize the initial state |ty >. This structure is
designed to be the solution to the time dependent Schrédinger equation

. K _,
thop(x,t) = {—%Vm +V (x)} P(x,1). (4.8)

4.1.1 Conservation of probability

As always, the time development of an energy eigenstate

Y. (xt) =vp..(x) e F/N (4.9)

gives a probability density which is stationary in time, i.e. |1 (x,t)|? is time
independent. However, the general superposition of energy eigenstates given
above is not stationary, since

[ O = |er, Vi, (x) exp(—iEit/h) + cg, Vg, (x) exp(—iEat/h) + - |
(4.10)
depends on time. On the other hand the total probability is conserved, i.e.

2

/ |9 (x,t)|? dx is time independent for any state and any Hamiltonian. To see

this consider the probability density p(x,t) and the probability current J(x,t)
defined by

p(x,t) =9 (x, )v(x,t),  I(x)= 2—;? [V (x, )V (x, 1) = d(x, 1) VY™ (x,1)] .

(4.11)
The probability current may be thought of as the velocity (p/m — —ihV/m)
“times” the probability density. By using the Schrodinger equation (4.8) for
any potential it is easily seen that these satisfy the equation

Op(x,t) =V - J(x,1). (4.12)

This is called the probability conservation equation because it can be used to
derive that the total probability for finding the particle anywhere in space is
time independent: i.e.

8t/dx p(x,t) = /dx V. I(x ) = /dQ n It =0, (413)
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where we used Stokes’s theorem to write the volume integral as a surface integral
at infinity, and we assumed that for any localized wave packet the wavefunction
vanishes at infinity. Therefore the normalization of the state does not change
in time, and can be consistently chosen to be 1

/dx p(x,t) =< Y, tl, t >=< Pl >= 1. (4.14)

Of course the last equation is equivalent to the statement that the time trans-
lation operator is unitary

Ut(t, to)U(t, to) = 1, (4.15)

since |¢,t >= U(t, to)|t,t0 >. We see that conservation of probability and
unitarity of the time evolution operator (or hermiticity. of the Hamiltonian) are
intimately connected!.

For a system of N particles the same arguments hold. The probability den-

sity p(x1, -+, Xn;t) and the currents for the individual particles J® (xy, - -+ , xn; 1),
i=1,--N
P(Xh T 7XN;t) = w*(xl, e ;XN;t>w(X1, e aXN’t> (4]‘6)
. —ih A ‘
IO, xwit) = oot [0 VO — vy
2m

satisfy the conservation law

N
Orp(xy, -+, xnit) = > VO IO (xy, o xyit). (4.17)

i=1

(see problem). Then it follows that the total probability is conserved

8t/dx1--~de p(x1,+ ,xn;t) =0. (4.18)

To discuss the main issue of finding the eigenstates and eigenvalues of the
Hamiltonian we will need to develop methods starting with completely solvable
problems of one particle in a potential in one dimension and then working our
way toward more complicated problems with more particles and more dimen-
sions.

4.2 Particle in a potential in 1 dimension

Let us first develop some physical intuition for the motion of particles in poten-
tials. It would be very useful to consider as a model the motion of a particle in

LA dissipative system in which probability is not conserved may be described by a non-
unitary time evolution operator, which in turn may correspond to a non-hermitian Hamil-
tonian.
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a gravitational potential since it is easier to understand intuitively the effects of
the gravitational forces. The mathematics is the same for many physical situa-
tions, therefore the results expected intuitively for the gravitational case can be
carried over to other cases. In this way one roughly knows what to expect before
plunging into the detailed mathematical formalism of Quantum Mechanics.

So, for our physical model, consider a particle (such as a car or a ball) moving
along a road that goes through hills and valleys. The horizontal position of the
particle is denoted by z, and its vertical position by y. The topographical shape
of the road is described by some function y = f(z). The gravitational potential
energy is a linear function of the height, i.e. V ~ y = f(x) : When the car climbs
a hill along the road in gains gravitational energy and when it comes down into a
valley it loses gravitational energy. Therefore, its gravitational potential energy
is a function of its location along the road, V(). This function must follow the
actual shape of the hills and valleys. Therefore, the plot in Fig. (4.1) represents
the shape of the hills and valleys as well as the potential energy of the particle.

E

Vo)

Xy X

Fig.4.1 - Potential energy with hills and valleys.

The Hamiltonian is the sum of its kinetic and potential energy
H=p?/2m + V(z). (4.19)

Let us consider the motion of the particle in Classical Mechanics. Imagine
a car, moving ideally without friction, that has total energy H = E at the
bottom of a valley located at x = xg, the potential energy is V(z¢), and the
kinetic energy is p?/2m = E — V(). Let the driver turn off his motor at the
bottom of the valley. As any car driver knows intuitively, if the total energy F
is large enough, it will manage to climb over the hill and reach the next valley,
and then the next one, and so on. However, if the total energy is not sufficient,
say E = Fy as in the figure, it will climb up to a certain maximum height (or
equivalently it will manage to go up to a maximum distance x5 horizontally).
It will momentarily stop at 22 and then roll back down to the valley, pass the
bottom at xg, and climb the road on the other side. If the energy is not sufficient
to go over the hill again, it will reach some x; and then return back and repeat
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the process. In other words, if the energy is too low it will remain trapped in
the valley and perform some sort of oscillatory motion between some extreme
positions 1 < x < x5 . At the extreme positions the kinetic energy vanishes and
the total energy is purely potential energy. Thus, at energy level E = Ej there
is a relation Ey = V(z2) = V(z1) as pictured in the figure. On the other hand
if the total energy is sufficiently large, the car can escape the pull of the valley
and can go on travelling (as for E = E5 in the figure). So, the general aspects
of the motion are determined by the total energy. The mathematical equations
of motion are the same for other physical situations described by the same sort
of potential (e.g. electrons moving in atoms, molecules or solids). Therefore,
the classical motions of particles will be intuitively the same for some given
gravitational potential energy function V(z).

As emphasized above, in Quantum Mechanics observables satisfy the same
equations of motion as Classical Mechanics. Therefore, at least in a fuzzy prob-
abilistic sense, one should anticipate that expectation values of observables in
various states will follow the same intuitive behavior described in the previous
paragraph. In the discussion above, the focus was on the observation of the posi-
tion of the particle as a function of the energy. The connection should therefore
be made with the probability amplitude for observing a particle at position x
when it has energy E. That is, we should consider the probability amplitude
< z|E >= ¢ g(z). The expected motion should be reflected in the behavior of
the probability distribution |15 (z)|? . It should be large where the particle is
allowed to be classically, and small where it is not allowed to be, as determined
by its energy level. If the particle energy is very low, classically we expect it to
spend most of its time close to the bottom of the valley, i.e. in the vicinity of zg
in a narrow range x1 < < x. Therefore, we should expect that at low ener-
gies |1 (z)|? will be largest near zo. By the same token, as the energy increases
we should expect |1 (z)|? to be less peaked around zg, and more spread out.
Finally, if the energies are much higher than the peaks of the potential energy,
then |5 (x)|? should approach the behavior of free particles (i.e. wave pack-
ets) as discussed in the previous chapter, which permit the particle to travel
along x. This intuitive behavior is born out by detailed computations as will be
demonstrated in specific examples.

However, quantum mechanical details of the probability distributions that
are non-intuitive classically, and which relate to interference phenomena of
waves, cannot be obtained without solving for them for a given potential V(z).
For example, the quantum mechanical behavior of the particle at energy E = E;
in the figure is very different than the classical behavior. The particle can tun-
nel from one valley to the next quantum mechanically although it cannot do it
classically.

The time independent Schriédinger equation satisfied by the probability am-
plitude is

02+ @) s () = Bup(a) (1.20)
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There are two linearly independent solutions to a second order differential equa-
tion. The solution is not unique unless one specifies boundary conditions. The
boundary conditions must be consistent with the expected intuitive physical
behavior discussed above. Thus, if the particle is trapped in the valley, its
probability amplitude must vanish as = gets far away from the valley, i.e.

[Yp(x) —0, as z— +oc. (4.21)

On the other hand if the particle has more energy than any potential energy
peak, then 1 5(x) should behave like a wave packet, i.e. a superposition of plane
waves. In other words, the boundary conditions to be imposed depends on the
energy.

In order to clarify these issues we will first discuss models that involve some
V(z) for which the differential equations are easy to solve. The detailed results
serve as models to develop intuition for more complicated cases. Some of the
solvable models may also be serious candidates for realistic physical applications.

4.2.1 Piecewise continuous potentials

The first set of models idealizes the valleys or hills with sharply shaped wells or
barriers. The potential energy is therefore discontinuous (see Fig.(4.2)).

00

Fig.4.2 - Approximation to the hills and valleys of fig.4.1 with sharp wells and
barriers.

By continuous deformation of the shape of the potential of Fig. (4.1) we can
extend our intuitive discussion to apply to the case of Fig.(4.2). Thus we expect
similar behavior classically and quantum mechanically.

Let us now begin the discussion of the solutions of the differential equation.
The wavefunction ¢ 5 (z) and its derivative 9,9 p(x) must be continuous at the
jumping points of the potential energy (provided it is not an infinitely large po-
tential energy jump!). This continuity is justified by integrating the Schrodinger
equation in the vicinity of a jump at x = a as follows:
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a+te a+e
2 ,
S /dx 02 (x) = / (B~ V) de —0 (4.22)

Since the right hand side must vanish as we shrink the region of integration
(¢ i (z) must not diverge since it is a probability amplitude), the integral on the
left must tend to zero, thus

D@ — 0. (423)
Therefore, we conclude that the derivative is continuous. Next consider the first
integral of the Schrédinger equation

K2 h2 [
g Datp(o) = ~5= Duvplan) + [(E-V)up@)de's  (424)

Lo

and integrate it once again in the vicinity of the jump . Again using a similar
argument for the vanishing of the right side as the region of integration shrinks,
one concludes that the wavefunction must also be continuous

vp@)ite — 0. (425)
If the jump in the potential energy is infinitely large, then the integrals in
the vicinity of the jump will not vanish as ¢ — 0. Accordingly, there may be
discontinuities in the derivative of the wavefunction, or even in the wavefunction
itself, depending on the nature of the jump.
Another way to arrive at the same conclusion is by writing the wavefunction
in the form

Yp(x) =) (@) 8(a —2) + 92 (z) 6z — a) (4.26)

where 6(x) is the step function. 1/}551’2)(1‘) are the solutions of the Schrodinger
equation to the left and to the right of the point x = a where the potential
function makes a jump. When this form is inserted into the differential equation,
the derivatives are applied to the step functions as well. These produce extra
terms containing a delta function and its derivative at © = a, i.e. 9,0(z —a) =
0(xz — a), etc. These terms must vanish for the Schrodinger equation to be
satisfied everywhere, including at the jumping point. So, the wavefunction and
its derivative must be continuous at the discontinuities of the potential energy
provided the potential energy is not itself singular. If the potential energy is
singular (such as infinite steps, or delta functions, etc.) then they must cancel
against the above terms.

It is convenient to consider the continuity for the ratio of the derivative
0% () to the wavefunction ¢ g(x) since the overall normalization drops out
for the combination (9% g(x))/Yg(x) = 0 In(vg(z)). So, often one finds that
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it is an easier procedure to impose the continuity conditions on the wavefunction
and its logarithmic derivative in the form

(1) (1)
ey am( E($)> =0 4.27
2@, ’ 2@/, 20

at each jumping point. Again, if the potential is singular the right hand side
of these equations is modified accordingly (see problems 6-9). These conditions
are peculiar to piecewise continuous potentials and they must be imposed to
obtain legitimate solutions.

Infinite square well The potential energy is given by V(z) = Vu0(|z| — a)
with Vy — oo, or

0 —a<z<a
V(z) = { +oo 2| > a (4.28)
This corresponds to two infinitely high walls at = +a, as in Fig.(4.3).
VOO
(0]
-a a

Fig.4.3 - Infinite square well
The classical motion consists of bouncing back and forth against the walls. The
particle is trapped in a hole since the kinetic energy is never sufficient to jump

over the infinitely high wall. Let us define the wavefunction in the various
regions as follows

Vp(r) = Yp(@) 0(—2 — a) + (@) 0(a — [2]) + YE(2) Oz —a) . (4.29)
The Schrodinger equation outside the hole has the form
R o L,R L,R

Because of the infinite potential the only way to satisfy this equation is

Pp(x) =0 =g(z) (4.31)
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Inside the hole the equation is easily solved since V =0

(x — x0)

h? ) 2mE
g A =B~ o) g (Y
(4.32)
The required continuity conditions of the wavefunction at the boundaries are
Y% (—a) = YE(—a) = 0 and ¥%(a) = ¥E(a) = 0 (we do not expect con-
tinuity of the derivative since the potential makes an infinite jump). The
first of these is satisfied by choosing zy = —a, then the second one imposes
sin(v2mE2a/h) = 0, which is possible only with quantization conditions on the
energy, v2mFE2a/h = mn. Therefore, the full solution is

Yg(x) =19, (z) 0(a—|z|), E, = W n=123--- (4.33)

8ma?

P, (x) = \/m sinwn(% _ ﬁ) _ { i”*l\/l/_a cos (M) n=13, -

2a i"2\/1/a sin(”Q—’f) n=24---.
(4.34)
The probability distribution takes the form
[Wp(@)* =0(a — |z]) o= [1 - (=1)" cos(rnz/a)], (4.35)

2a

and the normalization Ag =y/1/a has been chosen so that [ dx (@) = 1.
A plot of the probability distribution confirms our fuzzy expectations based on
Classical Mechanics (see Fig. (4.4)):

AAYA

-Qa a -a a -a a
Fig.4.4 - Probability densities for n=1,2,3 eigenfunctions.

For small n the probability of finding the particle near the center x = 0 is
greatest. As m increases, the probability is more distributed over the region.
This may be understood in terms of the classical motions of the particle. During
the same amount of time, a particle that is slow moving (low n, or low energy)
is mostly found in the middle of the region, while a particle that is fast moving
is likely to be found anywhere in the region. However, the detailed results
provided by the probability distributions go well beyond any information that
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may be extracted from Classical Mechanics. For example, (i) The energies
are quantized and (ii) since the probability oscillates, there are positions of
maximum and minimum probability. The locations of such extrema z = z;
depend on the energy.

Energy-Parity representation

The solutions are naturally classified as even and odd under the parity transfor-
mation x — —z. This is to be expected for the following reasons. In Quantum
Mechanics we define the unitary parity operator Sp and its inverse S;l such
that

SpiSpt=—3, SppSp' = —p. (4.36)

Then, any Hamiltonian with a potential energy that is an even function ,
V(—z) = V(x), is automatically invariant under parity transformations,

SpHS' = +H. (4.37)

This means that the Hamiltonian commutes with the parity operator, [H' ,Sp] =
0, and therefore they are simultaneous observables. The eigenvalues of the parity
operator must label the complete set of states along with the eigenvalues of
the Hamiltonian. What are the eigenvalues of the parity operator Sply) >=
Ap|ty >?7 First notice that its action on position space is Sp|lz >= | — z >,
as required by its action on the position operator. So, its square acts as the
identity operator S%|z >= |z > . Since position space is complete, S% is also
identity on any state S3[t) >= |¢p > . Therefore the inverse of Sp is itself
S;l = Sp, and this requires that its eigenvalues satisfy )\?D = 1. The only
possibility is Ap = 41. Therefore in the present problem energy and parity
eigenvalues combined provide a complete set of labels |E,4+ > for a complete
Hilbert space.

As we saw through the explicit solutions, we may summarize all the labels by
the integer n, such that the energy is a function of n, while the parity eigenvalues
are associated with even or odd integer. Therefore, we may write the operator
equations in the energy-parity basis |n > as follows

27T2 2

Sz > Spln >=(=1)""Yn > . (4.38)

Hin >=

This basis is orthonormal and complete by definition, just as the position basis
is orthonormal and complete

< n|n' >= dppns <zl >=0(z — ') (4.39)
Yo In><nl=1, [T da |z ><z|=1. '
One complete basis may be expanded in terms of the other
oo o0
[n >= / dz |z ><zln >, |z >= Z In >< n|z > (4.40)
— 00

n=1
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The consistency of these conditions can be checked explicitly (see problem 1)
by inserting identity in between states and using the expansion coefficients <
r|n >=< z|E, £ >=1p 4 (v) that were already computed above

T

1 1
< >=0(a — — si - ——). 441
x|n (a—|z|) \/;SIHWTL(Q 2a) (4.41)
In the energy-parity basis the time development of the states is given by

w2h2n?

8ma?

—iHt/h

| n,t >=e In>= |n>e B0t/ B = (4.42)

The action of various operators on this basis may be computed by taking ad-
vantage of the completeness relations

Zn >= Z |m >< m|Z|n >= Z |m > Xn (4.43)

m=1 m=1
where the matrix elements of the position operator X,,, in the energy-parity
basis are given by
Xmn =< m|Zn >
o)
= [T dxx <mlz><xln>

=[" dvx (\/l/_a)2 sin [rm(z/2a + 1/2)] sin[rn(x/2a + 1/2)]

B _16amn 1_(_1)m—n
- 772(m2,n2)2 2

(4.44)
Similarly the matrix elements of the momentum operator are

Prn =< m|pln >
= [% dz <ml|z > (=ihd,) < z|n >
== [ e sin[rm(z/2a + 1/2)] Z sin[rn(z/2a +1/2)]  (445)
—2ihmn [1*(*1)M7n:|
2

— a(m?—n?)

They may be written out in matrix notation

0o 2 0
2 8 6 0
16a 8 6 % 12

and
0 2 0
an| 5% 20
6 12
Py = % A o T (4.47)
~15 7
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Because the position or momentum operators are odd under parity their matrix
elements vanish when the parity of both ket and bra are the same. This is the
reason for the many zeroes in these matrices. So there is a “selection rule”
due to the parity symmetry in this problem. There are several quantities that
may be computed exactly, such as the mean square deviations in position and
momentum in each state (Az), and (Ap), . These are left for the reader as
exercises (see problems 2,3).

Finite square well

For the finite square well we will choose the origin of the energy axis such that
the potential energy is either zero or negative. Then we have the potential
energy

V(z) =-Vy 0(a — |z|) (4.48)
corresponding to Fig.(4.5).

V&

V,

Fig.4.5 - Finite well.

The Schrodinger wavefunction may be written in the form

V() = ¥E(2) 0(—2 — a) + ¥p(e) 0(a — |2) + vE(@) 0z —a)  (4.49)

where the various functions satisfy the Schrodinger equation in the left (L) right
(R) and middle (o) regions
(450D v =EvE"  |el>a

2 x
i

4.50
R V) ey =Bl fo<a. (4.50)

For a bound state solution the energy level must be below the top of the well.
With our definitions this means that we expect bound states for negative ener-
gies and unbound states for positive energies. First we discuss the bound state
negative energies. We define the quantities

h%k? h?K? [2mV;
E = o —Vo=-— o A= 7220, K =+v/a2—k? (4.51)

and write the solution in the form

B @) = v (K00 g(la] - a) + £ f(a — o))

cos(ka)
UE @) = A (e K010 e(2) (|2 | - a) + S22 0(a  [2]))

sin(ka

(4.52)




102 CHAPTER 4. INTERACTIONS

where e(x) = sign(z), and we have already imposed the continuity condition for
the wavefunction at x = +a. Since the Hamiltonian commutes with the parity
operator we have chosen our basis in terms of even and odd functions. At the
boundaries of the well z = +a the continuity of the logarithmic derivative gives

(see (4.27))
tan (ka) = \/"‘—2 -1 even solution
(ka) [ (4.53)

cot (ka) = f\/z—; -1 odd solution.

These transcendental equations cannot be solved for k (or E) analytically, but
an approximate graphical solution provides the essential physics (see Fig.(4.6)).

\

\\\ %m‘« \

Fig.4.6 - Intersections of curves give the values of ak,.

More accurate solutions are obtained numerically. The odd numbers in the
figure mark the intersections of the two solid curves (even solution) and the
even numbers mark the intersection of the two dashed curves (odd solution).
At these values of ka = k,a there are values of the energy £ = F,, that solve the
equations (4.53). These quantized energies E,, correspond to the bound state
energy eigenvalues we are seeking. From the figure we see that the intersections
occur when

(n— 1)5 < knpa < n—,

T 72r {n =1,3,--- even solution (4.54)

n=2,4,--- odd solution.

The number of bound state solutions N is given by the number of intersections
of the two curves and is equal to the number of 7r/2 intervals that can fit between
akmin = 0 and akpax = aa (see Fig. (). Therefore

N =1+ Int ((Qa/ﬁh)\/QmVO) (4.55)
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where Int(z) is the largest integer contained in the real number x. Finally, the
overall constants A4 are computed by requiring an overall norm of 1, then

Ap=—(a+t 1/K,)"'/? (4.56)

where (4.53) and (4.51) have been used to simplify the expression. We have
thus found the simultaneous negative energy and parity eigenstates

H|E, >=E,|E, >, P|E,>=(-1)""YE,>, n=1,---,N,  (457)

and computed the probability amplitudes in position space, which may be writ-
ten neatly as

-1 kn —Kn(lz|—a) n—1 _
<alB, >= [a e (@) (2| - a) , .

+sin (% — kyz) 0(a — |z|)]
where we have used
sin(% —kna) =k, /a, cos(n—;- —kna) = K,/ (4.59)

as follows from (4.53) and (4.54).

According to (4.55), a deeper or wider well has a larger number of bound
states. This makes sense intuitively.. It is interesting to consider some limits of
either parameter. One limit is the infinite square well (Vo — oo0) and another
limit is an infinitely narrow and deep one given by a delta function V(z) =
—vod(z) (see problems 5,6).

A new feature for the finite well is that the probability does not vanish in
the classically forbidden region beyond the walls. Even though the particle does
not have enough energy to jump over the wall, there is a probability to find
it beyond the wall. However, this probability is exponentially decreasing with
distance. We can estimate the wall penetration distance as the point at which
the probability drops by a factor of e~ ! as compared to its value at the wall
boundary, that is

2
Ynlat D) \amiBaeam 1. o Ao (4.60)

[ty (a)? ’ 2/2m|E,|

Is it possible to perform an experiment to examine the particle while it is beyond
the wall? This would be particularly interesting since the kinetic energy of the
particle must be negative while it is in that region. Such an experiment would
require an accuracy for the measurement of position Az < h/(2y/2m|E,|).
Then by the uncertainty principle we must probe with momenta p > +/2m|E,,|
and the uncertainty in the energy is AE > p?/2m = |E,|. Therefore, it is not
possible to perform such a measurement since the energy levels of the system
would be destroyed. So, the negative kinetic energy of the particle cannot be
observed.
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We now consider the positive energy solutions. The complete set of states
must include them since we cannot reconstruct the identity operator with only
the finite number of bound states. That is, we need the positive energy eigen-
states to write

N 00
> By >< B +/ dE |E >< E| = 1. (4.61)

n=1 0

Classically the particle can move from minus infinity to plus infinity. Therefore
in the quantum theory we expect oscillatory solutions corresponding to unbound
particles for any positive energy. The boundary conditions to be imposed on the
solutions must correspond to the physical process being analyzed. For example,
particles may initially come in from the left, get scattered by the potential
well and then get reflected to the left or transmitted to the right. Then the
corresponding boundary conditions should be right-moving waves exp(ixz) and
left-moving waves exp(—ikx) in the region x < —a and right moving waves
exp(ikz) in the region & > a. With such conditions we can find the appropriate
behavior for the probability amplitude < x|F > . This is left as an exercise for
the reader (see problem 9). Note that the process just described is not left-right
symmetric, therefore the energy eigenstate that describes it should be neither
even nor odd under parity. There is, of course, another state which is the parity
reflection of this state P|E >, which describes the mirror image of the physical
process. Both of these states must be included in the completeness relation.

Barrier penetration

Let us now discuss the potential barrier given in Fig.(4.7).

1
1
1
1
1 =]
1
1
1
|

Fig.4.7 - Barrier
It is described by the potential energy function

V(z)=Vy 0(a — |z|). (4.62)

In Classical Mechanics, for energies £ < V,, we expect that a particle moves
freely until it hits the wall, at which point it is reflected and moves again freely
in the opposite direction with the same kinetic energy. For energies E > Vj it
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goes forward after being slowed down temporarily by the barrier (it is easier
to the intuition if one thinks of a smooth hill instead of the sharp barrier). In
Quantum Mechanics transmission can happen even if £ < Vj through barrier
penetration, but the probability of the transmission will be smaller as compared
to the probability of the classically expected reflection. Similarly, when the en-
ergy is larger than the barrier energy E > Vj, there will be reflection, but at a
smaller probability than the classically expected transmission. These phenom-
ena occur because of the wave nature of Quantum Mechanics and are similar to
the diffraction of ordinary light.
The Schrodinger wavefunction may be written in the form

Yp(r) = Vi) 0(—2 — a) + Ui(2) 0(a —|a]) + i) 0(z —a)  (4.63)

where the various functions satisfy the Schrodinger equation in the left (L) right
(R) and middle (o) regions

2
(_QH_ 8:%) ng =FE ¢é’R “rl >a (4.64)
(-3 02+ Vo) v =E 4y |z <a.
We define the quantities
h2k? h2 K2 2mV;
o =R Ly a= R o= e k2 (4.65)
2m 2m h?
The solutions may be written as combinations of oscillatory plane waves
Ay (k) exp(Fikx) (4.66)

in the regions |z| > a, and combination of exponentials By (k) exp(£kz) in the
region |z| < a. In order to choose the correct combinations we must consider
the physical process we are trying to describe and impose boundary conditions
consistent with it. For this we pay attention to the meaning of the plane wave
solutions. We recall that the time evolution of a free particle is described by a
wave packet of the form ¢(z,t) = [ dp ¢(p) exp[(ip(x — zo) — iE(p)t)/h] where
¢(p) is a momentum distribution concentrated around p = py. Then the packet
is concentrated in z-space around the position x = zo 4+ vt and moves with
a group velocity v = dF(pg)/dpo = po/m. For an idealized sharp momentum
distribution ¢(p) = A(pg) 6(p— po) the position wavefunction reduces to a plane
wave

Y(x,t) = A(po)efi[pOIOHE(pO)]/h exp(ipozx/h). (4.67)

The overall coefficient of the amplitude is closely related to the momentum-
space (or energy-space) wavefunction. The x—dependence of the wavefunction,
which is a plane wave, contains the information that the particle is moving with
momentum pq. It is this part that is relevant to our present discussion. In par-
ticular, the sign of py tells us whether the particle moves to the left or right
since it is related to the group velocity of the wavepacket v = py/m. Follow-
ing this discussion we must interpret the plane wave solution Ay (k)exp(+ikx)
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as related to a right moving packet and A_(k)exp(—ikz) as related to a left
moving packet. In these solutions pyg = +hk is a momentum determined by the
energy eigenvalue E as in (4.65). Wavepackets can indeed be formed by taking
superpositions of the energy eigenstates instead of the momentum eigenstates
of the free particle.

Thus, if a particle begins its motion in the region z < —a by moving toward
the barrier, we expect that on the left of the barrier there will be both right
and left moving waves (incoming and reflected waves), but on the right of the
barrier there can be only right moving waves (transmitted waves). The last
physical input, namely the absence of left moving waves in the region z > a is
the boundary condition we must impose. Accordingly we may write a solution
of the form

Up@) = O(—z - a) A(k) [HEH 4 (k) K]
+9<a - ‘.’El) A(k‘) ﬁ;g(]ljg [en(ac—i-a) + b(k) e—fi(£+a)] (468)
1+r(k Ka —9ka ik(o—a
+0(x — a) A(k) 1ibgk) [e250 4 (k) e~2r%] pik(z—a)

where the complicated coefficients are due to the continuity conditions at x =
+a which we have already imposed on the wavefunction. There remains the
continuity of the logarithmic derivatives

o1 eik(m’+a) + ’I"(k) efik(mjta) C0—a1 eik(zfa)
111 e/-;,(:c—i—a) _;'_b(k)e—fi(x-l-a) ——a =U=011 en(x-i—a) _|_b(k,)e—f£(x+a) e

(4.69)
where we have ignored the multiplicative constants since they drop out. These
provide two equations from which we can solve for both r(k) and b(k).

042(1 _ 6—4/«1)
(k — k)% — (K + ik)%2e—4ra

Kk — ik
K+ ik

etre (k) = (4.70)

b(k) =
The transmission (or reflection) coefficient is defined as the ratio of the ampli-
tudes multiplying the transmitted wave exp(ikx) (or reflected wave exp(—ikz))
and the incoming wave exp(ikz). So, the reflection coefficient is R(k) = r(k)e 2@
and the transmission coefficient T'(k) is given by

T(k) = iizg:; [62na+b(k)e—2ma} e—2ika

Aikk e—2r€(l e—Qik(l
(k—ik)?—(k+ik)Ze—4ra "

(4.71)

The probability of reflection (transmission) is the ratio of the probabilities for
the reflected (transmitted) wave to the incident wave at the fixed energy eigen-
state. Therefore these are given by |R(k)|? and |T'(k)|?. By probability conser-
vation their sum must add to 1, since there is nothing else that can happen to
the particle. Indeed we can explicitly check that

|R(k)]* + [T (k)* = 1.
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Consider the behavior of the transmission probability for a thick (large a) or
tall (large Vp) barrier, defined by exp(—4ka) < 1

2 2
T2~ 167 (1K) otme 472
T 3 =

As expected intuitively, the transmission is exponentially small in these cases.
By contrast, a thin or low barrier exp(—4ka) =~ 1 gives

IT|? ~s e~4%a (4.73)

indicating that it is easy to penetrate it. We may also consider the limit of a thin
but tall barrier which is analogous to a delta function potential V(z) = vod(z).
This is left as an exercise (see problem 8).

For energies higher than the top of the barrier £ > V| the solution is os-
cillatory everywhere. We may go through the algebra and discover that all ex-
pressions follow by analytic continuation of the energy from the region £ < V
to the new region. This is equivalent to the analytic continuation of kK = —i K,
where K = (k? — a?)'/2. For example the transmission coefficient is now

4k K eQiKa 672ika

(K +k)* — (K — k)® e4iKa

T(k) = (4.74)

At special energies the transmission coeflicient becomes a pure phase indicating
that transmission is 100%. This occurs when 4Ka = 2mn, or when E, =
Vo + h2m%n? /8ma?.

a-decay

A general barrier potential may be thought of as made up a large number of
thin barriers as depicted in Fig.(4.8).

voo T D

/| N e
29 \

x1 x

Fig.4.8 - General barrier composed of thin barriers.

The thin barrier centered at z; has width 2a = dx and height Vy = V(z;).
According to the computation above the transmission probability through the
4’th thin barrier is

2dx

T (k)|? ~ e~ 4% ~ exp 5 2m(V(z;) — E)| . (4.75)
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One may attempt to obtain an approximate expression for the transmission
probability through the overall barrier by putting together the transmission
probabilities through the individual thin barriers

T (k)[* ~ H T (k). (4.76)

This is not entirely correct since it ignores the reflections forward and backward
in between the thin barriers (see for example the double delta-shell potential,
problem 9). However, one may hope that this is still a good approximation in
certain cases. In fact the approximation turns out to be valid at sufficiently high
energies as will be justified when we study the semi-classical WKB approxima-
tion. Thus, assuming that we have a valid approximation we may write

|T(E)|? = exp l—@ - dzr/V(z) - F

Z1

(4.77)

where z1 2 depend on the energy and are given by the relation V(z1,2) = E, as
seen in the Figure.

We can apply this result to learn something about the alpha decay of a
nucleus. Within the range of strong interactions of a radius of about 1 fermi
from the center of a nucleus, r = a ~ 1 f, the main force is the attraction due
to strong interactions. This may be represented by a well. When an a-particle
moves out of this range the main force is the electromagnetic repulsion between
the Z protons that remain in the nucleus and the two protons in the «. This is
represented by the potential energy V.., (z) = 2Ze?/r. The combined potential
energy is depicted in Fig.(4.9).

v

226t

Figd.9 - Nuclear + Coulomb potential for a— decay.

The probability of a decay of the nucleus is measured by the transmission prob-
ability of the a to the outside of the nucleus

2 ?;Zna /bdr\/QZeQ/r—El (4.78)

T(E)]? = exp

where the lower limit on the integral is the range of the nuclear force, and the
upper limit r = b is given by E = 2Z¢?/b. Therefore
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b
2 [b
IT(E)|* = exp —ﬁ\/QmaE/dr -1 (4.79)

The integral may be performed by a change of variables r = b sin® # . The result
simplifies under the assumption that b > «a

9 A Ze? 4

|T(E)|* ~ exp 5 + ﬁ\/llZeQmaa (4.80)
Vo

where v, = v/2mE is the velocity of the « particle that emerges from the

nucleus. The lifetime of the nucleus is inversely proportional to the decay prob-

ability 771 ~ |T'(E)|?. This allows us to make the statement that

c
In7T~ — + ¢ (4.81)
(0%
where clz%Z e? is the Gamow factor. To compare this result to experiment we
examine isotopes of heavy nuclei and plot their lifetimes versus the speed of the
emitted o’s. One finds good general agreement.

4.2.2 Harmonic Oscillator in 1d

The harmonic oscillator problem is one of the most important simple mathe-
matical structures that has multiple applications in many areas of classical and
quantum physics. Its applications range from molecular physics to string theory.
It is used do describe vibrations of atoms in molecules, or electrons in crystal,
and in quantum field theory is it is applied to phonons in solid state physics,
photons in electrodynamics, quarks, leptons and other elementary particles. In
this section we study the simple harmonic oscillator in one dimension which is
at the basis of all the applications.

It is useful to keep in mind the classical problem of a particle attached
to the end of a spring, which is the simplest physical system that obeys the
laws of harmonic motion. As the spring is stretched (or contracted) away from
equilibrium (z = a), the restoring force is proportional to the distance F' =
—k(x — a), where k is the spring constant. The potential energy that obeys
F=-0V/0x=—k(zx—a)is

V= %k(m —a)? (4.82)

The classical equations of motion mi# = —k(z — a) have solutions that display
oscillatory motion
V2mE

z(t) =a+ sin(wt — wtp) (4.83)

where w = ./% and FE is the total energy of the system. Raising the energy

gives a larger amplitude of oscillations. Many other physical systems obey the
same equations of motion and have the same vibrating solutions.
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The quantum system is described by the Hamiltonian

@2 (4.84)

pr o1
(— + —mw2i2> |E,, >=E,|E, > . (4.85)

As usual, the energy basis | E,, > or the position basis |z > are complete, and one
may expand one basis in terms of the other by using the expansion coefficients
< z|E, >= ¢, (). They represent the probability amplitude for the particle
to be located at position & when it is in the energy eigenstate with F = F,.
We expect that the gross features of probability distributions described by wave
packets

P(z,t) = Zcm(n) < x| By > exp(—iEnt/h) (4.86)

with ¢,,,(n) chosen to be sharply peaked around some energy F = E,,, is consis-
tent with the classical physics described by the time dependence of the classical
solutions given above.

There are several methods of computing the energy eigenstates or eigenval-
ues. The most elegant approach is an operator formalism that we will discuss in
the next chapter. The most direct approach is to solve the Schrédinger equation
for the wavefunction in position space

h? 1
<% o7 + §mw2:r2) ¥, (x) = Ept, () (4.87)
and impose the boundary condition 9(+00) = 0 that is consistent with the phys-
ical situation. First we simplify the expressions by defining the dimensionless

variable u 1

T =xzoU, Op =— O, (4.88)
Zo
The equation becomes
O ) ) = o) (489)
Ou? " e '
provided we choose
h hw
=4/—, E,=—¢, 4.90
Zo mwu ) € ( )

It is useful to first extract the leading behavior of the solution as u — +oo.
Ignoring non-leading terms we see that 1(u) ~ exp(—u?/2) solves the equation
and boundary conditions. Therefore, it is useful to extract this behavior by
defining 9,,(u) = C,, H,(u) exp(—u?/2), where C,, is a normalization constant,
and the function H,(u) cannot grow faster than the exponential as u — Fo0.
Replacing this form in the differential equation one finds that H,(u) must obey
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02H, — 2ud,H, + (¢, — 1) H,, = 0. (4.91)

Such equations may be solved by a power series
Zb T Ty ) N (4.92)

Replacing it in the differential equation and collecting the coefficients of u/, one
finds that each such coefficient must vanish for every j

(G+2)( + 1B, — (2] —en + 1Y =0 (4.93)
This provides a recursion relation that determines the coefficients

(n) _ 2] —é&n+1 (n)

N A—— . 4.94
N D ITEK 429

There are two solutions, one starting with by, the other starting with by
HEem = b0 40 a2 40Pt HOM = B b a4 a4 (4.95)

To determine the asymptotic behavior we analyze the ratio of consecutive terms,
with j =2mor j=2m+1
A TS WP

—
— 00

0w GG

2\m
by comparing to the power series > (v ) = e’ , for which the ratio of con-
secutive terms is similar, we conclude that the series for H,(u) will grow faster
than permitted for large u, unless the series is cutoff into a polynomial. This is
accomplished by imposing

(4.96)

m

£n =20+ 1, (4.97)

so that bj;o vanishes for some value of j = n, thus allowing H,, to be a polyno-
mial. There is a solution for every integer n. Therefore the energy eigenstates
and eigenvalues are

1
Hln >=hw(n+ = )|n> n=0,1,2,--- (4.98)

These must be orthonormal and complete
<nln’ >= dpp, Z [n >< n|=1. (4.99)

Using the recursion relations one finds the coefficients for the even n = 2N or
odd n = 2N + 1 solutions

b3V = (AENIBEY vy _ (AR P
(2k)! (N — k)17 “2k+1 Gh 1 (N =R

k=0,1,2,---N
(4.100)
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The result may be listed for a few of these solutions
Hy=1, Hy =2u, Hy,=4u?>—-2, Hs;=8u’—12u, --- (4.101)

where the overall constants bén), bgn) have been chosen so that the overall wave-
function is normalized to one

<nln >= /dm , ()2 = 1, (4.102)

Therefore the explicit solution becomes

R
Tﬂn(x)—mﬁ\/T—ﬁ

The H,(u) are recognized as the Hermit polynomials. The quantum mechan-
ical setup guaranties that these wavefunctions are orthonormal and complete.
That is, the completeness and orthonormality of the energy basis |n > and po-
sition basis | > require that the expansion coefficients 9, (z) =< z|n > be
orthonormal and complete

e~ 2 (3 20). (4.103)

/oo Az (@) Y () = O, Y (@) Y5 (a") = 6z — ). (4.104)
n=0

—00

This implies that the Hermit polynomials must have these properties

o} oo * (o)
/ due ™™ Hy(u) Hy (v) = 2"n/T6 Z %Mi'fy_(u) =" §(u—u).
N/

-0 n=0

(4.105)
By explicit computation this can be verified (see problem 12).

The probability densities |1,,(z)|?> may be plotted. By comparing them to
the probability densities for the infinite square well (Fig.(4.4 )) one sees the
similarities between them. Their interpretation is therefore analogous to that
case. All of these results will be re-derived in the next chapter by using purely
operator methods, without solving differential equations.
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4.3 Problems

1.

Show that eq.(4.17) follows from the Schrodinger equation for any poten-
tial energy.

. Consider the infinite well problem. Show that the orthogonality and com-

pleteness conditions of eq.(4.39) are consistent by inserting identity be-
tween states and using the explicit solutions for the wavefunctions < z|n >
as computed in the text.

. For the infinite well problem compute the mean square root deviations

(Az),, (Ap), in every state |n > for both position and momentum. Are
they consistent with what you would expect intuitively from classical me-
chanics considerations? What is the product of the uncertainties, for which
state is it a minimum?

. Compute the propagator in the infinite well problem. Show it can be writ-

ten in terms of Jacobi Theta functions, and discuss the physical properties
by using the properties of the Theta functions.

Using the matrix elements X,,, and P,,, of position and momentum in
the infinite square well problem, compute the commutator [X, Py, =
>k (XmkPen — Pk Xgn). Do you get the expected result?

. Consider the finite square well with a potential energy function V(x) =

Vo 0(|z| — a) (Fig.4.5). This is the same problem as the one considered
in the text except for a shift in the energy axis to a new origin E,¢,, =
Vo 4+ Eoiq- Therefore all energy levels are positive and the solution for
the eigenstates or energies are the same except for the shift. In the limit
Vo — oo this becomes the infinite square well problem studied in detail
in the text. Show that in this limit the bound state solutions of the finite
well indeed tend to those of the infinite well. In particular discuss what
happens to the continuity of the derivative?

Solve for the bound eigenstates and energies of the infinitely narrow and
infinitely deep well represented by the potential energy V(x) = —vod(z).
Compare your direct solution to the one obtained as a limit for the square
well V- = —vg/2a 6(a—|z|) which approximates the delta function potential
in the limit ¢ — 0 (note that the integral over z is the same for these
potentials).

. Consider the delta shell potential V(z) = vod(x) with vg > 0. Compute

the reflection and transmission coefficients and show the same result may
be recovered as a limit of an infinitely tall and infinitely thin barrier (limit
of Fig.4.7).
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10.

11.

12.

CHAPTER 4. INTERACTIONS

Counsider the potential V(z) = aVpd(|z| — a) which describes two infinitely
tall peaks at £ = ta. Consider a particle that initially is moving to the
right in the region x < —a. Compute the transmission probability to the
region x > a. What is the largest value it can attain, at what energies?

Consider delta shell potentials that form two peaks V = v_d6(z + a) —
v40(x — a), and allow vy to have all possible signs. Compute the trans-
mission coefficient. When is the reflection back and forth between the two
peaks negligible? Consider the following limits (i) a = 0, (ii) vy = 0, (iii)
v_ = vy (iv) v— = —vg, and discuss the agreement with results in the
problems above.

Compute the transmission coefficient for the square well V(z) = =V, 0(a—
|z|). Show that the same result follows by analytic continuation of the
transmission coefficient of the finite barrier V(z) = V 6(a — |z|) given in
the text, by sending V) — —V;. Then notice that the transmission is 100%
at certain energies, what are these energies ? (This is called the Ramsauer
effect). What happens as Vj gets large?

Consider a particle coming in from the left side at some positive energy F
and then scattered from the one dimensional potential well shown in the
figure

A
E
e —_—
<—
-— 0
-V

V(z) =0 for x < —a; V(x) = =V} for —a < z < 0; Infinite wall at « = 0.

a) Is it possible to obtain the reflection probability |R|” without detailed
computation? If no, why not? If yes, what is it? Explain either way.

b) Compute the reflection coefficient R as a function of the energy and
the parameters of the potential a,Vy. You may reparametrize E and Vj
in terms of some convenient quantities that simplify your equations while
doing your work.
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13.

14.

15.

16.

¢) If you lower the energy F to negative values, discuss carefully the bound-
ary conditions, and find an equation that determines the permitted values
of the quantized energy (do not solve this equation for the energy eigen-
values). You can do this computation easily by modifying your algebra in
part (b) appropriately.

d) Do you see any relationship between the equation you derive in part
(c) and analytic properties of the reflection coefficient R as a function of
the square root of energy VE ~ k in the complex k plane? What is the
property, and how is it explained in physical terms.

Uranium is bombarded by « particles, what is the probability for the o’s
to be captured?

Show that the Hermit polynomials may be rewritten in the forms
2Nl oo
u
VT Jo

Using these representations prove the orthogonality and completeness re-
lations given in eq.(4.105)

H, = (_1)n6u283 e = dt et cos(2ut — nw/2).

Find the bound state eigenvalues and eigenfunctions for the attractive
potential V(z) = —2/2% and compare the behavior of your solutions to
the infinite square well.

The relativistic generalization of the Schriodinger equation in 1-dimension
is the Klein-Gordon equation. If a particle of mass m and charge ¢ inter-
acts with the electromagnetic field, gauge invariance dictates the following
equation

(10, +iqAo)? — (hd + i%Ax)Q +m3e(z,t) = 0.

Consider a positive energy solution ¢(x,t) = ¢(x) exp(—iEt/h), and as-
sume that there is no magnetic field, A, = 0. Then the equation reduces
to

[m® — (E = V(z))* — h*02] (z) =0

where V(z) = qAo(x). This equation is analogous to the 1-dimensional
Schrodinger equation that we studied in this chapter. Note that the fa-
miliar non-relativistic limit is obtained by replacing E ~ m+h?k?/2m and
keeping the leading terms for large m. One may analyse the solutions for
any of the model potentials. In particular consider a particle trapped in a
square well and analyse what happens as the well gets deeper and deeper.
You should discover that the behavior is completely counter intuitive and
paradoxical. This is called the Klein paradox.



Chapter 5

OPERATOR METHODS

Quantum Mechanics is formulated in terms of Hilbert spaces and operators
acting on them. Beyond this, the quantum rules boil down to fundamental
commutation rules for the canonical variables. It is often convenient to repre-
sent the canonical operators as differential or multiplicative operators, such as
p — —ihd,, T — x, acting in position space, in order to compute the position
probability amplitude ¥ (z) = (x[)). However, Quantum Mechanics is actually
defined in more abstract terms independent than position or momentum space.
Only the basic commutation rules are sufficient, in principle, to solve a Quan-
tum Mechanics problem, although this may not be the simplest method for a
given Hamiltonian. However, there are a number of problems for which operator
methods are actually much simpler and reveal the structure of the system much
better. The harmonic oscillator in any number of dimensions is one of these
cases, but there are quite a few more examples, such as angular momentum, the
Hydrogen atom, and others. The harmonic oscillator is a fundamental tool that
has a large number of applications in physics. Such applications are found in all
branches of physics, ranging from condensed matter physics through molecular
physics, nuclear physics, quantum field theory and particle physics, to super-
string theory. Therefore, we will devote this chapter exclusively to developing
the operator methods for the harmonic oscillator and applying them to the so-
lution of a number of problems. In later chapters we will introduce operator
methods for other systems.

5.1 Harmonic oscillator in 1 dimension
Recall the Hamiltonian for the simple harmonic oscillator

A 1
H = %(iﬂ =+ m2w2:i“2). (51)

Consider the following combination of the canonical operators

1 % T 1.z @,

a=—(=+i=p), o =—(——i—
75 TP 7'z TP
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or equivalently

(a—a). (5.3)

Using the basic commutation rules [Z, p] = ifi, one finds
[a, '] =1, [a, a] =0=[af, al], (5.4)

which hold for any value of xg. If this form of Z,p is substituted into H , the
Hamiltonian becomes a linear combination of a? + a2 and aa’ + a'a. However,
if one chooses xg as

h

to kill the coefficient of a? + a2, then the Hamiltonian takes a simple form

H= %(anr +a'a) = hw(ata + %) = hw(N + %), (5.6)
where we have defined N = a'a. So, to find the eigenstates of H it is sufficient
to find the eigenstates of N. It is useful to further explore the commutators of
N with a and af

[N,a] = —a, [N,al]=adl. (5.7)
Therefore, moving the operator N from one side of a to the other side gives
Na = a(N — 1), and similarly one finds Na' = (N + 1). By repeatedly using
this result one can find the rule for moving N through any power of a or al,
thus Na™ = a(N —1)a" ! = a®(N — 2)a® 2 = ... = a"(N — n). So, one can
write

A A A

Na" =a"(N —n), Na™ =a™(N+m), Na"a™ =a"a™™ (N —n+m).
R (5.8)
Let us now assume that we have an eigenstate of N with eigenvalue A

NIX) = AN,

and consider the states obtained by applying the operators a™ ), a™|\) on it.
By applying N on these new states one finds that they are also eigenstates with
eigenvalues (A — n) and (A + n) respectively

N(@) =a" (¥~ ) = (A =) (@)
N(@t"A) = af"(F + m)3) = (A4 n) (@),

Thus each a annihilates a quantum of N and each a' creates one. For this reason
it is appropriate to call a the annihilation operator and a' the creation operator.
They act like ladder down or up operators respectively, moving one state to the
neighboring state that differs by one unit of N. Therefore we must conclude that
the eigenvalues of N differ from each other by integers. Since N is a positive
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operator, it must have a lowest eigenvalue Ay > 0. The set of eigenvalues must
then be Ag, Ao + 1, Ao + 2, - - . Furthermore, the state a|\g) which would have
a lower eigenvalue (Ao — 1) cannot exist by definition of )¢, therefore we must
impose a|Ag) = 0. However, using this condition in the eigenvalue equation for
the lowest state Ao|Ag) = N|Xo) = aTa|>\02 = 0, shows that Ay = 0. Therefore

we have the result that the eigenvalues of N are the positive integers 0, 1,2, -,
and the eigenstates are labelled by them as |n)

Nin) =nln), n=0,1,2,---. (5.9)

It is appropriate to call N the number operator. Each quantum ofA]\Af is a
quantum of energy since the energy eigenstates are the eigenstates of NV

- 1
H|n) = hw(n + §)|n> (5.10)
The lowest state, which is the energy ground state with Ey = fiw/2, is annihi-
lated by the operator a
al0) = 0. (5.11)

The higher states are given by |n) = C,a!”|0), where C, is a normalization
constant. Therefore the ground state is often called the “vacuum state”, mean-
ing it has no excitations N — 0, and the excited states are then created out of
the vacuum by the creation operators. The bra space is obtained by Hermitian
conjugation (n| = C*(0|a”. The bra vacuum is annihilated by af

(0]at = 0. (5.12)

The ground state is assumed to be normalized, (0|0) = 1, and the inner product
for general states is
(m|n) = C* C,,(0]a™a™™|0). (5.13)

To compute matrix elements of this type one uses the commutation rules to
push the a’s to the right and the a'’s to the left so that they annihilate the
ground state. For example, for n = m =1 we get

(0laa'|0) = (0Oa’a + [a, a']|0)
=0+ (0|0) (5.14)
=1.
For the more general case one uses the rule
[A,BC---DE]|=[A,B](C---DE)+---+ (BC---D)[A, E| (5.15)

to compute

[a,a!”] =[a,al]at™D + ... 4 af*=D[a, al]
= nat®—1,

(5.16)
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This may be rewritten as aa'™ = a1 (afa + n), which gives the rule for
moving one power of a from left to right. This may be used repeatedly to move
any power of a or af

a™a™™ =t (ata +n—m+1)---(ata+n —1)(aTa +n) if m<n

ama’" = (ata+m)(afa+m—1)---(ala+m —n+1) a™ " if m>n

(5.17)

The vacuum expectation value of these expressions are now easy to obtain by
using (5.11) and (5.12).

(0lama'™|0) =0 if m#n

=n! if m=n. (5.18)
This determines the normalization of the state
(ah)"
n) = 0), 5.19
) N |0) (5.19)
and shows that the number states are orthonormal
(m|n) = dmn. (5.20)

We can now compute more precisely the action of the ladder operators on the

states
(at)n+1 (a]‘)n+1

(5.21)
= \/N + 1|n + 1>
Similarly
_ in _ L T(n—l) -I- — (a*)"*l
aln) == |0) = a (a'a +n)[0) = v/ m—==]0) (5.22)

= Vnln —1).

The last equation is consistent with the annihilation of the vacuum state for
n = 0. The infinite dimensional Hilbert space that we have just constructed
for the harmonic oscillator is called the Fock space. We may also compute
the probability amplitude v,, (z) = (z|n) for finding the particle in the energy
eigenstate |n) at position z. We will need to apply the creation-annihilation
operators on the position basis

(zio + 290, ) (z|

(@la = (ol (2 +i205) =
(zio — 200 ) (2|

x

e 5.23
(ala! = (al 25(E — i%p) = 29

S-S

We start with the vacuum state, sandwich the operator a between the states
and evaluate it by applying it to the left or the right

(z]a|0) = 0 = —=(u + 8,){z|0), (5.24)

Sl
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where we have used u = z/xg. Therefore (z|0) = v, () satisfies a first order
differential equation which is solved by the normalized wavefunction

V(&) = /2, (5.25)

The wavefunctions for the excited states are

aT
Y, (@) = (xln) = (2|20 [0)
-+ (%g’ ) (z]0) (5.26)
1 _ n —u?/2
— (u—0y)"e .

This expression can be simplified by using the following trick. Note that for any
function f(u) we may write (u — 0,)f = —e¥ /2 (8u(e’“2/2f)) . That is, the
differential operator (v — d,) may be rewritten as

(u—0y) = e" /2(—8,)e /2, (5.27)

where the derivative is applied on everything that follows on the right. Then
the powers of this operator are

(u—0,)" = (6“2/2(,&)6*712/2) (6”2/2(*81067“2/2) . (6“2/2(*&1)67“2/2)
= 6“2/2(—8u)”e*“2/2,

(5.28)
Using this result one finds
(u—,)" e /2 = (—1)"e*’ /2(9,) e, (5.29)
which leads to 1
S —L ¢ 5.30
= e u .
where H,,(u) is the Hermit polynomial written in the form
H, = (—1)"e™ g e, (5.31)

The result is identical to the wavefunction computed in chapter 4. The present
formalism is well suited for many computations. For example the matrix ele-
ments of the position and momentum operators z, p are

(m]a + a”n)
((mn — 1)v/n+ (m|n +1)y/n + 1)
(\/_ 5m7n—1 +vn+ 15m,n+1)

(m|&[n) =

E%I%Ié*

0 1 0 0 5 39
1 0 2 0 (5.32)
_ =z | 0 V2 o0 3
|0V 0 VA

0 V3 0
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while for the momentum operator one gets

<m|p|n> \/— (\/_ 5m n—1—Vn+ 16m,n+1) . (533)
2z

It is also easy to compute powers of these operators (see problem 1).

5.2 Coherent States

Coherent states are quantum mechanical wavepackets which describe nearly
classical behavior of the harmonic oscillator, as will be explained below. They
are defined by
zaf az*
|2) =€e*10), (2] =(0le (5.34)

where z is a complex number. By expanding the exponential, and using the
definition of the number states, one can rewrite them as superpositions of Fock

space states
n

me = (n|2) == (5.35)

3

Using (5.16) one finds |[a, ez‘ﬂ] = ze**!, which can be used to show that the
coherent state ket is an eigenstate of the annihilation operator; similarly the
coherent state bra is an eigenstate of the creation operator

alz) = z|z), (zla! = 2*(2]. (5.36)

Since a or a' are not Hermitian, their eigenvalues are not real. Furthermore,
the creation operator acts like a derivative operator on the ket

allz) = aTemwO) = 0,|2), (5.37)
and the number operator acts like the dimension operator
Nl|z) = atalz) = 20,|2), (2|N = 2*8.-(2|. (5.38)
The Baker-Housedorf formula
etel = ePedel Bl (5.39)

which is valid when both A and B commute with [A, B] (see problem 2 in
Chapter 2), may be used to compute the inner product

(2|2') = (0]e®*"e¥ 2" |0) = (0]e*' @' %"=’ = [®aT]|0) = =77, (5.40)

Therefore, coherent states are not orthonormal, but they are complete

1= [n){n] = %/sze_‘z‘2|z><z|. (5.41)
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The completeness relation is proven by using (5.35) and performing the integrals
in polar coordinates z = rexp(i¢), d*z = rdrdg. So, any state |1)) may be
expanded as a linear superposition of coherent states by multiplying it with the
identity operator

W)= [E e, was) =2 . 642

The expectation value of the position, momentum and energy operators in a
coherent state are easily computed by using (5.36)and (5.40 ).

7= 5 = e (el +alz) = (" +2)
P= LT = i (e’ —ols) = (e —2) (5:4)
B= G = s l(ata +1/2)]) = hw(|2l? +1/2).

where we needed to divide by the norm since the coherent state is not normalized
(see (5.40)). By solving this equation one may interpret the complex number z
in more physical terms by relating it to the average position and momentum.
1(£f'+‘1'0_) (544)
z=—(—+1i—pD). .
\/_ Zo h P

Furthermore, the average energy in the coherent state may be rewritten in the
suggestive classical form

E 5.45
2m g tho (5.45)
where Fy = fw/2 is the vacuum energy. The time dependence of these and
other quantities may be computed in the time translated coherent state (see
problem)

|z,t) = exp(—iHt/h)|z)

7iu.;t/2efito.1aTaeztﬂL |0>

=e

) . 5.46
— efzwt/2 exp (Zefuutaf) |0> ( )

—_ |267iwt>67iwt/2.

For example,

T(t) = (ztdlz,1)/(z,t|z,1)
= %(zeﬂ"”ﬂcﬁ + alze” ™) /{2, t]z,t) 547
— %(z*eiwt+ze—iwt) ( . )

= T coswt + L= sin wt
mw

This shows that the time dependence of the average position of the particle in
a coherent state is just like the oscillatory motion of the particle according to
the rules of classical mechanics. Therefore, a coherent state is interpreted as an
almost classical particle state (see also problem 2).



132 CHAPTER 5. OPERATOR METHODS

5.3 Normal ordering

Consider a product of various powers of creation annihilation operators writ-
ten in some order, for example aa3a’atal”-- - a. Suppose that altogether the
product contains n annihilation operators and m creation operators. The nor-
mal ordered product of the same set of operators is defined to be a'™a™. That
is, one pulls all the creation operators to the left and all annihilation operators
to the right as if they commute, and define the resulting operator as the normal
ordered product. Normal ordering is denoted by placing a column on both sides
of the original product, that is,

caaabatal” - a? 1= aT™a". (5.48)

Inside the normal ordering signs the order of the operators does not matter since
by definition any order gives the same result

caaa®a’al™ - a? =1 aPad’ata? -0l = = a™ma". (5.49)

The vacuum expectation value of a normal ordered product is zero as long as
m or n is not zero

(0] (: aa™a’a’a'™---a'? 1) |0) = (0]ai™a™|0) = 0, (5.50)

since the vacuum on the right is annihilated by a and the one on the left is anni-
hilated by af. Any product may be rewritten as a linear combination of normal
ordered products by using the commutation rules to shift creation operators to
the left and creation operators to the right. Here are a few examples

aat =afa+1=:aa': +1,
a’at =ad'a® +2a=:d%": +2:a:, (5.51)
a’a’? = aa® + 4ata + 4 = a%a™ : +4:aa: +4

Thus, in rewriting ordinary products in terms of normal ordered products, in
addition to the naive normal ordered term one may find terms with fewer num-
bers of creation annihilation operators. In particular, the vacuum expectation
value of an ordinary product is determined by the last term of its expansion in
terms of normal ordered products. Thus, using the examples above,

(0laa’0) =1, (0la?a’|0) =0, (0]a®a’?|0) = 4. (5.52)

Normal ordering is a useful tool in quantum field theory, where the field has
the structure of a linear combination of creation/annihilation operators, ¢ =
aa+ B*a’, where o, B* are coefficients. For example the operators &, p have this
structure. In quantum field theory one is often interested in evaluating vacuum
expectation values of the form

(0[¢1¢2 -+ 9,,[0) (5.53)



5.4. HARMONIC OSCILLATOR IN 2 AND D DIMENSIONS 133

where for each field ¢; = a;a + B;a’ generally there are different coefficients
a;, B;, but they all involve the same set of harmonic oscillator operators a,af.
So, the vacuum expectation value is a definite function of the coeflicients «;, 3;.
To perform this computation in an organized way one uses the technique of
normal ordering. That is, rewriting the operator products in terms of normal
ordered products and then taking the vacuum expectation value.

5.3.1 Wick’s theorem

Wick derived the following theorem which gives all the terms and their coeffi-
cients in the expansion of ordinary products in terms of normal ordered products
(see problem at the end of chapter).

D1Py Gy = PPy byt H{{D10s) P+ b, Fall permutations}
+{{(P102) (P304) : @6 b, © +all permutations} + {---} (5.54)
+ {{(d109) (P30y) -+ (@,,_1D,) + all permutations}

where <¢2¢j> is the vacuum expectation value of a pair of fields. We can easily
compute

(:0;) = (0| (uia + Bia') (aja+ Ba’) 0) = ;B (5.55)

so that all coefficients are determined. The last line is written as if n is even
since all fields have been paired. If n is odd there remains an unpaired field
in each term of the last line. Using this theorem we see that when n is odd
(0|¢p1 99 - -+ 6,,]0) = 0, and when it is even,

(0|1 ¢y - -+ 6,10y = a1 B303B% - - - an—1 8, + all permutations of (12---n).
(5.56)
This theorem plays a basic role in doing computations in quantum field theory.

5.4 Harmonic oscillator in 2 and d dimensions

The harmonic oscillator in d dimensions is described by the Hamiltonian

D 22
P mw-*x
H =" 5.57
2m + 2 ( )
where & = (21,22, -+ ,24) is a d—dimensional vector. We may define creation-
annihilation operators
N 1 f . .%'()ﬁ it 1 .’f . .’L‘oﬁ
g L (E ol g L (E mob (5.59)

\/§$0 h \/EZL’O h

that are also d—dimensional vectors. Their commutation rules follow from those
of position and momentum operators

[aI,aT,] =015, lar,a;]=0= [aT,,aT]]. (5.59)
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By choosing zo = (i/mw)'/? as before the Hamiltonian takes the simple form

- d
H=hw(@ -a+ 2) (5.60)
Since this Hamiltonian is a sum of independent Hamiltonians H=~H,+H,+
-+« + Hg, that are constructed from operators that commute with each other,
the overall eigenstates reduce to direct products of eigenstates of the individual
Hamiltonians. From the study of the harmonic oscillator in one dimension
one already knows that the eigenstates of the Hamiltonian in each direction
H; = hw(a}al + ) are the number states |n;). Therefore the overall eigenstate
is

In1,n2, -+ na) = n1) @ |ng) ® -+ @ |na), (5.61)

and the energy eigenvalue depends only on the sum of the integers n;

d
E,,..n, = hw(ng +n2+-~-+nd+§). (5.62)

There is a unique ground state with n;y = 0, which we denote simply by |0).
However, at higher levels there are many ways to construct the same value for
the total integer

d
n=>y nr (5.63)
I=1

Therefore, there are many states at each level and it can be checked that the
number of degenerate states at level n is

(d+n—1)!

Dn(d) = (d—Dlnl"

(5.64)

For example for d =2, n = 0,1,2,3,4 there are the following states |n1, no)

n_ D2 states |ni,mg >

0 1 10, 0)

1 2 11,0), |0, 1)

2 3 20002, [LY) (565
3 4 13,0), 2,1), [1,2), ]0,3)

4 5 14,0), [3,1), [2,2), [1,3), [0,4)

These states are constructed by applying the creation operators on the vacuum
state
a'{nl agnz

Vil Vol

It is useful to re-label the states in terms of the sum and difference of the
quantum numbers. Defining

.1 1
J= 5(”1 +ng), m= 5(“1 —n2), (5.67)
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1 T i

and renaming a; = a), and a£ =al we have
- (al )it (al)i—m
ym) = 0
bm = v o % (5.68)
m:_]?_.7+177.7_17.7 ’
j:()v%alv%va"'
The total number operator
N=da-a= a1a+ +ala_ (5.69)
has eigenvalue ny + ne = 2j
N |j,m) = 27 |j,m), (5.70)

The second quantum number m distinguishes the (25 + 1) degenerate states
from each other. Using eqs.(5.21) and (5.22) we see that a4, al act like ladder
operators that change both j and m by 1/2 unit

atljm) =+jEm|j—1/2, m¥1/2)
alljm) =viEmFI|j+1/2, m+1/2).

The creation operators increase j while the annihilation operators decrease it.
The products of a creation with an annihilation operator do not change j, but
may change m by at most one unit. This means they must commute with the
operator N.T hus, defining the operators

(5.71)

1
I ala_, J=ala,, J= §(a1a+ —ala_), (5.72)

one can verify that they commute with the total number operator
[N, Ji0] =0 (5.73)

and that they change m by at most one unit that corresponds to their labels
(4,0, —). Their action on the states follows from (5.71)

Joljm) =mlj,m), Jeljym) = /i@ +1) —m(m£1) [jm+1).  (5.74)
From the following rules for commuting pairs of creation-annihilation operators

[(LJ;(LJ, akaL] = (L}(LL (SJK - a}(aJ 5LI (575)

one can easily derive that the commutation rules for the Ji o are given by
[Jo,J+] =xdr, [Jy,J-]=2Jp . (5.76)

A set of operators that close under commutation rules to the same set, as above,
is called a Lie algebra. The present Lie algebra is the Lie algebra of SU(2). Tt
is sometimes rewritten in terms of

1

= 22‘(J+ —Jo), Js=Jo (5.77)

1
J1 :§(J++J,), Ja
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in the form
[Ji,Jo] = iJs, [Jo,J3] =iJy, [J3,J1] =iJa. (5.78)

It is illuminating to note that there is a quadratic function of the J4 o that can
be rewritten only in terms of the total number operator N (problem 6)

J2 =R+ Ao+ J Ty

=Jt+ J3+ J3 (5.79)

=3 (5+1).
Therefore the eigenvalues of J? are j(j + 1). Even though the total number
operator N commutes with all three operators Ji o, it can be simultaneously
diagonal with only one of them since they do not commute among themselves.
However, they all play a role in clarifying the nature of the degenerate states
at a fixed value of j. In fact, as we will see in the coming chapters, the three
operators Jy o have a close connection to the symmetry group SU(2), which
is the same group as the group of rotations SO(3) in three dimensions. In
the present case of the two dimensional harmonic oscillator there certainly are
no 3-dimensional rotations. But nevertheless there is a hidden symmetry group
whose mathematical structure is similar to the group of 3-dimensional rotations.
The d—dimensional harmonic oscillator also has a symmetry group which is
SU(d). There is a Lie algebra associated with SU(d) as is evident from eq.(5.75)
taken in d—dimensions. Although we will study this topic in more detail in the
chapter on symmetries, it is appropriate at this juncture to point out how the
symmetry acts. Thus, consider two observers O and O’ who use coordinates
and momenta (Z, p) and (7', p') respectively. Let us define the relation between
these observers through a transformation of the creation-annihilation operators
constructed from the respective coordinates and momenta

d

d
af' =Y ryas, (a)) = ah(Ur, (5.80)
J=1

J=1

where U is a d x d unitary matrix, and U is its Hermitian conjugate. It may be
clearer to the reader if these relations are explicitly written in matrix notation

ay Unn Uz - Uwa ay
as Ui U -+ U as
= T . (5.81)
ay Un Ui -+ Uad aq
and

uf, Uf U{
TR 1
U U. U
(CLI/ a;/ "'a:r1/> _ (al{ a; -~a;) 21 .22 1d
P I
Un Ugp Uda
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Then one finds that the number operators N and N’ used by the two observers
are unchanged by the transformation, provided the matrix U is unitary, i.e.
UUT =U'U =1, since

d d d
N’:Zaya}: Z aT, (UT)J] (U)]K aKg = Z aT] 51[( CLK:N.
I=1 I,J,K=1 I1,J,K=1

(5.83)
This result indicates that the Hamiltonians of the two observers may be written
in terms of different coordinates and momenta, but the energy does not change.
Therefore, there is a symmetry in the system associated with unitary trans-
formations in d—dimensions. This symmetry is the underlying reason for the
degeneracy of the energy states, as will be more fully explained in the chapter
on symmetries. Thus the SU(2) symmetry of the two dimensional oscillator is
responsible for the degeneracy discussed explicitly above.

5.5 Fermionic oscillators

There is a fermionic version of creation-annihilation operators (by,bl) with
a,B8=1,2,--- M, that are defined with anticommutation relations

{ba: b} =0ap,  {ba,bs} =0={blb}}. (5.84)

The anticommutator between two operators is defined by {A, B} = AB + BA.
The anticommutation rules imply that the square of each operator vanishes,
b2 = 0 = bf2. The total number operator is defined as before N = bl b,,, and
its commutation rules with the creation-annihilation operators turns out to be
the same as the bosonic oscillators

[N,bo] = —ba, [N,bl]=0b. (5.85)
The vacuum state is annihilated by all the b,
ba|0) =0 (5.86)
and excited states are constructed by applying the creation operators
bl, bl -+ bl 10). (5.87)

The total number operator is diagonal on these states, and its eigenvalue is equal
to the total number of excitations, just like the ordinary harmonic oscillator.
However, there cannot be more than one excitation for each oscillator, since
bi2 = 0 for each a. This explains the Pauli exclusion principle, that says that
no two fermions with the same quantum numbers can be in the same state.
Therefore the number of states is finite. For M oscillators there are 2 distinct
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states that can be explicitly listed for a given value of M

M=1 : |0), bl|0).
M=2 : |0, bl]0), bbl0), bl bb|0).

M=3 { 10, b]10), b}l0), bi|0), (5.88)
b} b[0), b} b§|0), bib{[0), bb]bL|0).

The set of 2M states is the complete Hilbert space for a given value of M. A
state is either empty or full relative to a given fermion labelled by a. The rules
for applying creation-annihilation operators on the number states are easy to
figure out: When the state is empty for quantum number «, b, annihilates it
while b}; fills it. If the state is full, then b, empties it while b}; annihilates it.
So, a completely empty state (the vacuum |0)) is annihilated by all b,, but a
completely filled state is annihilated by all bf,. Thus, the completely filled state
has properties very similar to the vacuum state, and the roles of the creation-
annihilation operators get interchanged when acting on it. One may consider
pairs of creation-annihilation operators bf,bg and study their commutators

05,05 , blbs] = blby G5x — blbs ao, (5.89)

as we did in the bosonic oscillator case. Since the set of operators close, they
form a Lie algebra SU(M). For M = 2 , renaming b; = b and by = b_ we may
construct again the Lie algebra of SU(2)

Jy=blb, Jo=0blby, Jy=1(blb, —0bf

[Jo,Ji] = £Ju,  [Jy,J_] = 2J;. (5.90)

The eigenvalues of J? = j(j + 1) can only take a finite number of values since
there are only 4 states in this case. In fact the vacuum and the filled state
both have j = 0, while the one particle states bl|0> represent the two states for

j=1/2.
5.6 Quadratic interactions for N particles

Consider the problem of N particles moving in d—dimensions and interacting
through ideal springs as in Fig.(5.1).
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Fig.5.1: Interactions via springs.

The potential energy stored in the springs is proportional to the square of the
distance between the particles at its two end points. For example for three
springs coupled to three particles in all possible ways the potential energy of
the system is

k12

L. kos ., k31,
V = 7(.’171 — .’172)2 + %(xg — .’173)2 + %(ms — $1)2 (591)

where k;; are the spring constants, and the kinetic energy is

oo BB, A
2m1 2m2 27’)7,3.

(5.92)

More generally the springs may not be isotropic and may pull differently in
various directions. To cover all possibilities we will consider a Hamiltonian of
the form

N N

Z (Kijpipj + Vijwim; + Whaip; + Wij pixj)) + Z (cvipi + B;;)
ij=1 i=1

H =

N =

(5.93)
where the indices i, j run over the particle types and the various directions, and
we will assume a real general matrix W, arbitrary symmetric matrices K,V
and coefficients «,8 which may be considered column or row matrices (vec-
tors). The mathematics of this system could model a variety of other physical
situations besides the coupled spring problem which we used to motivate this
Hamiltonian.. This general problem has an exact solution in both classical and
quantum mechanics.

By translating the positions and momenta to p; = p; — p, Z; = =; — x
one can find H = H (Z ,p) + E(2°,p°) such that the linear terms are absent in
the new variables. The constant E(z°,p°) = H(z% p") just shifts the energy
of every state by the same amount. Since the commutation rules for the new
variables are the same as the original ones, one may assume that this step has
already been done and start as if o, = 6, = 0 without any loss of generality. It
is convenient to write this Hamiltonian in matrix notation in the form

H= (57z7) ( vé{T VVV ) ( p ) + B0, p°). (5.94)

where we have defined N —dimensional column and row matrices

0

79

Z_)T:(ﬁlaﬁQa"' 71_)N)7 (595)

X :(jlv‘an"'va)u

etc. Next define a 2N x 2N transformation M involving both positions and
momenta p; = Zj(Aijﬁj + Bij.’fj), x; = Zj(CZ«jﬁj + Di]‘jj), or

(5)-(E)(2) we(28)  om

813
2 3
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We require that H has no mixed terms in the new variables (j, ), which means
it takes the form H = pT Kp + 37V + E(2°,p°) once we substitute Eq.(5.96)
in Eq.(5.94). Therefore we must require the block diagonalization condition

(5 S (A8 -(F L) o

AT (KA+WCO)+CT (WTA+VC) AT (KB+WD)+CT (W'B+VD)
BT (KA+WC)+ DT (WF'A+VC) BT (KB+ WD)+ DT (WT'B+VD)

_ ( [0( 3 ) (5.98)

The off diagonal blocks vanish provided A, B, C, D are restricted by the following
equation
ATKB+ A"WD+CT"WT'B 4+ CTVD = 0. (5.99)

From this equation we can solve for the parameters of the matrix M that satisfy
the condition.

In addition we require that the commutation rules among the new variables
are the standard canonical rules, i..e. [Z;, ;| = ihd;j, [Z;,Z;] = 0 = [p;, p;], and
that these produce the standard canonical rules for the old variables Z;, p;. This
requirement produces the following conditions on A, B,C, D

ABT — BAT =0, cDT - DCT =0, ADT - BCT =1. (5.100)

These equations may be rewritten in the form MTSM = S, or equivalently

Mt =8"1MTS, with S= ( _01 é ) .S l=_g. (5.101)

A 2N x 2N linear transformation M that leaves the commutation rules in-
variant is a canonical transformation that is called a symplectic transformation.
Such transformations form the symplectic group Sp(2N). The general symplec-
tic matrix can be parametrized as follows

MZ(é g):@Z (cbi—ul)lle)
:(i (cbil))(g u01T>
(o) S )0 )

where b and ¢ are any N x N real symmetric matrices and u is any N x N real
matrix that has an inverse u~!. Note that the number of parameters in b or ¢
is %N (N + 1) each, and the number of parameters in u is N2. Therefore a real
Sp(2N) symplectic matrix has altogether 3N (N 4+ 1) + 3N (N +1) + N? =
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N (2N + 1) real parameters. It can be checked directly that this form of M
satisfies automatically the symplectic condition M7 SM = S. This implies that
the inverse M1 is given by M~' = S~'MTS for any b,c,u. We mention in
passing that w is an element of the subgroup GL(NV, R).

The matrices b, ¢, u must be further restricted to block diagonalize the Hamil-
tonian. We insert the A, B,C, D of Eq.(8.63) in the diagonalization condition
in Eq.(5.99). This gives

Kb+ W (chb+1)+cWTb+cV (ch+1)=0 (5.102)

Therefore we need to solve this equation to find b, ¢ for given K, W, V. This
equation imposes N? conditions, but we have N2 + N free parameters in the
symmetric b, ¢ to satisfy N2 equations, which means there is always a solution'
(see problem 12). Note that u is not restricted by the block diagonalization con-
dition, so it can be taken as the identity matrix 1 for the step above. However,
in the following steps we will see that the degrees of freedom in u will be used
to further simplify the problem.
We also compute K and V from Eq.(5.98)

K=ATKA+AT"WC +CT"WTA+CTve
=u" (K+We+ W +cVe)u (5.103)
Similarly we have
V=B"KB+B"WD+D"WTB+ DTVD
=u (W +V(cb+1)u " (5.104)

where we have used Eq.(5.102) to simplify the expression for V. In the following
discussion we will need VK, so we compute it as

VK =u? (WTb+V (cb+1)] [K+We+ W' +cVe|u (5.105)

Note that we have not used the freedom we have in u, so at this stage u can be
set equal to 1.
Assuming that these steps have been performed, the Hamiltonian takes the
form
N
N 1 L .
H= 3 Z (Kijpipj + Vz‘jwiwj> + E(x0,po)- (5.106)

4,J=1

It will be convenient to write this expression in matrix notation as
H =§"Kp+ " Vi + E(zo, po)- (5.107)

Next introduce an orthogonal transformation R to diagonalize the symmetric
matrix K = RTEK?R, where k? is assumed to be a positive diagonal matrix .

In passing, it is also interesting to note that this equation has the following so-
lution for the general matrix W for given symmetric matrices b,c, K,V, namely W =

% et (Kb (cb+1)"! + cv) (b (cb+ 1)*1)” (—1)"+ .
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The positivity is required on physical grounds that the kinetic energy in the
new variables must be positive, so this will be true in any physically meaningful
system. By inserting RT R = 1 the Hamiltonian is rewritten as

A =1(3"RTKRp + :ETRTRVRTR:E) + E(wo,po)

1T 1.2,/ 1T/ 0 (5'108)
(P k*p + 2'TV'a") + E(zo, po)

1
2
1
2

where p’ = Rp, 2/ = R#, V' = RVRT. Since orthogonal transformations also
preserve the canonical commutation rules, we may again assume that this step
is accomplished and reduce the problem to a diagonal K}, = k%6;; without
loss of generality. Next introduce a rescaling that also preserves the canonical

structure
=k, = Ekolyl (5.109)

(2 (3 7

This brings the Hamiltonian to the form
. 1
H =5 (" + &7 (kV'k)i') + E(zo, po). (5.110)

Finally using an orthogonal transformation that diagonalizes the symmetric
matrix, (kV'k) = UTw?U, the Hamiltonian takes its final simplest form by
inserting UTU = 1 and defining p”" = U/, 2" = UZ’

H =1 ﬁ/TUTUﬁ/ —l—.’fITUTWQUf/) + E(z0, po)
=3 p//Tp// + :L’”Tw2:L’H) + E(iﬂo,po) (5.111)
=3 2 () + W (@)?) + B(wo, po).

This decoupled form defines the normal coordinates that are independent os-
cillators. The frequencies w? correspond to the eigenvalues of the matrix (kV'k).
The eigenvalues of (kV'k) are the same as those of the matrix RT (kV'k)R, which

can be rewritten as (RTkR) (R"V'R) (RTkR) = VEVVE. Therefore, to
compute the frequencies we setup the secular equation det (\/E f/\/} — /\> =

0. The solutions for A correspond to the frequencies w?. Now, the determinant
can be rewritten as follows

0= det (VEVVE =) = det (VE (V = \&7) VE)
= (det V&) det (V = A1) (det V) = (det &) det (V = AE ™)
= det (f(f/ - /\) (5.112)
Now we insert the product KV from Eq.(5.105)

0=det (KV =) =det (u™ Wb+ V (cb+ )] [K + We+ W + Ve u =)
=det ([WTb+V (cb+1)] [K+We+ W +cVe] —A) (5.113)
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So, we have shown that we can compute the frequencies by solving for the
roots of this secular equation and identifying the solutions with A = w?. When
W = 0 this task is much simpler since then b, ¢ are also zero, and we get simply
det (VK — X) = 0, where K,V are the original matrices. Once the frequencies
are determined in this way, we have seen that we can write down immediately
the simpler form of the Hamiltonian in Eq.(5.111).

At this stage we can quantize the normal modes and introduce the creation-
annihilation operators

h hw;
x = oo (a; +al), pf=—i 5 (a; — al), (5.114)
and finally have
N
H =" hwi(ala; +1/2) + E(z°,p"). (5.115)
i=1
The eigenstates are the usual number states |nq, -+ ,ny), and the energy eigen-
values are
N
Bpyony = 3 hwi(ni +1/2) + E(a,p°). (5.116)
i=1

There would be degeneracies only if the frequencies of the normal modes are
accidentally the same. Thus, the solution of the original quantum problem is
reduced to the computation of the frequencies. The series of steps above can
always be accomplished in order to compute them (see problem). The relation of
the creation-annihilation operators to the original position-momentum variables
in (5.93) is obtained by putting together the transformations applied at each

step
o= /Z{Uk™'R(A(z —2°) + B(p — ")) }

tiy/ 4 {UKR (~B(z — 2°) + A(p — ")) } (5.117)

where a, z, p, 2%, p° are column matrices, w, k are diagonal matrices, U, R are or-
thogonal matrices, and A, B form the 2N x2N symplectic matrix that satisfy the
conditions described above. For any choice of the parameters in these symplec-
tic, orthogonal, diagonal or column matrices, the original position-momentum
commutation rules lead to the standard creation-annihilation commutation rules.
Furthermore, the Hamiltonian is diagonalized when the parameters in these ma-
trices are chosen according to the steps above, so they end up being functions
of the original parameters in K, V, W, «, 8 (see problem).

There is a quicker way to reach the final result. Starting with H = 37 Kp +

#TV i + E(z0,po) we define the canonical transformation 3 = vV Kp and &’ =
— -1
(\/ K ) Z. The Hamiltonian takes the form

i =pTF + 37 [VRVVE] 7 + B(wo,po). (5.118)
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The eigenvalues of the matrix v/ KVVK gives the eigenvalues w? in agreement
with the discussion above.

5.7 An infinite number of particles as a string

Consider a system of coupled particles and springs as in the previous section,
but with only nearest neighbor interactions with N springs whose strengths are
the same, and N + 1 particles whose masses are the same. The Lagrangian in
d—dimensions written in vector notation is

L(x;,%;) :—mg X; - X;)

le

N
Z —x;_1)% (5.119)

The index ¢ =0, --- , N refers to the i—th particle. We have argued above that
one can always solve a problem like this. We will see, in fact, that the solution
of such a system for N — oo will describe the motion of a string moving in d-
dimensions. Let us visualize the system in d = 3. We have an array of particles
whose motion is described by the solution of the coupled equations for x;(¢).
Suppose that the N particles are initially arranged as in Fig.(5.2) at ¢t = ¢

Fig.5.2: N positions at time t=tg.

As t increases, the configuration of such an array of particles changes. Taking
pictures at t = t1, t = ta, t = t3 we can trace the trajectories as in Fig.(5.3).

Fig.5.3: Trajectories of N particles.
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The overall motion looks like a motion of a discretized string of beads which
sweeps a discretized surface embedded in d dimensions. Let us now suppose
that we have a continuous string parametrized as x(o,t). At a fixed time, as
the parameter o changes in some range, say 0 < o < 7, the vector x(o,t)
represents the location of different points on the string in a continuous fashion.
Allowing also the time to change, one sees that the vector x(o,t) points at
any location on the two dimensional surface swept by the string. This surface is
called the world sheet of the string. At any point on this surface we may identify
the two tangents to the surface as d;x(o0,t) = %x(0,t) and 9,x(0,t) = x'(0,1).
Suppose we divide the range of o into N discrete parts of equal length a = 7/N,
identify the N + 1 points o = ia with ¢ = 0,2,--- , N and assign their location
x(o = ia,t) — x;(t). Then the continuous open string is approximated by N +1
particles. In the limit ¢ — 0, and N — oo, with Na = 7 fixed, we recover the
string from the collection of an infinite number of particles. A closed string that
forms a loop may be described similarly. In this case it is more convenient to
double the range of ¢ to 0 < o < 2, discretize it in the same way, but also
add the condition that the first and last point parametrized by o are really the
same point zg = x. In this discretized version the two tangents to the string
world sheet are replaced or approximated by

%(0.) = %i(t),  ®(0,t) — é (xi(t) — x1(8)).- (5.120)

We now see the interpretation of the Lagrangian written above in terms of a
string. Namely, in the limit N — oo it represents the kinetic energy plus the
potential energy of a moving open string:

T T T

L(x, %) = ﬁ/ do (x(a,t))%—/ do (x'(0,1))° (5.121)
2 Jo 2 Jo

where we have defined a mass density along the string 4 = m/a and a tension

T = ka that remain constant as a — 0. This Lagrangian, together with the

boundary conditions for open or closed strings

x'(0,t) =x'(m,t) =0 (open string)

x(0,t) = x(2m,t) (closed string) (5.122)

recover the N — oo limit of its discretized version (the boundary conditions for
open strings follow from the minimal action principle by allowing free variation
of the end points; they prevent momentum leakage at the end points ). We have
already seen that we can completely solve the classical or quantum mechanics
problem in the discretized version by finding the normal modes. We may also
study it directly in the continuous string version and interpret the normal modes
as the normal modes of string motions (vibrations, rotations, etc.). The quan-
tum theory is easily solved in terms of the normal modes that are represented as
oscillators. Let us first study this Lagrangian classically. The Euler-Lagrange
equation takes the form

(ud? — Td*)x(o,t) = 0. (5.123)
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This equation is equivalent to the Klein-Gordon equation in one “space” (o)
and one “time” (t) direction. The general solution is

x(o,t) =f(wt+0) +g(wt — o) (5.124)

where w = /T/p and f,g are arbitrary functions of their arguments. For an
open string, imposing the boundary condition x’(0,¢) = 0 requires that the
two functions be the same up to a constant f(wt) = g(wt) + c. After using
this restriction, imposing the boundary condition x'(7,¢) = 0 demands that the
derivative of the function be periodic with period 27: i.e. f'(wt+m) = ' (wt—m).
The general real periodic function can be expanded in terms of a Fourier series

in the form
’ ap 7 > : s
f — _ iun _ ot iun 12
(u) > + 5 nEZI Vn(aye ale ), (5.125)

where the Fourier modes a,, are arbitrary constants and the extra factor of v/n
is inserted for later convenience. By integrating this function we have

f(u) =c1+28+15>, ﬁ (ane™m + afe~ium) (5.126)
gw) = oot 8+ 13 T (e e '

leading to the general solution

> COS no
x(o,t) = (c1 + C2> + agwt + Z 7

n=1

(ape™m + af e~™n) (5.127)

or
x5, (t) cosno (5.128)
Here the zero mode which may be rewritten as

X()(t) =X + vot (5.129)

is interpreted as the free motion of the center of mass. In fact note that the
integral over o yields just the zero mode, and also the integral is interpreted as
the center of mass variable in the discretized version (with Na = )

1 [T N
X0 + Vot = _/ x(0,t) do ~ — [m(xl X F +XN)] (5.130)
0

T s Nm

So, the center of mass behaves like a free particle. The remaining normal modes
which may be rewritten as

xn(t) = (rn coswnt + :—:L sin wnt) (5.131)

perform oscillatory motion with frequencies that are the multiples of the basic
frequency w, = nw. The reader is invited to solve the discretized problem
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directly for any N and then take the large N limit to show that the result is the
same. It is useful to get a feeling of the motion performed by a pure normal
mode. For example consider the solution for which xo = 0 and vg = 0 so that
the center of mass is at rest, and take all the normal modes equal to zero except
for the first one v

x(o,t) = (r coswt + ” sin wt) coso. (5.132)

At t =0, x(0,t) = rcos(o) represents a string stretched from —r to +r. When
t increases, the string vibrates and rotates like a rod about its center of mass
at a rate w. If v is initially along r there are only longitudinal vibrations, and
if it is initially perpendicular to r there is rotation while the length of string
changes. For t = %’T, the string goes back to its original position. If the string
is purely in the second normal mode

x(o,t) = (r2 cos 2wt + ;—z sin 2wt) cos 20 (5.133)
the string folds on itself, since cos20 covers the same values twice while o
changes from 0 to 7. As time goes on it vibrates and rotates while it stays folded.
With a more general superposition of many modes the string performs rather
complicated vibrational, rotational, folding and unfolding motions in addition to
moving as a whole following its center of mass. A closed string is described in the
same way. The boundary conditions allow basically two independent functions
f and g, except for the zero mode that must be the same for periodicity in the
sigma variable to be satisfied for the total x =f + g

fwt+0o) =3 (xo+vo(wt+0)/w) + 5307, o= (ane™ @) fafemn(wit)
gwt—0o) =3 (x0+volwt—0)/w)+ 33, ﬁ (Apem(@=0) 4 3 emin(wi=0))
(5.134)
In the sum the sigma dependence drops out for the center of mass motion x¢(t) =
Xo + vot, hence periodicity in the sigma variable is achieved. The amplitudes
of oscillations a,,a, are independent from each other. They represent waves
traveling clockwise or anticlockwise along the closed string. Let us now analyze
the quantum theory. The aim is to express the Hamiltonian in terms of the
normal modes. The classical analysis has already identified them. For the open
string we simply substitute in the Lagrangian (5.121) the derivatives of the
expression in (5.128)

o0 1 o0
x(o,t) = %o (t) + nZ::l %Xn(ﬁ) cos(no), x'(o,t)=— nZ::l Vnx,, (t) sin(no)
(5.135)
and do the integrals over o. The result is
T | . =1,
L= X5+ ) - (%2 —w’n?x2) | . (5.136)
n=1

We see that the normal modes are indeed separated from each other and that
we have the Lagrangian for the harmonic oscillator for each of the normal modes
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except for the zero mode. Canonical conjugate variables are defined as usual
Po = TuXg Prn = TuXp /N (5.137)
and the Hamiltonian follows

— Py TVMW X
Hopen - 27r,u + Zn 1 (27T,LL + )

J (5.138)
:27T;L+Zn 1ﬁwn( an+§)
where the creation-annihilation operators are constructed as usual,
1 x, .20 Pn h
n — 5 = _—, 5.139
a ﬁ( = ), o — (5.139)

and they coincide with the a,, introduced in the Fourier expansion ( 5.125). For
the closed string we follow the same procedure, but we can see that the result
is similar except for the doubling in the number of oscillators

Heiosed 277# 5= + Zn 1 hwn (aT a, + ¢':1Jf -a, + d) (5140)

There is one additional requirement for the closed string. It should not matter
where the origin of the sigma coordinate is chosen along the string since there
really is no distinguishable starting point on a loop. Therefore, the energy of
the string should remain invariant under replacements of o by o+ o for any oy.
In other words, the physically acceptable states of the closed string are those
that do not change under o—translations. This is possible if the momentum
along the string, given by the difference of left moving energy and right moving
energy, vanishes. Therefore a physical state of a closed string is one that has an
equal amount of left moving as right moving energy

Zn aL-an:Zn al -a,. (5.141)
n=1 n=1

We see that the vacuum energy for either open or closed strings is infinite due to
the vacuum energies of an infinite number of harmonic oscillators. However, only
energy differences of excited levels relative to the ground state are physically
significant or measurable. So we may redefine the ground state energy as being
a constant or zero, by subtracting the infinity (or redefining the Hamiltonian
from the beginning). This process is an example of “renormalization” which is
commonly used in quantum field theory. It is a process that subtracts infinities
that are not measurable. As a matter of fact the string theory discussed in this
section is an example of a free field theory. The quantum states of the string are
now quite evident. The simultaneously diagonalizable operators are the center
of mass momentum and the number operators for each mode in each direction.
The ground state, which is the vacuum of the oscillators corresponds to a string
contracted to a single point and moving with momentum py = hk.

0) (5.142)
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Excited states are obtained by applying creation operators for any normal mode.
The larger the index n the higher is the energy quantum associated with that
normal mode. There are degeneracies at various energy levels. For example, for
the open string, at energy level 2 the states

ab; [k,0), al; al, k,0) (5.143)
are degenerate and they both have energy
h2k2
= 2hw. 5.144
T (5.144)

There are d states of the first kind and d(d + 1)/2 of the second kind. The
degeneracy due to the vector indices I = 1,2,---d is related to rotation in-
variance, but the remaining degeneracies are properties of the quantum string
theory. The states of the closed string must obey also the constraint (5.141). A
few of the lowest energy closed string states and their energies are

Ik, 0) E=Lk

al, al, k,0) B =1 4 ohw

?T;JN%;K lrk’ 0) . (5.145)
ay; ayy ayy |k, 0) Ez’zTM—I—élhw.

aJ{I aL 5‘;1{ k., 0)

The occurrence of degeneracy in the last three states, and at higher states, is a
property of string theory. In this section we have studied some aspects of the
non-relativistic quantum string. The relativistic quantum string which is at the
basis of the fundamental String Theory that attempts to unify all interactions
in Nature is studied with very similar methods. The additional ingredient in
that case is the use of relativistic string vectors x, (o, 7) that include a string-
like time coordinate xg(c,7), while 7 is the proper time. The formalism is
supplemented with additional invariances and constraints that seek to eliminate
“ghosts” or negative norm states from the Hilbert space. These additional
complications are present because of the time coordinate zq(o, 7). However,
after proper manipulation of these issues, the relativistic string theory, treated
in the “light-cone” gauge, reduces to a formalism which is very close to the one
studied in this chapter.

5.8 Problems

1. Compute the matrix elements of the operators (22),,,, and (p?),y, in the
harmonic oscillator states |n) and extract the uncertainties (Ax), , (Ap),
and their product in each state . Is the result consistent with what you
expect on the basis of classical mechanics considerations?

2. Compute the time dependence of the uncertainties Az(t) and Ap(¢) in a
coherent state |z,t). Interpret the result in light of the almost classical
behavior of the coherent state.
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Show that the state exp (—a'?/2 4 Aa') [0) is an eigenstate of the posi-
tion operator £. What is the relation between A and the eigenvalue of
27 Similarly, construct an eigenstate of the momentum operator p with
eigenvalue p.

Show that Wick theorem eq.(5.54) is correct for n = 2,3,4 by explicitly
rearranging the operator products ¢, ¢, - - - ¢,, in terms of normal ordered
products.

Consider the operator U = exp(aa’a). Show that
UaU™ =e %, Ud'U'=el. (5.146)

(recall e*Be* = B + [A,B] + 5[A,[A,B]] 4+ ---.) Using this result
show that, for any function of the creation-annihilation operators, one
has U f(a,a") U™t = f(e~%a,e%al).

Verify that the SU(2) Lie algebra of eq.(5.76) is satisfied by the fermionic
construction in (5.90). What is J? in terms of fermion number operators?
Using this result verify that the only possible values for j are 0,1/2.

Consider the three operators

Ay = %aTa + i, Ay = %aTaT, A= %aa . (5.147)
Obviously Ay is diagonal on Fock space |n). Show that the AL ¢ close
under commutation rules that differ from those of J+ o in eq.( 5.76) by a
minus sign. These are the commutation rules of the Lie algebra SL(2, R)
(equivalent to the Lorentz group SO(2,1) in 2-space + 1-time dimensions).
Show that A% = A2 — (AL A_+A_A,)/2is a constant (not an operator),
and by writing it in the form j(j + 1) identify two fixed values of j =7.
Next find the action of A4 ¢ on Fock space and show that it can be written
in a form similar to eq.(5.74) with some sign modifications and identify
again the fixed values of j =7.

. Apply the Ay ¢ operators of the previous problem on coherent states |z)

and find their action in terms of differential operators. Verify that the
resulting differential operators satisfy the same commutation rules as the
previous problem. What is the action of these operators on the functions
¥, (2) = (m|z) = 2™/v/m! ? Rewrite the result in terms of the ), and
compare to the previous problem.

Consider the coherent states |z1,z2) for the two dimensional harmonic
oscillator. What is the differential operator form of the Ji o and N of
egs.(5.72) acting on these states ?

Verify that J? = (N/2)(N/2 +1) in terms of oscillators and in terms of
the differential operators constructed in the previous problem
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11.

12.

13.

14.

15.

Solve the frequencies for the three body problem given in egs.(5.91,5.92) in
d-dimensions . Hint: the solution is simplified by noticing that one of the
frequencies must be zero due to the translation invariance of the problem.
The corresponding new position and momentum variables must be the
center of mass variables. After taking into account this fact from the
beginning, the problem reduces to diagonalizing a 2 x 2 matrix involving
only two independent relative variables.

Consider a Hamiltonian of the form

N=2 N=2
H:_Z(Kijﬁ;'ﬁj“rvijfi'fj)‘f' (@i'2+ﬁi'fi>

ij=1 i=1

For the N = 2 case, once the the normal modes are obtained, the Hamil-
tonian takes the form

d d
H E(mo,po)—l—hwl <(L1 a1+ 2) +hw2 <a2 (L2+ 2)

Find E (o, po) , w1, ws in terms of the original parameters in K;;, V;;, &, BZ

The matrices A, B, C, D introduced in Eq.(5.100) in terms of b, ¢, u, form
a 2N x 2N symplectic matrix M which satisfies MTSM = S. This M is
also required to block diagonalize the Hamiltonian

(5 o) (e ¥) (& 5)-(5 7)

Consider the N = 2 case, use explicit 2 x 2 matrices K, V, W,

K™ ks v B we wy w3 + wy
ks ko V3 Vg W3 — Wy w2
and find A, B,C, D (equivalently, b, ¢, u) and K,V, in terms of the para-
meters in K, V, W.

Write out explicitly all the equations that relate the original parameters in
(5.93) and the transformation matrices at each step and show the overall
relations between the frequencies of the normal modes and the original
parameters. Take into account the results of the previous problem.

Consider the 3-dimensional harmonic oscillator and its 3 creation-annihilation

operators. In addition to the total number operator N = aial +a£ as +a;§a3

define the following 8 operators that commute with it
Jo = %(aial — agag) Jy = a];ag, J_ = a;al
_|_ aJ{ag, U_ = aj;ah Ve = a;ag, Vo= ag;ag (5.148)

= %(alal + a2a2 - 2a3a3)

~ g
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Using the commutation rules in (5.75) it is not difficult to show that
these 8 operators close under commutation. Hence they form the SU(3)
Lie algebra. By analogy to the SU(2) states in (5.68) the number states
|n1,n9, ng) may be rewritten in terms of the eigenvalues of the commuting
operators N, Jo,Y with eigenvalues n, m,y respectively

(a'{)n/3+y/2+m ( T)n/3+y/2—m ( )n/3 Y

\/(n/3+y/2+m)! \/(n/3+y/2 m) \/n/3 y)!

where we have defined

In,m,y) =

0)
(5.149)

1

Furthermore, by concentrating only on the first two oscillators and com-
paring to the two dimensional case it is useful to define the quantum
number j

n=mn;+ng+nz m=c

2(”1 —TLQ), Y=

j=5(m 4 ) =nf3+y/2 (5.151)

So, the state may be labelled |n,j,m,y) with the additional quantum
number j, but keeping in mind that j is a function of n,y but not m.
From the positivity of the integers n; > 0 one derives the allowed values
and ranges of these quantum numbers

n = 0,123, -
Gyy) = (%,%) . (n;kvnfgsk)y... ,(0,—2) (5.152)
m = —j,—j+1,-- -1,

e Compute the action of the 3 creation and annihilation operators on
the states, writing the resulting state in terms of the labels of the
type |n7j7 m’ y>'

e Using this result now obtain the action of the 8 operators which do
not change the value of n, and again give your result in terms of
the states labelled by |n, j, m,y). Since the value of n cannot change
you have found irreducible representations of SU(3) for each value
of n. You will compare your result later in the course to the general
solution of the SU(3) problem and find out that it corresponds to a
subclass of irreducible representations (see problems in Chapter 8).

Consider the 8 operators of SU(3) of the previous problem but now con-
structed with fermionic oscillators. Verify that the Lie algebra closes with
identical coefficients as the bosonic case. Show that the list of all possi-
ble values of the quantum numbers (n, j,y) that may be constructed with
fermions is (take into account the SU(2) result discussed in the text)

(nmjay) = (07070)5 (1507 72/3)7 (171/251/3)
(27072/3)7 (2,1/2a_1/3), (3a0’0) (5153)
i = 3[(3(nmod3)+y)mod2].
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17.

Of course, for each value of j the remaining quantum number must take
values —j < m < j. If we interpret j as isospin and y as hypercharge,
then the three states with n = 1 have the quantum numbers of up, down,
strange quarks, while the three states with n = 2 have the quantum num-
bers of antiquarks (also of di-quarks). The states with n = 0,3 are SU(3)
singlets. There are other applications and/or interpretations of the math-
ematics. For example the three fermions b, with o = 1,2, 3 may represent
the three colors of quarks. Then we see that we can make a color singlet
state (3,0,0) by putting three quarks of different colors together bib}bt|0)
since the 8 SU(3) generators annihilate this state.

Compute the vacuum expectation value
<O|V(k’1, Zl)V(kg, Zg) cee V(k’n, Zn)‘0>

where V(k, z) =: exp(ik - z(z)) : is the normal ordered product of a string
plane wave defined by

oo

1
x(z) =q—iplnz+ Y —=(anz" +alz""), z=e
—Vn

iz ; = iz"
V(k, z) = lexp Z —k . aIL‘| ezk~q+k~p1nz lexp Z _k . an‘|
n=1 \/ﬁ n=1 \/rﬁ

A B _

iwt

Hint: use e eBeAelABl to move creation operators to the left and
annihilation operators to the right. The final result depends only on the
c-number exponential el4B!. The sums in the exponents of e45! can be
easily performed and simplified. This computation is related to n strings
scattered from each other.



Chapter 6

CENTRAL FORCE
PROBLEM

The central force problem describes the interaction of two bodies through a
force that depends only on the distance between them and acts in the direction
of the vector that joins them. The gravitational interactions of planets moving
around the sun, the electromagnetic interactions of electrons around nuclei, the
nuclear interactions of two bodies in collision, etc. are all systems described
by the central force problem. Because of the large number of applications, it
is worth studying the system in some generality without specifying the precise
nature of the force. The Lagrangian and Hamiltonian are given by

L = gmai? + gmaif = V(|ry —ra)
H =g+ 522 + V([r1 — 1),

2m1 2m2

(6.1)

where the potential energy V(r) depends only on the distance between the two
bodies r = |r; — r2|. We do not need to specify this function until we discuss a
particular system, so we will treat it generally for the time being. The classical

Hamilton’s equations of motion &; = 0p, H , p; = —0r, H give
. P1 . P2 . . ry —rp
f="—, fy=—", p1=-p=——T-—V(r) (6.2)
mq mo

where V'(r) = %V. One may then note that, independent of the details of the
potential energy, there are several quantities that remain constant throughout
the motion. These are the total momentum P = p; + po, the total angular
momentum L = r; X p1+ ro X p2 , the total energy H, the relative orbital
angular momentum, and the energy of the relative system. To see this and
provide simple expressions for the relative quantities, it is useful to introduce
center of mass and relative coordinates (R, r) and rewrite the Hamiltonian and
equations of motion in terms of them. We define
miry 4+ maoly

R=—== r=r;—ro. 6.3
m1+m2 ! 2 ( )

163
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Inverting these expressions one has

r1:R+%r, I‘QZR*%I‘ (6.4)
where M = my + my is the total mass. The Lagrangian and Hamiltonian take
the form I )

L =4iMR?+ fpui? — V(|r|)

2 2 6.5
H= g7 +5 +V(rl) (6:5)

where p is the reduced mass p = myms /M, and

P:§_§ = MR =p, +ps,
P = g¢ = put = (map1 — mup2)/M, (6.6)
pi=%P+p, p,=9P-p

The equations of motion for the center of mass and relative variables follows
from the new form of the Hamiltonian, or from the original equations of motion
P . P r

P=0, i==, p=—-V'(r). (6.7)

R-P
M’ I r

Thus, the center of mass moves with a constant velocity, like a free particle,
while the relative motion depends on the force F = —ZV'(r).

6.1 Separation of center of mass

It is clear that the center of mass and relative motions are decoupled from each
other and the conserved quantities are expressed as constants of either the center
of mass or relative motions. They are

Pcm:p1+p27 Lcm:RXP

H. = % +V(r), Lyq=rXxDp. (6.8)
For example we can check
. . P r .
Ot Lo :rxp—i—rxp:;xp—&—rx (—;V(r)) =0. (6.9)

In a later chapter on symmetries we will see that the fundamental reason for
the conservation of these quantities are symmetries of the system under space
translations (P = 0), time translations (H = 0) and rotations (L = Liye; = 0).
These symmetries are evident when we examine the Lagrangian or Hamiltonian.
Either one of these expressions remains unchanged under these transformations
(see symmetry chapter), therefore the equations of motions derived from them
carry the information about the symmetries.

The importance of this fact for Quantum Mechanics is that the operators
corresponding to these physical quantities must commute with the Hamiltonian,
since the time derivative of an operator is obtained by commuting it with the
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Hamiltonian. To see this result directly one may try the total momentum as an
example
[H,P] =[H, p1+p
= [V(r1 —r2),p1] + [V(r1 — r2), p2]
lh(V1+V2) V(I‘l — 1‘2)
=0.

(6.10)

It works similarly for the other conserved quantities (see problems 1,2). This
means that the conserved quantities are simultaneous observables with the
Hamiltonian and their eigenvalues can serve to label the states of a complete
Hilbert space. It is imperative to take advantage of this fact in order to ex-
hibit the symmetries of the quantum system and obtain a more tractable and
understandable solution of the quantum system.

What should be the labels of the complete Hilbert space? To begin, it
is evident that we need 6 labels corresponding to 6 canonical degrees of free-
dom. These can be any of the following |r1,r,) or |R,r), or |P, p), or |P,r), etc.
Among these it is wise to pick the label for total momentum since it is conserved
and also diagonalizes the center of mass energy. In fact, since the Hamiltonian
is constructed from two decoupled parts H = Hp, (P) + Hyei(p,r) we are com-
pletely finished with diagonalizing the first part, and can concentrate only on the
relative Hamiltonian for any fixed value of the total momentum. The objective
is then to diagonalize H,q(r,p), and we must find operators constructed from
(r, p) that commute with it, to label a complete Hilbert space. By virtue of the
conservation of the relative angular momentum L,..;= r X p, and the fact that
it is constructed only from relative canonical operators, we have automatically
(see problem)

[Lyer, Hret] = 0. (6.11)

Therefore, any function of L,.; commutes with H,.;, and we can find two such
functions (L2, (Lye;),) that commute not only with H,.; but also with each
other. This will be discussed below in more detail, but for now we treat it as
a given in order to complete the description of the general structure. Thus, a
complete set of 6 simultaneous observables, that includes the Hamiltonian, is
P, Hoo, L2, (Lyer).. (6.12)

rel»

we may label the complete Hilbert space with their eigenvalues
|k, E,1,m). (6.13)

Another complete set is, of course, position space |R,r). One set may be ex-
panded in terms of the other, and the expansion coefficients are the position
space probability amplitudes (R, r|k,F, [, m). Because of the separate nature of
the center of mass and relative Hamiltonians, their corresponding states form
direct product spaces |R,r) = |R)®|r), and |k,E,l,m) = |k)®|F,l,m). For
this reason the wavefunction separates into two factors

ik-R

(R,r|k,E,l,m) = (R|k)(r|E,l,m) = (6.14)

@rh)p Y i (T).-
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The first factor describes the free motion of the center mass. It is well known
from the study of the free particle since the operators R, P and the center of
mass Hamiltonian constructed from them satisfy the same mathematics as the
free particle. The second factor is the non-trivial probability amplitude for the
relative motion.
We may examine the Schrédinger equation with the total Hamiltonian Hy|t)) =

Eiot|t). The equation in position space is obtained by taking the inner product
with (R, r|

(;_EV?% + ;—va + V(T)) Y(R,1) = Eop(R, ). (6.15)

As argued above this equation is solved by the product

P(R, 1) = P (R) ¢ (x), (6.16)

where each factor satisfies its own independent equation

eik»R

—1? 12 12
2]}\4 V?Y wcm(R) = Ecm wcm(R)’ wcm(R) = W ’ Ecm = ]2]\’2

(_QL:LQV?" + V(T)) w'r‘el (I‘) = Ed}rel (I‘), wrel (I‘) = wE'lm(r)ﬂ Etot = Ecm +E

(6.17)

The relative energy E, the wavefunction g, (r), and the quantum numbers
(I,m) still remain to be computed.

6.2 Angular momentum commutators

In the previous section the central force problem was reduced to the study of
an effective one-particle problem for the relative motion. From here on the
subscript “rel” will be omitted to save some writing. The equivalent system
describes a single particle interacting with a spherically symmetric potential.
The Hamiltonian and angular momentum operators commute
p2
H:ﬂJrV(r), L=rxp, [L,H]=0. (6.18)

According to the discussion in the previous section the two operators must com-
mute since angular momentum is conserved. That is, L does not change under
infinitesimal time translations, and since H is the generator of time translations,
L must commute with it. However, another interpretation of the zero commu-
tator [L, H] = 0 is that the Hamiltonian does not change under infinitesimal
rotations. That point of view will be better appreciated after understanding
that L is the generator of infinitesimal rotations, as follows.

The commutation rules of the angular momentum operators L; with other
operators may be explored. For this purpose the Levi-Civita symbol in three
dimensions €5 i plays a useful role since cross products of vectors are written
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succinctly in the form!
L =e€rjk ripx (6.19)

where a summation convention is used for repeated indices. From the basic
canonical variables (r,p) it is possible to construct three linearly independent
vectors (r,p, L), and three independent scalars r?, p?,r - p. Any function of the
canonical variables may be constructed from these basic entities. Therefore,
to find the commutator of L; with any operator in the theory it is useful to
compute the commutator with the basic vectors and scalars. The commutator
of angular momentum with either position or momentum look similar

[L1,77] = €rmn[rmpn, 7] = iherk Tk (6.20)
[L1,ps] = ermun[rupn, ps] = ihersx pi. '

Two angular momentum operators also produce a similar result

[L1,Lj] =e€rxr esmn[TxPL, "MPN]
=erxr €smn ((Rdm TN — ROk N TmPL)
) (6.21)
=ih(rps — Tp1)
= ihGIJK LK.

The commutator with any of the scalar functions is zero. For example, it follows
from (6.20) that

[Lr,r.p] = [Lr,rslps + 7L, ps] = ither sk (rxps +ripK) = 0.

Therefore, any scalar function S(r?, p2,r - p) must commute with angular mo-
mentum
[LI,S<I'27P2,I' : p)] =0. (622>

IThe Levi-Civita symbol can be expressed as a determinant
015 620 03
51]' 62j 53j
01k 2k O3k

€ijk =

This makes it evident that it is completely antisymmetric. It takes the value 0 if any two indices
are the same, the value €123 = 1 when ¢, j, k are in the order 1,2, 3, or any cyclic permutation,

and the value —1 for any odd permutation of 1,2,3, such as €213 = —1. Furthermore the
product of two such symbols has simple properties that follow from
Oim Oin 51’1
€ijk €mnk = | Ojm  Ojn  0j
Okm  Okn Okl

In particular when one of the indices is summed it yields
€ijk €Emnk = 6im5jn - 5in5jm7
when two indices are summed it gives
€ijk €mjk = 20im,
and when three indices are summed the result is

eijk Eijk = 3' .
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Furthermore, the commutator with any vector function V = rS;+pS>+LS3,
where the S7 2,3 are scalar functions, follows from (6.20,6.21) and (6.22)

(L1, V] =ihersk Vi. (6.23)

So, there is a universal rule for the commutation rules of angular momentum:
L; commutes with any scalar and it gives the same commutator with any vector.
What is the reason? To answer the question introduce an infinitesimal constant
vector w and examine the combination iw - L/h. Its commutator with any vector
V may be written as an infinitesimal rotation? of the vector 6,V = (w x V) by
an infinitesimal angle w

w-L wWwr

[T,VJ] = T[L[,VJ] = —€]JK UJ]VK = (w X V)J = (5wVJ . (6.24)
Therefore L is the generator of infinitesimal rotations around the axis I. It is
now clear why the commutator of angular momentum must be zero with any
scalar: it is because the scalar does not rotate. It is also equally clear why its
commutator with any vector must be universal: it is because all vectors must
rotate with the same formula §,V = (w x V).

These results now give a better insight on [L, H] = 0. It means that the
Hamiltonian is a scalar, and therefore it does not rotate. By understanding
that L is the generator of rotations we know the result of the commutation
even before computing it explicitly, since by construction the Hamiltonian is
rotationaly invariant. The same general rule applies to the commutation with
any vector: the vector property of V guarantees that its commutator with
angular momentum must be (6.23). Also, the commutator of L; with other
components of angular momentum and with the square of the vector follow
from the general remarks without any explicit computation. So, just from the
property of rotations we must have

(L1, Lj) =ihersk Li, [L,L*]=0. (6.25)

From this analysis we conclude that we can simultaneously diagonalize the
operators H,L?, L3, and label the complete set of states with their eigenvalues
as |E,l,m), as outlined in the previous section. By definition we write the
eigenvalue equations

L?|E,l,m) =Rl +1) |E,l,m)

L3 |E,l,m) =hm |E,l,m) (6.26)
H |E,l,m) = E |E,l,m)

The eigenvalue of L? is parametrized as h%[(l + 1) for later convenience, but at
this stage since the values of [ are not specified, this form is to be considered just

2 An infinitesimal rotation of a vector V around some axis by an infinitesimal angle w may
be represented by the vector w whose magnitude is the angle of rotation and whose direction is
the axis of rotation. The infinitesimal change in the vector is then given by the cross product
6,V = w X V. The reader who may not be familiar with this formula is urged to try it for w
pointing in the z-direction and the vector V lying in the (z,y) plane.
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a symbol. The angular momentum eigenvalue problem for L2, L3 is independent
from the details of the Hamiltonian. Its solution applies quite generally to any
problem that has rotational symmetry. It will be studied by itself in section
(6.4).

6.3 Radial and angular operators

6.3.1 Radial operators

To go further introduce spherical coordinates (r, 8, ¢). The direction of the vector
r will be denoted by the solid angle symbol 2 = (6, ¢) and we will also use the
bold character € to denote the unit vector

r
Q= 2
: (627)

Introduce the Hermitian operator p, that represents the radial momentum

1 r r
r==(—" ). 6.28
D (- pt+p) (6.28)
Its commutator with the position operator is computed from [r7, ps] = %dr s,
which gives
[I‘[,p,«] = Zhﬂ[ (629)

Furthermore, recall that [f (r),p] = ¢AV f (r). From this one can derive that
p, is the canonical conjugate to 7 = v/r? and that it commutes with the unit
vector (or the angles 0, ¢) , i.e.

[rapr] =1ih, [Qapr] =0.

Furthermore, since (r, p,) are scalars constructed from dot products, they both
commute with angular momentum

[Lr,7]=0=[Ls,pr]

Thus, the basic commutation rules among the cartesian coordinates (ry,py)
have been transformed to the following basic commutation rules among the
spherical coordinates (r, p,, 2, L)

[’I",pr] :ih, [L[,LJ} :iHGIJKLK, [L[,QJ] :ihE[JKQK, (630)

while all other commutators among (r, p,, 2, L) vanish.

Next we are interested in the inverse relations. Using the definitions of these
operators in terms of the basic cartesian operators (r,p) it is straightforward
to obtain the decomposition of position and momentum in terms of Hermitian
radial and angular operators in spherical coordinates (see problems 4,5)

r=r§, p:Qpr—Qi(QXL—LXQ). (6.31)
r
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Furthermore, keeping track of order of operators, one finds

L? =(rxp)-(rxp)
=r?p? — (r-p)(p-r) — 2ihr.p (6.32)
=r’(p? —p})
from which it follows that )
2 _ .2 2
p- =p, + r_2L . (6.33)
The Hamiltonian now takes the form?
1 1
H=—@p>+ <L) +V(r). 6.34
02 + 18 + V() (6:34)

When H is applied on the common eigenvectors |E, [, m), L? becomes a number

and then the Schrédinger equation involves only the radial operators r, p,.

1 Rl +1
SIS

H|E7l7m> = (Z(pr

)+ V(r)) |E,l,m)=FE |E,l,m). (6.35)
Therefore, the solution of the central force problem is reduced to the solution of
this simplified eigenvalue equation and the decoupled equations involving only
angular momentum operators as in (6.26).

To investigate the probability amplitude 1 g;,,(r) =(r|E,l,m) in position
space we label the bra in spherical coordinates

(r] = (r, Q| = (r,0,9|

0<r<oo, 0<6<m 0<¢<2m. (6.36)

Since the angular and radial systems of operators commute with each other, the
Hilbert space reduces to direct products |r) ® |Q?) and |El) ® |lm), while the

wavefunction decomposes to radial and angular factors*
wElm(r) :REZ (T) Yim(Q)y (637)
where
Rpi(r) = (r|El), Y, (Q) = (Qim). (6.38)

3For a generalization of this result to d dimensions, including two dimensions or higher
dimension, see section (6.7) and problem 9.

4In d dimensions, including d = 3, this is generalized to 1 (r) =R (r)TT, 1,...1, (), where
the angular momentum wavefunction Y}, (©2) for angular momentum [ is replaced by the
tensor Ty, 1,...1, (€2) which is the completely symmetric tensor with [ indices constructed from
the unit vector €7 in d dimensions, I = 1,2,---d. The tensor must also be “traceless” in
the sense that when any pair of indices are set equal to each other and summed the result
must be zero, such as, Z?:l T[][3..A[l = 0. Therefore, TIIIQ.A.[L (Q) = QIl 912913 s Qll —
ﬁ (511 1,82, -, + permutations) , where the permutations insure that the subtracted

factor is completely symmetric and the coefficient a (I, d) is chosen so that 2(11:1 Trrrs.1; =
0. Examples are given in Eqs.(6.90). These tensors are the solutions of the angular part
of the Schrodinger equation in d dimensions just as the spherical harmonics Yj,, () are
the corresponding solutions in d = 3 dimensions. Indeed, when specialized to d = 3, the
components of the traceless tensor with [ indices are proportional to the spherical harmonics
Yim (Q) (see Eq.(6.91) and problem 7).
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The quantum numbers (E,l) did not fully separate because they are coupled
through the Schrodinger equation above. We need to compute these functions.
It is evident that the angular part Y7,,(f2) is universal for any central force
problem, and is independent from the potential, while the radial part depends
on the specific Hamiltonian.

The three spherical orthogonal unit vectors will be denoted by bold charac-
ters 2,0, P.

¢\w

Fig.6.1- Spherical unit vectors Q, @, 3.

From Fig.(6.1) one can construct graphically the Cartesian components of the

unit vectors
Q = (sinfcos ¢, sinfsin g, cosh)
® = (cosfcosp, coslsing, —sinb) (6.39)
® = (—sing, cosg, 0)

Using
20=0, 352 =sinf @
5O =-0, ZO0=cosl® (6.40)
%@:0,. 8%)@:—(0059 O-+sind Q)

one finds the small change in the vector r under small variations (o7, 66, §¢),

0 0
or = 0(rQ2) = rQ+riQ —67"9—&—7"69%9 + +r6¢a—¢ﬂ
= 0rQ+rifd © +rsinfd jo P.

This is useful to compute the gradient in spherical coordinates by demanding
that any wavefunction v (r) = ¢ (r, 6, ¢) must give the same infinitesimal vari-
ation in either the cartesian or spherical coordinates

o o oy

0 = bt Vi = dran + 0055 + 00 .
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Taking into account dr as given above, we see that we must require

0] 10 1 0
V=Q—4+0 —— 4+ ——— . 6.41
or "0 78 "% rsme 0o (6.41)
We may now find differential operator expressions in spherical coordinates for
the momentum and angular momentum operators when they act in position
space (r|p = —ihV(r,Q|, etc. We find (for a generalization of p, and p? to d
dimensions, see Eq.(6.97))

p:—th:—Zh(ﬂ + 06 r69+¢ rslneaatb)

. . 1 9 9

L=—ihr xV =—ih (—@sin93—¢+‘1’ m) (6.42)
pr = —il(F + 1) = —ihg So v
P =15

We can now derive differential equations satisfied by the radial and spherical
wavefunctions by sandwiching some convenient operators between position en-
ergy or angular momentum states and evaluating them on both spaces. In
particular by using (r|H|El) with the Hamiltonian (6.34) we find

10 e
2u ror?

) +V(r )] R =E Rp. (6.43)

This simplifies further by multiplying through by r and redefining some quan-
tities as follows

P
( o )fEl r) = (6.44)

sz()—TREl() U(T 2m}':grﬂ e=2mE

To compute the eigenvalue E we will return to this “radial equation” in a later
section when we discuss specific potentials v ().

6.4 (General properties of angular momentum

We have seen in the previous section that the infinitesimal generator of rotations
is angular momentum and it is conserved if the Hamiltonian is invariant under
rotations. The expression for the conserved total angular momentum is different
for different systems. For example it is L = r x p for the single free or interacting
particle, L = Z?Zl r; X p; for a system of 5 free or interacting particles, and
even more complicated for a system of spinning particles. We want to consider
the general properties of angular momentum for all cases. For the general case
we will denote angular momentum with the symbol J.

There is one common property in all cases, and that is J is defined as the
generator of infinitesimal rotations. This implies that the rotation of any op-
erator A by an angle w is given, in any physical system, by A’ = exp(iw -
J/h) A exp(—iw - J/R), or infinitesimally
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S, A= %[w 3,4 (6.45)

There are immediate general consequences of this statement which apply uni-
versally to any system:

(i) When Jis commuted with any scalar, the result must be zero,
[J, scalar] = 0. (6.46)

This is because a scalar does not change under rotations, d,,(scalar) = 0.
In particular, in a rotationaly symmetric system the Hamiltonian is a
scalar, and [J, H] = 0. Also, the dot product of any two vectors is a
scalar, and J must commute with it. In particular the square of the
angular momentum vector, J - J is a scalar and one must have

[J7,J%] = 0. (6.47)

(ii) When J is commuted with any vector V, it must generate the infinitesimal
rotation appropriate for a vector,

1

5, V7
v h

w-J, V] =(wx V)’
This result can emerge only if, in any theory, the commutation of angular
momentum with the vector is

[(JE, VI =in 7B VE (6.48)

Candidates of vectors that satisfy this commutation rule are the positions r;,
the momenta p; and the spins S; of the particles i in any theory, as well as any
other vector V (r;, p;,S;) constructed from them. Since the angular momentum
operator itself is a vector, a corollary of (6.48) is

[J],JJ]:ih€]JK JK. (649)

From the commutation rules in (6.48) one can immediately verify explicitly that
J commutes with the dot product of any two vectors, and thus prove statements
made in item (i).

From the general property of rotations, we have derived on very general
grounds the commutation rules of angular momentum (6.49). This approach
makes it clear that angular momentum is the generator of infinitesimal rotations.
The reason for the non-zero commutator is the fact that rotations in different
directions do not commute with each other. One can go back to specific examples
and use the basic canonical commutators to verify that (6.49) is indeed true, as
we did for the central force problem. It is evident that there are a multitude
of operator representations of angular momentum; namely, one for every multi-
particle system that can be imagined. Similarly there are a multitude of matrix
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representations of these commutation rules. These will be studied systematically
in the next chapter.

It is useful to note one matrix representation that follows from the universal
formula for rotating a vector infinitesimally 6,V/ = (w x V)7. By writing the
vector as a column this formula may be rewritten in matrix notation

5w Vi 0 w3 —W2 V1
6‘0‘/2 = —Wws 0 w1 V2 . (650)
0w, V2 we —wi 0 V3

Thus, under an infinitesimal rotation we have the new vector V! =V + 4§,V =
(1+ A(w))V, where A(w) is the antisymmetric matrix containing the wy and V' is
the column vector representing the vector. To apply a finite rotation with non-
infinitesimal w, we can divide it into NV equal parts where N is large, apply N
infinitesimal rotations, and take the limit for N — oo. This gives the exponential
of the matrix A
V= Tim (144 NV Ay 6.51

Therefore the matrix R = exp(A(w)) represents a general rotation of a vector.
A close examination of this matrix reveals that, due to the antisymmetry of A,
it is the most general orthogonal matrix of determinant +1

R=e¢* = RT=R' detR=1. (6.52)

Such a matrix is a member of the group SO(3) formed by special orthogonal
matrices (special means that the determinant is +1). Therefore rotations have
the group property of SO(3). We will return to a discussion of group theoretical
properties in the chapter on symmetries. Now let us examine the infinitesimal
rotation represented by the matrix A

0 w3 —W2
A= —W3 0 w1 (653)
wo —W1 0

This may be written as A = w1 A1 + waAs + w3 Az, where the matrix elements
of Ay are given by (Ar)jx = €17k

0 00 -1 0 10
1], 4= 00 0 |,4,=| -1 0 0
0 10 0 0

0
A = 0
0 0 0

~1
(6.54)

This set of matrices may be viewed as generators of infinitesimal transformations
that implement the infinitesimal rotation of a vector, that is,

ry=Rpjry = (eA)U ry or ¥ =exp(®Ox) r

since infinitesimal for infinitesimal & we have d,7; = Aryry = (w x r)7. There-
fore, the matrices A; are intimately connected to a representation of angular
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momentum . Indeed, by comparing R = exp(® - /Y) = exp(i@ - J/h) one can
identify a matrix representation of the rotation generators

J=—ihA . (6.55)

By explicit matrix commutation, [A;, As] = —A3 and cyclic (1,2, 3), one can
check that (6.49) is satisfied:

[(—ZhA)I 5 (—ZhA)J] =1ih €K (—ZhA)K .

This emphasizes once again that the commutation rules (6.49) are a property of
the rotation group, and are satisfied independently of the details of any quantum
theory.

6.5 Hilbert space for angular momentum

What are the properties of rotations that can be observed simultaneously? Since
rotations in three dimensions can be specified with two angles (6, ¢), one must
label the Hilbert space with two rotation quantum numbers. One possible basis
is “position space”, which is angle space |0, ¢). Another possible basis is angular
momentum space. Therefore, angular momentum space must have two labels.
There is a parallel between angle-angular momentum spaces, and the ordinary
position-momentum spaces, respectively. It is useful to keep this analogy in
mind. Similar to ordinary Fourier expansions, one can expand the angle basis
in terms of the angular momentum basis, and vice versa. Instead of the set
of functions exp (ip - x/h) ~ (r|p) that form a complete basis for a Fourier
expansion, one uses the spherical harmonics (Q)lm) ~Y,, () as a complete
basis for an expansion of angle space into angular momentum space, and vice-
versa, as will be seen below.

The two labels for angular momentum correspond to commuting operators
constructed from functions of the generators J. We have seen that rotation
invariance of scalars guarantee that [J,J?] = 0. Therefore the two simplest
commuting operators can be chosen as (J2, J3), and their eigenvalues may
label the states as |\, m)

sl m) = FmA,m) . J2Am) = B2AY\, m) (6.56)

Since J? is a positive operator, its eigenvalue must be positive A2 > 0. Fur-
thermore, both A\* and m must be real since they are eigenvalues of Hermitian
operators. The action of all the generators J on these states will provide all
possible representations of the Lie algebra (6.49) .

We now need to find out how .J; and Jy operate on the state vectors |\, m).
For this purpose define Jy = J; +4Jy , which are called raising/lowering op-
erators. It is also conventional to rename J3 = Jy. Their commutation rules
follows from (6.49)

[Jo,Ji] = £hJs .  [J4,J_] =20 . (6.57)
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We are looking for Ji|\,m) = |?). Let us act on |?) with Jy and J?

J2(Je |\, m)) = JeI? I\, m) = B2A2(Jx |\, m)) (6.58)
Jo(J[A,m)) = (JaJo £ hJy)|A,m) = h(m £ 1)(Jx|A, m))

This shows that |?) is an eigenstate of (J2, Jy) with eigenvalues h2\? and
h(m % 1) respectively. This justifies writing
Ji|A,m) =B Am+E1), (6.59)
where the proportionality constants 5, and 3_ are obtained through normal-
ization and hermiticity. For Ji|A\;m) one has (Jx|\,m))T = (A, m|J¢, so that
[T\, m) 2 = O\ m|Je e\, m) = BP0 mE1Am+1) =[B.]*. (6.60)
Noticing that [Jy, J_] = 2hJy, and J? = JgJ1 £ hJy + J3, we obtain

B2 = (A m|(32 5 hJo — J3)A,m) = B2[A*—m(m £ 1)],

2 2 (6.61)
1B (Am)| =1/ A"=m(m +1), [B_(A,m)| = Ny/A"=m(m — 1)
Since the left hand side is positive and real, we conclude from the right hand
side that
M >m(m+1). (6.62)

To determine the allowed values of (A, m), consider some starting value m =
myo, and apply the rasing/lowering operators n times, (J+)", to get to a state
with m = mg £ n. Because of the bound (6.62), there must be a maximum and
a minimum value of m for a fixed value of A,

Mmin (A) S m S TMmax (>\) (663)

Applying J4 to the maximal/minimal state must produce 5, =0 or f_ =0,
since otherwise one reaches a state labelled by an eigenvalue outside of the
allowed set of m’s. Let the maximum value mpax (A) be denoted by j. Then
from |8, (A\,m__ )| =0 in (6.59,6.61) we see that

max)
M= Mumax (M +1) =50 + 1). (6.64)

Similarly, from |5_(A,m_. )| = 0 we conclude that

mln)
Main (M5, — 1) = AN2=3(j + 1).

where the result of (6.64) is used. The solution of this equation is Muyin = —J
or j + 1. Since Muyax)Mmin, the unique solution is j > 0 and therefore

Mmax = J,  Mmin = —J

M= +1).
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From now on we label the states as |7, m) instead of |A, m). We have obtained
Ji|jm) and J_|jm) up to a phase factor, which can always be chosen, by
adjusting the relative phases of states, to be 1. Therefore,

Jelim) =h/i(G+1) —m(m=£1) |j,m+1), (6.65)

where m must lie in the range —j < m < j. Furthermore, one can start with
the maximal state, and by applying J_ an integer number of times, reach the
minimal state. Hence, (mq0 —Mmin) = 27 must be an integer. Thus, one must
conclude that 7, and hence also m, is a half integer or an integer.

In summary, the allowed values are

13
Z1.=
2”2’

The complete orthonormal set of states are specified by these eigenvalues

j=0, 2.+ —j<m<j. (6.66)

J
SN lmyml =1, (Gmli'm’) = 655 6mm:. (6.67)
j m=—j

A significant physical result that emerges from this general analysis is the
list of allowed eigenvalues of angular momentum given in (6.66). A physical
quantum state cannot exist for other values of angular momentum. In particular,
the smallest non-zero quantum of angular momentum is j = 1/2. Consequently,
for a spinning particle the smallest intrinsic spin is s = j = 1/2.

According to the Standard Model of elementary particles the smallest build-
ing blocks of all matter fall into two classes: the fundamental fermions, quarks
and leptons, that have spin 1/2, and the fundamental gauge bosons, gluons,
photon, W=, Z9 all of which have spin 1. There may also be a Higgs particle
of spin 0.

In specific quantum mechanical systems only certain values of j listed in
(6.66) may be realized, or the values of j need not extend all the way to infinity.
This will be determined case by case by the specific system. In particular,
we will see in the next section that orbital angular momentum can have only
integer eigenvalues j = 0,1,2,---. Also, we have already seen in Chapter 5 other
constructions of J in the case of the 2-dimensional harmonic oscillator®. For the
bosonic construction in eq.(5.63) j takes all the values in (6.66) only once. For
the fermionic construction in eq.(5.81) j takes only the values j = 0,1/2, with
j = 0 repeated twice. This illustrates that the specific system dictates which of
the allowed values occur, and how many times.

6.6 Spherical harmonics

We have defined orbital angular momentum as L = r x p=J. We already
know that the possible eigenvalues are in the set listed in (6.66), but we must

50f course, in the 2-dimensional harmonic oscillator the meaning of J is different than
angular momentum in 3-dimensions studied in this section, but it satisfies the same mathe-
matics.
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still find out which of the j eigenvalues occur when J has the specific form of
orbital angular momentum. To distinguish this case from the general problem
discussed in the previous section we will label the states with the eigenvalues
I, m, and search for the allowed values of . We have seen in section (6.3) that
the operator L acts on angle space as a differential operator

1 0 0
QL=—-ih| -0 ——+® — | (Q]. 6.68

« Z( Sn09s " 39)< (6.68)
It is straightforward to verify that this differential operator representation of
angular momentum satisfies the algebra [L;, Lj] = iherjx L. From this form
we extract the formulas for applying Lo = L3 and L4 = Lj +iLs on angle space

Q|Ly = —ih-2(Q
(QILy = %eﬂg&i +8f c<0t|0 210 (6.69)
o6 o6 :

Again one can easily verify that these differential operators satisfy [Ly, L_] =
2hLg and [Lo, Ly] = £hL., as expected. By taking this information into ac-
count we will find that the allowed spectrum for the angular momentum quan-
tum [ is only the integers [ = 0,1,2,--- , implying that half integer quantum
numbers are excluded for orbital angular momentum.

Angle space |Q2) as well as angular momentum space |I, m) are orthonormal
and complete

1= 1Lm){ml, (m|l'm') = 61 mm

1= [dQ Q] (QQ)=d§Q—Q). (6.70)
The volume element in angle space is the solid angle element
dQ) = d¢ d(cosf) = sin6 dodo (6.71)

which is inherited from the volume element in three dimensions d®r = r2dr dS).
Similarly, the delta function in angle space is inherited from the delta function
in 3-dimensions §(r — ') = 58(r — 1) §(Q — '), where

S(Q—Q)=6(¢—)5(cosh —cos ) = (6—¢)5(0—06). (6.72)

1
—
sin 0
This delta function satisfies the usual condition [dQ §(2 — Q') = 1, which is
consistent with Eq.(6.70).

Now, we can expand one complete set of states in terms of the other set

1, m) = /dQ QYL m). (6.73)

The expansion coefficients Y, () = (Q|l,m) are interpreted as the probability
amplitudes for finding the particle pointing in the direction Q2 = (0, ¢) when it
is in the angular momentum eigenstate |l,m). By sandwiching the operator L
between the ket and the bra (Q|L|im), and using (6.65) and (6.69) to evaluate it
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in two ways, we derive the first order differential equation constraints satisfied
by Yim
i Vi (6,6) = m Vi (6, 0)
O (+Lp +icotd %) Yim(0,0) = /11 + 1) —m(m £ 1) Yint1 (6, 9).
(6.74)
If we sandwich the operator L? we derive a second order differential equation

<188182

T sind oo sin ¢ 290 m@) Yim(0,¢) = 1(1+1) Yl,m(ov ). (6.75)
This equation may be recognized as the eigenvalue equation for the Laplacian
V? restricted on a sphere of unit radius. The first order differential equations
(6.74) are the first integrals of the second order differential equation (6.75), with
correct boundary conditions. Therefore, the solution of the first order equations
(6.74) will automatically satisfy the second order one (6.75).

It is straightforward to solve the first equation in (6.74)

Yim (0, ¢) = e Yim (0) (6.76)

where y;,,(0) is unknown. The second equation in (6.74) then gives a recursion
relation

VI = 1) s 6) = (5 = meot8) (@) (077
Specializing to m = +I, we have
0
<% — I cot 9) y,+1(0) = 0. (6.78)
The solution is
Yi,41(0) = % % (sin )" (6.79)

Where the correct normalization factor is included up to a sign so that f dQ)
[V, 41> = 1, as follows

1 (1, %], £1) :/dQ(l,il|Q><Q|l,il) :/del,ﬂF

B 1\ @ +1) 2 " o paltl
1\? @20+ 1) ! N

where we have used the change of variables x = cosf to do the last integral.
We can now see that only integer values of [ are consistent with the re-

cursion relation. To prove that [ cannot be half integer we check the con-

sistency of the recursion formula for [ = % with this result. So, on the one
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hand we must require from (6.79) that y2 41/2(0) = C (sin6)'/2 but on
the other hand, the recursion relation (6.74) for [ = %, m = % demands
Y1/2,-1/2(0) = (—% — 2 cot ) y1,1(6). One finds that the § dependence of the
two sides of the equation are inconsistent with each other, thus excluding [ = 1/2
as a solution of these equations. A similar inconsistency arises for all values
of [ that are of the form integer plus 1/2, but there is no inconsistency for
[ = integer.

To obtain yy,, through the recursion relation it is useful to rewrite (6.77) in
the form

m—+1 (_

Yim+1(0) = Vi, (sin 6) ) (8in®) " yim (6.80)

Ocos b

where 7y, = [(I —m)(l +m + 1)]7*/2, and apply it repeatedly [ + m times by
starting with m = —[. This gives

ym(0) = [T 7 ()4 (—525) (sin6) )| y1(0)

_ym N 1/2
= (2113! (% EiJrZ;:) (Sme)m<a(cgsg))l+m(C0529 - 1)

(6.81)

This expression is recognized as the associated Legendre polynomial P/™(cos )
except for an overall normalization factor. Therefore, we can write the complete
solution in terms of known functions

2041 (- m)iplm(g) eimé. (6.82)

Yim(9,0) = (1™ [ ==

This set of functions are the spherical harmonics. Using well known properties
of associated Legendre polynomials such as

(I —m)!
(Il +m)!

B0) = (=)™ B (0), (6.83)

or by direct examination of our formulas, we can derive relations among the
spherical harmonics

Vi = (<1)"Y;, (6.84)
The completeness relations in (6.70) may be sandwiched between angle states
(Q---|€) or angular momentum states (Im/|---|l'm’) to derive completeness
and orthonormality relations for the spherical harmonics
oo l *
ZZ:O Zm:—l Ylm(Q>Ylm(Ql) =46(2— Q') (6.85)
JAQ Y () Vi () = 61 6 -

These non-trivial equations that are guaranteed by the consistency of the quan-
tum mechanical setup can be laboriously verified by using the properties of
associated Legendre polynomials (see problem).
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We list a few Y}, explicitly and analyze the probability distribution in angle
space

Yoo—\/ég YQOZ\/%(%COQG—l)
Yig = 4/ 55 cos 0 Yae1 = Fy/g, sind cosd e (6.86)

Yi 41 =Fy/ % sin g et Yo 49 =4/ ;5 sin? @ e*2i¢

A polar plot is useful to get a feeling of the probability distribution. Thus,
along the direction €2 draw a vector whose length is the probability amplitude
|Y1:, (£2)]. The longer the vector the more probable it is to find the particle at
those angles. A polar plot of Y;,,,(0,0) at ¢ = 0 is given in Fig.(6.2).

a O .
k J X < X %\/ X
e

Fig.(6.2) - Polar plot of spherical harmonics.

This plot is the cross section of the probability amplitude in the (z, z) plane,
such that the numerical value of |Y;,,(2)| at any angle in the (z,z) plane (with
0 measured from the z axis) corresponds to the boundary of the figures at the
given angle. To obtain the full plot one has to rotate the picture around the z-
axis since the probability |Y;,,(€2)| is independent of the angle ¢. Through these
pictures one develops a physical intuition of where the particle is located in
angle space when it is in an angular momentum eigenstate |lm). We can verify
that, except for the fuzzyness imposed by quantum mechanics, the particle is
located roughly where we expect it to be on the basis of its classical motion.
For example, for zero angular momentum, it must be equally distributed in any
direction, as is the case with Ypo. For angular momentum |l = 1,m = 1) we may
think of the particle as rotating around a loop close to the equator so that its
angular momentum would point toward the north pole. This is indeed what we
see in the picture since the probability amplitude Y7, is largest near the equator.
Similarly, for |l = 1,m = 0), the classical motion of the particle is rotation in
the vicinity of a meridian so that the z-component of its angular momentum
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is zero. Again, this is what is indicated by the plot of Yi9. Of course, the full
details provided by the exact quantum mechanical functions cannot be guessed
on the basis of classical considerations.

6.6.1 Tensors and spherical harmonics

It is also useful to understand that the Y,,’s represent tensors of rank [, con-
structed from the unit vector 2. For example, neglecting the overall normaliza-
tion one can verify that for [ = 1 the Y7, are rewritten as

Yie ~ cosf = ; — Q5 = O, (6.87)

1 ) +1 Q +1iQ
Yitr ~ ﬁsinéeiw:xr\/%y: 1\/5 2

Thus, one may think of Y7,, as the 3 components of the vector 2; taken in the
basis I = (+,0,—) instead of the conventional cartesian basis labelled by 1,2,3.
The relation between the bases (1,2,3) and (4,0, —) is given by the unitary
transformation U that satisfies UUT = 1 as follows

=0, (6.88)

1 1
Qy 7o 0\ (™
Q | = 0 0 1 Q, |,
1 —1
Q_ L= =0 Qs
1 1
2 v 0 Qy
Q| = | 4% o0 = Q0
V2 72
Q3 0 1 0 Q-

The dot product between any two vectors V - W in 3 dimension can be written
either in the (1,2, 3) basis or in the (+,0, —) basis. In the first case the metric
for the dot product is d7; while in the latter case it is gy given by transforming
the cartesian metric 675 to the (4,0, —) basis

1 ) 1 1
gry = (U1UT) ;= 0 0 1 %5 0 —% |=[010

Thus we can verify that
Q- Q=010 + Q20 + Q2303 =0, 0 +QQ2+02_Q, =1
Therefore, if we wish to work in the (1,2, 3) basis we use as the metric d7 7, and if

we wish to work in (4,0, —) basis we use the metric g/ as in - Q = Q;Q 97/
with

0 0 1
gry=¢"7 = 0 1 0 |, where g7 is the inverse of g*”. (6.89)
1 0 0
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Following this notation let us consider traceless and completely symmetric
tensors of second rank, third rank, fourth rank, and so on, constructed from
the unit vector . For the sake of generality we write them in a form valid
in d-dimensions, and we can use gy;=d;; if we wish to work directly in the
cartesian basis in any dimension

Try=QQ; - QTZQIJ
02
Tk = sk — 35 (917K + 9125 + 97K 2)

Q0,00 - 2 917 + gre QL + gr sk
o d+4 +9rxLr + gk + g2
d Q°Q

s (919K + 91K gLy + 9rLgik)

Trixr =

(6.90)
Since 2 = 1 the second or third terms in these equations may be simplified, but
the traceless tensor is defined even if 2 is arbitrary. In fact, we will later use
tensors constructed from other vectors, therefore we may as well consider €2 as
a general vector in these definitions. Then the tensor of rank [ is a homogeneous
polynomial of degree [ in powers of the vector €2.

These tensors are traceless in the sense gIJTU = gUTUK = gUTUKL =0,
as can be verified by using ¢g’’gr; = d. Of course, contraction of the metric
with any pair of indices in T} k... also gives zero because of the permutation
symmetry of the tensor indices.

By comparing the 5 independent components of the second rank tensor in
d = 3 dimensions to the 5 spherical harmonics Ys,,,, we see the correspondence
up to normalization factors

) .
sin“ 6 X sin 6 X
Y ~ Thp =—> ™0 YV, 41 ~Tho=cos——= e (6.91
2,42 b 5 ¢ s Yo~ Tuo = cos 7 e, (6.91)
1
Yao ~ Too = —2T4_ =cos’6 — 3 (6.92)

where — indices are replaced by + indices under complex conjugation (T_ _)* =
T4+ etc.. Similarly for [ = 3 one finds Y33 ~ T 44, etc. (see problem 7). This
observation can be carried on to tensors of higher rank, so indeed spherical har-
monics Y}, are just the independent components of symmetric traceless tensors
of rank [.

6.7 Radial & angular equations in d-dims.

It is possible to generalize all the results to d-dimensions by following the general
operator approach. In d—dimensions the generator of rotations in the (I,J)
plane is written as

Liy=rmpy—rypr, I,J=12,--d (6.93)

The L;; commute with all dot products constructed from (r,p). The commu-
tators of these operators close into the same set (see problem)

L1y, Lxr) =0 xLir —0rx Ly —dr.Lyk + 650 Lik. (6.94)



184 CHAPTER 6. CENTRAL FORCE PROBLEM

This set of commutation rules is the Lie algebra for SO(d). Note that the 3-
dimensional case is a special case that permits the rewriting in terms of the
familiar L1 23 as L1y = €;7x Lx. The quadratic Casimir operator is defined by

d
L2 = % ZI,J:l L?’J (6.95)
=r’p? — (r-p)(p-r) — 2ihr - p.

Since it is constructed from dot products it must commute with all L;;; this
result may also be verified abstractly by only using the commutation rules of
the SO(d) Lie algebra. The combination (r-p)(p-r)+2ikr - p may be rewritten
in terms of the Hermitian operator p, = )", (%r;pl + pn";%) and then solve for
p? in the form (see problem)

1 h?
p=pl+ = [L2+Z(d— 1)(d—3)]. (6.96)
Furthermore, using r - p = —ifir £ on wavefunctions ¢(r) =(r|t), one finds that
pr acts as
pp = p— (@12 in 2 a2 p2 = p(d-1)/2 4128—2 H(d=1)/2
" or P or?
(6.97)

This form allows one to separate the Schrodinger equation by defining
Y(r) == (1) Yim (), (6.98)

where Yjm (€Q2) = T7,...5, is the tensor of rank [. By rotation invariance, one may
argue that this tensor is an eigenfunction of L? for any set of indices. The
eigenvalue may be computed by taking a special set of indices; for example by
applying the operator in (6.95) to Tt = (Q + i)' = (r1/r +iry/r)" one
gets the general eigenvalue

L*Yim(Q) = h21(1 +d — 2) Vi (Q). (6.99)

The eigenvalue [ = 0,1,2,--- is an integer, and there are several eigenvalues
m; that distinguish the degenerate states. The number of linearly independent
angular functions ¥}, (€2) is given by the formula

_ |
by Ld+1-3)

NCETE (d+20—2) (6.100)

which is the number of independent components of the traceless symmetric
tensors of rank [ in d—dimensions. In fact the simplest way to compute D; is
through the dimension of this tensor (see problem). The number of distinct
values of m;, for a fixed value of [, is precisely D;.
The radial equation now takes the form (see problem for 2 dimensions)
o ! (l+d L d =
{—w + 2 ( (l+d-2)+ Z(d_ 1)(d - 3)) +o(r) — E] fei(r) =0, (6.101)
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where v(r) = 2"%(” , &= 21E asbefore. This can be put into the same form

as the 3-dimensional radial equation of eq.(6.44) by defining the parameter

d—3
la=1+~—5— (6.102)

where [, d are integers. Then the radial equation is

9% la(lg+1)
2t tulr) —¢| frlr) =0, (6.103)

and obviously l; = [ when d = 3. So, the solutions of the radial equation in
various dimensions are related through analytic continuation [ — [z for the
allowed values given above.

In solving the radial equation one must impose physical boundary condition
at v = 0 and u = co. The boundary condition at v =0 is

fE(0) =0 (6.104)

This is because the space is defined only for r > 0, which means we must erect an
infinite wall at » = 0 that does not permit the particle to penetrate to negative
values of . The boundary condition at r = co depends on whether one considers
a bound state or a scattering state. For a scattering state fg; (1) is an oscillating
function whose normalization must be made consistent with the delta function
in d—dimensions (see below). For a bound state fg; () must vanish fast enough
as r — oo and must be integrable so that it can be normalized

/ dr | fz|* = 1. (6.105)
0

This normalization already assumes that the Yim () or Ty,..;, (2) are also
normalized correctly in d-dimensions. Note also that this normalization is con-
sistent in d-dimensions with [ d%r |w(r)|2 =1, where d%r = (r4=1dr) (d?=1Q).
The mathematical form of the radial equation (6.103) is similar in all di-
mensions. In the following sections we study the radial equation for several
systems in 3 dimensions by taking [ = [, but it is evident that identical meth-
ods would be applied to solve the radial equation in every dimension by using
the appropriate value of I, (see problems for 2 dimensions). Exact solutions of
the radial equation is possible for a few systems as discussed below. However,
since most cases will not be exactly solvable it is worth noting that some “quick
and dirty” estimates of lowest state energies at any fixed angular momentum [
can be obtained for bound states by using the uncertainty principle as follows.

First, we note that the general structure of excited levels of bound state
systems can be summarized by the following diagram
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Energy levels: structure of excited states for each .

For each fixed value of angular momentum [ there is a lowest energy level.
The absolute ground state normally occurs for [ = 0, but here we will aim to get
a rough estimate of the energy for the lowest state at each fixed [. According to
the uncertainty principle, if the particle is bound within some radius r, then its
radial momentum is at least as large as p, > h/2r. This 16%\%5 to an estimate

of the derivative of the radial wavefunction —ihd,f (r) ~ <% f(r) with some

constant A or order 1. Inserting this into the radial equation (6.103) we get

A g+l
ﬁ+%+v(7’)*6 fri(r) =0

This leads to the heuristic estimate of the energy € as a function of  at a fixed
value of angular momentum

N lg(lg+1
_ +d(d+)+

r2

e(r) v(r)

To obtain the lowest energy (i.e. corresponding to the lowest state for fixed [ in
the figure above) we minimize this expression with respect to r

_2)\2 +lg(lg+1)

r3

Ore (r) = + dpv(r) =0.
Solving this equation we obtain the minimum at some r = r; for a fixed [, which
leads to the estimate for the lowest energy

N4 lg(la+1
Elowest (l) = T—g ) + U(T‘l).
l
From the figure above we expect excited energy levels stacked up as a tower
above €joyest (1) for each angular momentum [. The excitations are labelled
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by an additional quantum number which has not emerged yet in the present
discussion. This scheme gives an idea of what to expect roughly for some general
potential v (1) .

For example, let us consider the quark-antiquark bound states for heavy
quarks described in the problems at the end of Chapter 1. As an illustration,
we simplify the problem by ignoring the spins of the quarks and by taking only
the linear potential v (r) = yr which represents the effective confining color force
produced by quantum chromo-dynamics. This example does not have an exact
solution (except for [ = 0 which is solved by fy (r) related to the Airy function),
but we can get a quick estimate as described above, namely

_2)\2 g (lg+1)

dpe(r) = Lt =0
_ -1/3 2 2 1/3
reo= TP (20 4 205 + 214)
2
3 1/3
Elowest (l) = 3 (%) ’ ()\2 + l?i + ld) / .

Here A is not known, but we can only guess that it is a pure number of order
1. We see from this result the general trend that the energy of the lowest state
increases as a function of l; = [ + (d—;‘g) as indicated. When this method is
applied to the exactly solvable problems (e.g. harmonic oscillator, hydrogen
atom) discussed in the following sections it can be verified that it gives a fairly
reasonable estimate of the correct behavior. Of course, this approach is not
a substitute for more reliable approximation methods, such as the variational
approach that will be discussed later in the book, but it should be taken only
as a first quick and easy analysis of a given problem.

6.8 Free particle

For the free particle, the Schrédinger equation in Cartesian coordinates in any
dimension has an energy eigenfunction and eigenvalue of the form

eik~r h2k2
Y (r) = (r[p) = )i E=%—, p=hk (6.106)

Therefore we already know that the energy eigenvalue is given by ¢ = k2. Con-
sidering next the Schrédinger equation in spherical coordinates, it is convenient
to define the rescaled variable u = kr so that the radial equation becomes

I(1+1)
U2

o2+ ] i = i (6.107)
The dependence on the energy has been absorbed into the rescaled u. This
second order radial differential equation may be recognized as being related to
the spherical Bessel function and hence is solved by consulting a book on this
function. However, here we will use a method of solution that is related to
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“Supersymmetric Quantum Mechanics”. This is a topic we will develop later,
so for now it will seem as if we are just introducing a trick. Thus, define first
order differential operators with the following properties

b

u u
— 2 1(l+1 — 2 I+1)(1+2
a; a’+ = _au + (11,2 )’ a’lJra’l = _au + ( ig )'

(6.108)

These operators are Hermitian conjugates of each other a, = (a;r)f. The radial
equation takes the form
a;a” fi = fi. (6.109)

If we apply a?‘ on both sides of the equation, and notice that a?‘al_ is the same
operator as czl_al+ except for shifting [ — [ + 1, we see that we generate a new
solution of the radial equation with [ shifted by one unit,

afa; (o fi) = (af f1) (6.110)

Therefore, we must identify

i(l+1)

fiy1 = (a?_fl) = |:_Z.8u + ] fi(w). (6.111)

This equation may be regarded as a recursion relation that allows us to write
the full solution in terms of fj

fi=a af 5--a fo. (6.112)
This expression is simplified by noting
af = uft2(=a,) uk L (6.113)
U
Hence the product of differential operators becomes

Alw) = a1 (=L, (M) (6.114)

u u

(what is the analog of this equation in d-dimensions?). We see that we only
need to solve the second order differential equation for fy(u) with the correct
boundary conditions (6.104) at u = 0, and correct normalization

—85 fo(u) = fo(u)

fo(u) = /=25 sinu. (6.115)

The normalization is chosen for consistency with the normalization of the plane
wave in eq.(6.106) in 3 dimensions (see below). Putting everything together
we finally have the radial wavefunction R; = f;/u, which is recognized as the
spherical Bessel function j;(u) up to a factor

Ri(u) = %u%%au)l (%“) :il\/ﬁzhsjl(u). (6.116)
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uD,, (% <Du (512“») (6.117)

X (—31u (;:oszf) j3sin1u . (sinu);ﬂ) = ui; (u—gud+ Fu’) — L (u—3u?) -
r (1= 5u” + qut) = 5u* + O (v) : 55

It is useful to list a few of these functions, and plot them, in order to get a
feeling of the probability distribution they represent

jolu) = S22, () = S — e
( )= (% — %)sinu — %cosu, (6.118)

Fig.(6.3): jo=solid line, j;=dashed line, jo=dotted line

These are plotted in the figure above. These vanish near the origin is j;(u) —
u' and oscillate at infinity with a decreasing overall envelop j;(u) — < sin(u —
I /2). These are interpreted as spherical waves such that for I = 0 the probability
is largest at the origin 4 = 0, and the maximum is farther and farther away for
increasing values of [. This is in accordance with our intuition based on the
motion of the free particle in classical mechanics. Namely, as seen from the

center at a given energy, the freely moving particle has angular momentum
‘E) = |Fx p|l = |p]|F]sind = |p]b, where b = |F]sinf is the impact parameter.

Taking ‘E‘ ~ hl and |p] ~ hk we estimate [ = kb where k is the wave number

which determines the energy E = h?k?/2m. Thus, at a fixed energy, the larger
[ corresponds to the larger impact parameter b. This indicates that for larger [
the particle must be on a straight line trajectory farther away from the origin.
The particle can hit the center only if it has zero angular momentum . Thus, the
quantum mechanical description keeps the main features similar to the intuitive
classical motion, but makes the picture fuzzy by spreading the probability in
detailed ways that are not describable in classical mechanics.

To get an overall intuitive idea of the probability distribution in 3-dimensional
space, at fixed energy and fixed angular momentum, we consider the full wave-
function |¢ gy, (v)] = |REi ()| |Yim ()] and do a polar plot. This means that
the pictures given in Fig.(6.2) will be modulated by the factor |Rg; (r)| which
corresponds to Fig.(6.3) in the case of a free particle (and other curves in the
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case of bound particles). The resulting polar plot looks like a cloud with higher
concentration of probability where the functions |Rg; (7)||Yim ()| have peaks
and less concentration of probablity where they have minima or vanish. The
overall picture obtained in this way is a fuzzy representation of where we ex-
pect the particle to be. On the average the result is consistent with the motion
expected according to the rules of classical mechanics, but in detail the quan-
tum wavefunction definitely differs from classical mechanics. The difference is
greater the lower energies and/or lower angular momenta, as expected from the
correspondance principle (quantum mechanics approaches classical mechanics
at large quantum numbers). Such detail can be measured in all phenomena
from the level of atoms down to the level of quarks and the results confirm the
validity of quantum mechanics to great accuracy.

The wavefunction at a fixed momentum and energy in position is the plane
wave 1, (r) = (r|p). It can be expanded in terms of the basis functions in
angular momentum by introducing identity in the following form and using the
probability distributions j; (r), ¥i,, () computed above, as applied to the free
particle in d = 3 dimensions |p)= |E(k), Q)

eik»r

(r|p) =@z
=320 ey (x]tm) (Im|p)
=320 S (| m) (Im| ) (| EL) (6.119)
=S S Yim ()Y, () [ 5 k)
=220 Pi(Q - Q) % i\ w5 du(kr)

Th3

where cos = Q,. - Q = k- r/kr. After cancelling some factors we see that the
plane wave may be expanded in terms of spherical waves as follows®

e =" 2+ 1) PRy D) Gukr). (6.120)
=0

This expression is arrived at as a consistency condition of the quantum mechan-
ical setup. It can be verified by using one of the special integral representations
of spherical Bessel functions j;(u) = 5L fil dz P(z) e'*. This is one way of
justifying the overall normalization chosen for fo(0) above.

60ne way of seeing that the sum over m produces the Legendre polynomial is to choose
one of the unit vectors along the z-direction. For example if the momentum points along the
z—direction then the polar angles are both zero 0 = 0, ¢;, = 0, and ¥7,,(0,0) = y10(0)dm,0 =
8m,0+/ (20 + 1) /4m. Therefore only m = 0 survives in the sum for the special direction. Since
Q, = (6, ¢) are now the angles between the two unit vectors, we finally see

S i (€0)¥i5, () = Yio (€)@ + 1) /A7 = (cos )21
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6.9 Harmonic oscillator in 3 dimensions

From our study of the Harmonic oscillator in d—dimensions in the previous
chapter we already know the energy eigenvalue
d

E:hw(n+§) (6.121)
where the integer n = ny+no+- - - ng is the sum of the excitations in the various
dimensions and takes the values n = 0,1,2,---. Furthermore, the normalized
wavefunction is also immediately constructed in Cartesian coordinates by using
the direct product form of position space (r| =(r1|(ra| - - - {(rq| and number space

[n)=[n1)[ng) - -+ |n2)

n1 Tz/xo

Yruoma(r) = {5 H \/_ 710 = o7 H ST

1/2

(6.122)

where 2o = (7/mw)'/*, and we have used the result for (x|n, obtained for the
one dimensional harmonic oscillator as given in eq.(5.30).

To compute the wavefunction in spherical coordinates in 3-dimensions, we
need to solve the radial equation for the potential V(r) = %mw2r2 After
rescaling the coordinates with xg, the equation simplifies somewhat by writing
it in terms of the variable u = r/x and the energy parameter A = 2mFEx3/h? =

2E [ hw

(—53 + l(%l) +u’® - A) fEi(u) =0, E= % (6.123)

On the basis of the known result (6.121) in Cartesian coordinates, we are expect-
ing to find the quantized values A = 2n + 3. It is useful to first find the leading
behavior of the solution as u — 0 and u — oo that is consistent with physical
boundary conditions. As u approaches zero the leading term in the differen-
tial equation is the angular momentum term /(I + 1)/u?. Neglecting the other
terms one solves the equation by f ~ w!T!. Similarly, for u — oo the leading
term is u , and the leading behavior consistent with the boundary conditions is
fr~e */ 2 X (polynomial). Therefore one expects that

Fer=u e 2hg (u), (6.124)

with hg(u) a polynomial, solves the equation. By replacing this form in the
radial equation one derives the differential equation satisfied by hg;

[+1
aihEl — 2(u — %)6‘ hgr + (/\ 20 — )hEl =0. (6.125)

To solve it with the “series method” we substitute the series form

i (u Z al"( (6.126)
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collect the coefficients of u* and set it to zero for each k. This generates a
recursion relation for the coefficients

0 2k + 21 +3 — A 0

ayo(A) = D219 a,’ (N). (6.127)

Since the leading behavior is already known, one must have a((]l) # 0. Therefore,
the solution is given by finding the coefficients (a((Jl), agl), afll), --+) that involve
only the even powers of k. For large values of k = 2n the ratio of two consecu-
tive terms in the series is u2/k, which is similar to the series > u2"/n! ~ ¢*’.
Unless the series is cutoff into a polynomial this will destroy the good physical

asymptotic behavior. Therefore, one must have a quantized value of A
A=2n+3 (6.128)

so that the series is cutoff at some even value of k = 2N, with asn the last
non-zero coefficient. The relation between N and n is then

n=1+2N. (6.129)

Therefore for fixed n the allowed values of [ and energy are

By = hw (n+2)

2
n=01,2,- (6.130)
0 n=even
= —2 n—4, -
s T ’{1 n=odd .
The first few eigenstates are listed
foo = ago U€7u2/2;
fu=anu?e /2, (6.131)
2 2
fa0 = azo (U - gus) e /2,
fao = agpu® e /2,

6.9.1 Degeneracy and SU(3) symmetry

The energy is independent of [. With these restrictions we plot the energy eigen-
states on a n versus [ plot in Fig.(6.4)
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E(n.)

_ 1 5 9

n=4|——  — ———  D=15

3 7

n=3 — D=10

_ 1 5

n=2 | — D=6

n=1 3 D=3

n=0 | 1 D=1
=0 I=1 =2 1=3 =4

Fig (6.4) - Energy levels and degeneracies for the d=3 harmonic oscillator.

The degeneracy of each state with fixed [ is due to the rotation invariance
of the problem and is explained by the angular momentum quantum number
—1 <m < [. This accounts for 2/ 4+ 1 states at the same energy level. However,
as we see from the plot there are additional degeneracies for different values
of . Systematic degeneracies of this type can be explained only with a higher
symmetry. In this case the symmetry is SU(3). It was pointed out in the last
chapter and it will be partially discussed now, but more deeply later. Let us
first explain why SU(3) is responsible for the degeneracy. The approach with
the creation-annihilation operators explains the reason for the degeneracy be-
cause of the SU(3) symmetry: Under an SU(3) transformation a; = Uryay the
Hamiltonian is invariant, therefore the energy does not change. If the uni-
tary matrix is expanded in terms of infinitesimal parameters hy; in the form
U=1+1ih+---, with h Hermitian, then the infinitesimal transformation may
be written in the form

5ha1 = ih]JaJ. (6.132)

The quantum generators of this transformations are the 9 operators a}a J- This
can be seen as follows. If we combine the parameters with the generators in the
form a}hl Jja; = a'ha (analogous to the case of translations a - p, or rotations
w - J) then the infinitesimal transformation may be written as a commutator

5ha1 = —1 [aTha, a[] = ih[JaJ. (6133)
The commutator of two infinitesimal transformations follows from the formula
la’ha,a'h'a) = a' [h,h']a (6.134)

This shows that these operators form a Lie algebra (see chapter on symmetry).
One may also ask for the infinitesimal transformation on the quantum states
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(similar to applying infinitesimal translations or rotations)
Snltp) = iahaltp). (6.135)

In particular consider the transformation of the energy eigenstates in the basis
given by the number states |nj, ns, n3). Evidently, under the transformation one
oscillator is annihilated but another one is created. Therefore, these states get
mixed up with each other under this transformation, but without changing the
total number n of creation operators applied on the vacuum. Therefore all the
states with the same number n belong together in an SU(3) multiplet and are
indistinguishable from each other as far as the symmetry is concerned. Thus,
different values of [ that correspond to the same n must belong to the SU(3)
multiplet and hence must be degenerate.

The number of degenerate states D,, at the same level n was derived before
for any dimension in Chap.5. In three dimensions it is given by

D,(d) = 7(3?;__11))!!, (6.136)
Dn(3) = (n2+n2!)! ‘

The correspondence between the number states |n1, ng, n3) and the states |n, I, m)
in the spherical basis, consistent with the number of degenerate states, are as
follows

n=0 |0) = |0,0, m = 0)

n=1 atl0) = 11,1, m =0, +1)

n=2 alal|0) = 12,2, m =0,+1,+2) & (2,0, m = 0)

n=3 alatal|0) = 13,3, m=0,41,42,43) & |3,1,m = 0, +1)
n—4 a}a*}a}aHO} N 14,4, m = 0,+1,+2,4+3, +4)

®)4,2,m = 0,+1,+2) ® |4,0,m = 0)

(6.137)
We see that the creation-annihilation states are completely symmetric tensors
of rank n in 3 dimensions, constructed from the vector a}. On the other hand
we learned that the spherical harmonics are completely symmetric tensors of
rank [ that are also traceless. Therefore we expect that a decomposition of
symmetric tensors into symmetric traceless tensors should correspond to the
|n,l,m) labelling of the states. Thus

a}ajr] = Tl(i) + %gUTéQ)
ajalale =T+ d—ig(guT;(f’ "+ gk T + gia T5Y)

7@ 1) QIJT;(?,% + glKng) + gzLTﬁi
a}aT]a}{aTL fIEL T ddato "‘gJKT[(,Q[) + QJLT[(? + QKLTI(?

2),(2
+atary (919K L + 91K 9Ly + 91097K) 21

(6.138)
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n . . . . . .
where TI(I_?. 7, 1s a symmetric traceless tensor of rank [ in d dimensions, and is

constructed from n oscillators at energy level n. To compare it to the |n,I,m)
notation above we set d = 3. Here g;; may be taken as §;; if one wishes to
work in the (1,2,3) basis, or it can be taken as in (6.89) if one prefers to work
in the (4,0, —) basis. Explicitly we have

T =1

v )

Ty = 9" ajal,

) = aal — Loy T§Y (6.139)
b ol 7o

T}%y = ajahal — ﬁ(guT;(? "+ 9T + grr TP)

The systematics of this decomposition shows that the degenerate states of level
n are organized into angular momentum multiplets that correspond to tensors
of rank [ =n, n—2, n—4, ---0 or 1. This is precisely the information ob-
tained from the radial equation above. Therefore, we have explained how the
degenerate states with different [ belong to the same SU(3) multiplet. Further-
more, except for an overall normalization, we have also explicitly constructed
the states with definite |n, [, m) in the form

Tl(ﬁ?.fl 0), I=n,n—2, n—4, ---0o0r 1. (6.140)

6.10 Hydrogen atom

We will consider a hydrogen-like atom consisting of a nucleus with charge Ze
and an electron of charge —e. The Coulomb potential is attractive and given by

A 2
v=-2 (6.141)
r
For a bound state the energy is negative F = —|E|. It will be convenient to

rescale the radial variable r = rou and choose ry such as to make the energy
term equal to —1/4, that is, 2uEr3 /h? = —1/4. Then the radial equation takes
the form

l+1) x 1
-0 -+ =0 6.142
(-0t + T = 2 ) fmtw) (6.142)
where A = Ze?2ury/h%. By eliminating ry we relate the energy and A
1
E=———uc*Z%?, 6.143
el (6.143)

where the fine structure constant is used oo = €2 /hc. Note also that 7q is related
to the Bohr radius ag
h2

?"()Z)\CL()/2Z7 CLOZE.

(6.144)
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The value of A is to be determined as a quantum number that solves the radial
equation.

The small u — 0 leading behavior of the solution is determined by the 1/u?
in the equation. With the correct boundary conditions one finds f ~ u'*!, as
in the free particle case. The dominant term for u — oo is determined by the
constant 1/4 term in the equation, which gives f ~ e~%/2 for correct physical
boundary conditions. Combining these two behaviors we expect a solution of
the form

fri(u) = u e P hg (u). (6.145)

Substituting this form into the radial equation gives a differential equation for
hEg

{aﬁ + (21—22 - 1> Du + %} hpi(u) = 0. (6.146)

Trying the series approach with
hgi(u) = Zak()\) uk,  ag #0, (6.147)
k=0

and setting the coefficient of u* equal to zero produces the recursion relation

E+14+1-X
b+ 1)(k+20+2)

ak+1(>\) = ( ak(A). (6.148)

If the series is not truncated to a polynomial the solution sums up to an un-
physical asymptotic behavior. Therefore A = n must be an integer so that the
series is truncated to a polynomial, with the highest non-zero coefficient being
ay for some k = N. The relation between the two integers is

n=N+I1+1 (6.149)

where both [ and N can start at zero, so that the lowest value of n is 1. N is
called the radial quantum number and n is called the total quantum number.
For a fixed value of n the allowed values of angular momentum and energy have
emerged as
_ g0 1 7%

n?2 2 — n? 2ag9

1,2,3,-- (6.150)
=0,1,2,---(n—1)

=

n
l

We see that at the same value of energy there are many states with different
values of I. For each [ there are (214 1) rotational states distinguished from each
other with —I < m < [. The total number of states is therefore

|
-

D,=) (2l+1)=n? (6.151)
l

I
=

These states are plotted in a n versus [ plot in Fig.(6.5).
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n=a| ' 3 5 7 D=16

_3 1 3 5 D=9

n=2 [ 3 D=4

n=1 1 D=1
=0 1=1 1=2 =3

Fig.(6.5) - Degeneracies for H-atom.

As in the case of the Harmonic oscillator of the previous section we must look
for a symmetry to explain systematically the reason for the degeneracy. This
time it is not very easy to see the symmetry, but there is one, and it is SU(2) ®
SU(2) = SO(4). We need to learn about addition of angular momentum before
we can explain how it works, therefore that discussion will be postponed till the
symmetry chapter.

The recursion relations produce a polynomial which is recognized as the
associated Laguerre polynomial with indices

Bt (u) = L2F (u) (6.152)

up to an overall normalization. Putting everything together we list a few of the
solutions for the normalized radial wavefunctions R,; = fni/u

n=1 Rlo(T) =2 Z/a0)3/2 eer/ag
) =2

0
n=2 Roa(r) = \% (Z/2ao)3/2 e—2r/2a0 (Zr 2a0)
Rao (1) = 2(2/3a0)** =27/ [1 — 221 /3ag + 3 (21 /3a0)’]
n=3 Ry (1) = 4T\/§ (Z/3a0)3/2 e—Zr/3a0 [1— 1 2Zr/3a0]
Ryp (r) = 22 (2/3a0)*% e 2/3%0 (Zr/3a,)?
(6.153)

The full wavefunction

Gnim (1) = (enim) = Ry (r) Yim () (6.154)
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is used to compute matrix elements of operators such as

(nlm|r*n'U'm/y = [ r*+2drdQ Y, () Y (Q) RE,(r) Ra (1) (6.155)
= 01/ Omm’ fooo dr TRT2R* (r) Ry (7). ’

Plots of probability distributions |rRy,;(u)|* provide an intuitive feeling for where

the particle is located. In Fig.6.6 the n =3 and [ =0, 1, 2 cases are plotted.

0.37 /
0.257 / \

027 I \
0.157 / \

0.17 \

0.057 \

Fig.6.6: | = 0 thick,l = 1 thin,l = 2 dots

By examining such plots one easily sees that the number of peaks in the
probability density is n — [. Only for the highest value of [ = n — 1 there is
a single peak and then the atom behaves roughly like the Bohr atom, but for
lower values of [ the behavior of the probability distribution is rather different.
For fixed [, the highest peak occurs at larger values of r as n increases. This
is in agreement with the intuition that the more excited atom is bigger. Also,
for fixed n, the peak closest to the origin occurs at a greater value of r as the
value of [ increases. Thus the probability of finding the particle near the origin
diminishes as [ increases, as expected intuitively.

The expectation value of the radius is of interest since it gives information
on the average position of the electron. For n = n’ the last integral in (6.155)
is defined as the average value (r*),;. We give the result for a few values of k

(rnl = 52 (?112 —l(1+1))
ér Yt = S5 (5n? 4+ 1-3I(1+ 1)) (6.156)
(

n

2\ z?
1/r)n = aZn3(1+1/2) "
From these expressions one sees that the average radius is larger as the en-
ergy (or n) increases, as expected intuitively.. The dependence on the angular
momentum at a fixed value of [ may be understood from the behavior of the
wavefunction |fg;| as in the figures above.
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6.11 Problems

1.

Using the equations of motion (6.2) or (6.7) prove that all the constants
of motion listed in (6.8) are indeed time independent.

. Using the basic commutation rules in the laboratory frame or in the cen-

ter of mass frame, show that all the constants of motion listed in (6.8)
commute with the Hamiltonian.

. Using the commutation rules [r;,ps] = ihd;; show that the commutation

relation among the spherical variables given in Eq.(6.30) follow, while all
other commutators among (r, p,, 2, L) vanish.

. Use the definition of angular momentum L; and the unit vector €2; in

terms of the original Cartesian operators ry, p; and, while keeping track
of orders of operators, prove the decomposition of the momentum operator
into radial and angular parts as given in (6.31).

. By using the relations in (6.31) prove that the commutation rules for

the radial and angular operators given in (6.30) lead to the Cartesian
commutation rules [ry, ps] = ihdr ;.

. Prove the completeness and orthogonality relations for spherical harmonics

of eq.(6.85) by using the properties of associated Legendre polynomials.

. Write out the 7 independent components of the symmetric traceless tensor

Ty explicitly in terms of (6,¢) and compare them to the 7 spherical
harmonics Y3, given by the general formula. Verify that they agree with
each other up to a normalization. (You may cut down your work to 4
functions by taking into account complex conjugation).

. In two dimensions there is only one component of angular momentum

Lo = r1ps — rop; that corresponds to rotations in the (1,2) plane. What
is the differential operator form of Lg in cylindrical coordinates, what are
its eigenfunctions and eigenvalues, how many states correspond to the
same eigenvalue? Analyze the Laplacian in 2 dimensions in cylindrical
coordinates (i.e. p? = —h?V?), and find the radial equation. How do
your results compare to the general expressions for d—dimensions given in
the text?

. In d—dimensions the generator of rotations in the (I, J) plane is written

as
LIJ:TIPJ_TJPU I7J:1727d

e Show that the L;; commute with all dot products constructed from
(r,p).

e Show that the commutators of these operators satisfy the Lie algebra
for SO(d) given in Eq.(9.14).
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10.

11.

12.

13.

14.

15.
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e Prove the expression for L? in Eq.(6.95).

e Show that that Eq.(6.33) obtained in three dimensions is generalized
to Eq.(6.96) in d dimensions.

Consider the traceless symmetric tensors 7,777,115, Trjx of rank [ =
0,1,2,3 in d-dimensions. List explicitly the independent components and
verify that their number D; agrees with eq.(6.100). For higher values of [
how does the general formula for D; compare with what you know in 2
and 3 dimensions from other approaches?

Solve the radial equation for the harmonic oscillator in 2—dimensions.
Discuss the boundary conditions and derive a recursion relation for deter-
mining the radial wavefunction. Putting all factors together, make sure to
give the full wavefunction ¢ (r) with its radial part R(r) and its angular
dependence. Plot your states in the space of energy versus angular mo-
mentum, and label the degeneracy of each state. Let your solution guide
you in keeping track of the number of states at each level.

Consider the solution for the two dimensional harmonic oscillator you ob-
tained in the previous problem. Show how your result agrees with the
creation-annihilation approach from the point of view of the energy eigen-
value and the number of states at each level. Then using the following
(4, —) basis for the harmonic oscillators al, = (al +ia})y/2 (which differs
from the one in the text of chapter 5), find the correspondence between
the harmonic oscillator states created by al and the angular momentum
basis discussed in problem 8 above. Specifically, for each state at level
n=4, show how you relate states of definite angular momentum with states
constructed in terms of creation operators. This is similar to the corre-
spondence between symmetric traceless tensors and spherical harmonics
discussed in the text, but now it is in 2-dimensions instead of 3.

Solve the radial equation for the attractive spherical square well potential
V = —Vpf(a—r) in d—dimensions, assuming V is positive. Give numerical
values for the bound state energies. How many bound states are there?

Solve for the bound states in the delta shell potential V = —Vyd(r/a — 1)
in d—dimensions, assuming V} is positive.

Consider a spherically symmetric potential V' (r) in 3 dimensions, which
consists of the infinite square well of width 2a and the delta-shell potential
of strength ;) located at r = a,

_ Voé(g—l) for 0<r<2a
V(r)—{ 400 for 2a<r

V (r) is shown in the figure. Consider bound states at some energy E as
indicated in the figure.
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V(1)

Figure 6.1: Fig.(6.7) - Delta shell at r = a, infinite walls at r = 0 and r = 2a.

(a) Give the solution of the radial Schrédinger equation in each region,
consistent with boundary conditions, and continuity.

(b) What is the transcendental equation that determines the quantiza-
tion of energy for any (7

(¢) For I = 0 these equations take a simple form. Give a plot that
determines roughly the energy of the first few levels for zero angular
momentum.

16. Prove that in d dimensions p? = p2+ = {LQ + %(d —1)(d—- 3)] where L?

is given by L? = % ? J—1 L? 7 and the radial momentum is the hermitian

operator given by p, = £ (#-p+p-%) = 3 (ir-p+p-ri). Hint: first
show that L? = r?>p? — (r-p)(p-r) — 2ihr - p and next show that (r-p)(p-
r) + 2ihr - p =r’p? + % (d — 1) (d — 3) paying attention to the orders of
operators in all steps.

17. Prove that in d dimensions the radial momentum acting on the wavefunc-
tion in position space is given by

0 0 1
Pt () = =it =D/ (P02 (1)) = i {W (1) +35(d =1y ()],
where by definition p,¢ (r) means p,v (r) = (r|p,|¢).

18. Using the wavefunctions for the hydrogen atom, verify the average values
(rk),; for k = £1,+2, as given in Eq.(6.156), and interpret the results.



Chapter 7

PROPERTIES OF
ROTATIONS

In the chapter on the central force problem we have studied some of the basic
properties of angular momentum. We have seen that the angular momentum
operators are the generators of infinitesimal rotations in 3-dimensions. In this
chapter we will study rotations in more detail. We will discuss the classification
of states according to their properties under rotations, the matrix representa-
tions of rotations on wavefunctions of all possible spins or angular momentum,
the addition of angular momentum for products of states or operators, and
related applications in physical systems.

Rotations form the Lie group SU(2), which is the simplest non-trivial exam-
ple of a non-Abelian Lie group. Therefore the study of angular momentum or
rotations is intimately connected to the study of representation theory of Lie
groups. From this point of view the present discussion may be considered as
an example of representation theory of Lie groups from a physical or quantum
mechanical point of view.

7.1 The group of rotations

A group is characterized by a set GG, and a “product” between group elements,
with the properties of (i) closure, (ii) unity, (iii) inverse, (iv) associativity. These
properties will be discussed in more detail in the chapter on symmetries. For
now, let us consider the set G that consists of all possible rotations R in 3-
dimensions, and define the product as one rotation followed by another rotation
as applied on any object, for example on a chair, or a vector, or a spinning
electron, or a complex molecule, or a quantum wavefunction, etc.. Then, at
the intuitive level, one can visualize geometrically the four group properties as
follows.

Closure means that some rotation followed by another rotation combine
together to some overall rotation that is included in the set G. If we write the

211
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product symbolically as
Ry - Ry = R3 (7.1)

then closure requires that R3 must be in the set G. Note that the product of
two rotations is not commutative: two rotations applied in different orders on
the same object do not produce the same configuration of the object, unless
the two rotations are applied along the same axis (try applying rotations on a
book).

Unity means that applying no rotation at all will be considered to be a
“rotation” that is an element of the set G. The unit element is represented by
1,and its properties are

1-R=R-1=R. (7.2)

That is, a rotation followed by no rotation is equivalent the original rotation,
etc..

Inverse means that for every rotation that is included in the set G, the
inverse of that rotation, that takes the object back to its original configuration,
is also included in the set G. The inverse of the rotation R is denoted by R~!.
The property of the inverse is

R-R'=R ' R=1 (7.3)

Therefore, a rotation followed by its inverse gives unity, i.e. it is equivalent to
doing nothing on the object.

Associativity is the property of the product that allows the grouping of the
rotations as follows

Ry Ry Rs=(Ry-Ry) Ry =Ry (R Rs). (7.4)

It implies that when three rotations are applied on an object in the sequence
R; followed by R, followed by Rj3, that the overall rotation may be viewed as
the product of two rotations, where the two rotations are either R; followed
by (Rg- R3), or (Ry- Rs) followed by Rs. It is easy to verify this property
geometrically by applying various rotations on a book.

Rotations in 3-dimensions are implemented mathematically on quantum
wavefunctions by the rotation operator

i
R(w) = exp(ﬁw -J) (7.5)
where the vector w represents an anti-clockwise angle of rotation of magnitude
w = |w|, with an axis of rotation in the direction @ = w/w (use the right-hand
rule to visualize the rotation: thumb along axis, and fingers in the direction of
rotation. See problem 1.)

W = (p|ete . (7.6)

The same rotation on a ket is implemented by the Hermitian conjugate operator
exp(—#w-J). As seen in the previous chapter, the generator of infinitesimal
rotations on any system (single particle or a complicated molecule) is the total
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angular momentum operator J. When w is infinitesimal, the Taylor expansion
gives the first order term

1

(Y] = < (Ylw-J. (7.7)

N

When applied on quantum states, the “product” of rotations is inherited from
the usual product of quantum operators. That is, a rotation of a quantum state
with the angle w;, followed by a second rotation ws is given by applying the
appropriate rotation operators in the given sequence. Then R; - R = Rg3 is
represented on a bra in the form

(leterd etead = (| efes (7.8)

With this definition of the “product”, closure means that the right hand side
can indeed be written as an exponential with an exponent that has a single
power of J and an w3 that is a function of w; and ws. This is something that
we need to prove, and furthermore we need to obtain the formula for ws. If we
accept this property, then the remaining properties that characterize a group
follows. The unit element for the group is the usual unit operator in the quantum
mechanical Hilbert space, and it corresponds to zero rotation 1 = e#%J. The
inverse is obtained just by replacing w with —w, since this represents the inverse
rotation i.e.

R (w) =R(~w) :exp(—%w .3, (7.9)

Associativity of the group multiplication follows from the associativity of ordi-
nary products of operators in quantum mechanics.

Therefore, provided we can prove closure, all the properties of a group are
satisfied in the quantum mechanical setup. To prove closure consider the prod-
uct of two exponentials exp A X exp B, expand each one in powers and re-arrange
terms to show that it is possible to re-sum the series into a single exponential
exp C of the following form

A2 B2
eAeB:(1+A+7+---)(1+B+7+---)
A2  B?  A’B+ AB?

:1+A+B+AB+§+7+T+~-- (7.10)
1 1 1
= exp <A+B+§[A,B]+E[A,[A,B]]+E[B,[B,A]]+~~)

The crucial observation is that all the terms in the exponent exp C are con-
structed only in terms of commutators. In the present case

1 1
A= ﬁwl-.], B= ﬁwg'.], (711)

and the commutators constructed from these two operators are always propor-
tional to J since we can use the commutator [J;, J;] = ifier i Ji to reduce the
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multiple commutators to a single power of J as follows

3B =3 [72“’1 3 e J] (7.12)
= ;7; (w1 X wa)-J
and similarly
112 [A14, Bl = 12h (w1 X (w1 X w2))-J (7.13)
112 (BB, A]] = léh (w2 X (w2 X wy))-J

etc.. Therefore, the exponent has the expected form exp C' = exp (Fws3-J) with

1
(4.)3:(.014*(.0275((4)1)(&)2)

112 (w1 X (w1 X (4)2)) (714)

12 ((.L)Q X (wQ le))+
The full w3(wi,ws) will be given below in (7.14) to all orders by using a con-
venient representation of the commutation rules. It is important to realize that
w3 (w1, ws) is independent of the state (| and only depends on the structure
constants e7jx that characterize the infinitesimal rotation, or the commuta-
tion rules of angular momentum. The formula for ws(wi,ws) is an intrinsic
property of the rotation group; indeed it can be considered as the definition
of the rotation group. The fact that ws(w;,ws) can be built up only from
commutators (or the cross product characterized by e;x) indicates that the
infinitesimal rotations contain all the necessary information about all rotations.
Therefore, understanding the properties of the infinitesimal generators J, or the
Lie algebra, amounts to understanding the properties of all rotations.

This discussion shows that the group closure property is satisfied, and fur-
thermore, that it is equivalent to the closure of the Lie algebra. Moreover, using
this result one can also show immediately that R (—w) = exp (—fw - J) is the
inverse of R (w) . Indeed for A = —B = %w - J, the multiple commutators vanish
[A,B] =[A,~A] =0 and A+ B =0, proving R (w) R(-w) = 1.

Therefore, the rotation operators R (w) = exp ( w-J ) acting on the quan-
tum mechanical Hilbert space do form a Lie group.

7.2 Representations of angular momentum

It is useful to classify the quantum states according to their properties under
rotations. This amounts to classifying the states according to their spin. This
is something we have already done in the previous chapter by diagonalizing J>



7.2. REPRESENTATIONS OF ANGULAR MOMENTUM 215

and Jp simultaneously and labelling the states by their eigenvalues |j, m). Recall
that

I2|j,m) = B%5(5 + 1) [j,m), Jolj,m) = hml|j,m) (7.15)
Jiljom) = h/5(j + 1) —m(m £ 1) |j,m £ 1).

This means that the infinitesimal rotation of the state (j, m| is computable, from
i
h
=5 D (imlw - J|'m’) {j'm|

Jlm/

Similarly a finite rotation is computed as follows
(jml' = (jm| et (717)
= 7 timlet T |j'm) (|
3'm’

To implement the rotation we need to compute the matrix elements of the
generators o
(gmlJilim) = (Jr)jm.jrm- (7.18)

They are arranged in a block diagonal matrix, since J; does not mix states with
different values of spin j

(GmlJilg'm') = 655 (Gm| Jrljm’) = 8550 h(S1)] (7.19)

mm/

where (i‘s;){nm, are (25 + 1) x (2j + 1) matrices. We can then construct a block
diagonal matrix for each J; as follows:

(ziija)

m=+1/2 0 [2x2 0 0
-1 3x 3

<m—1,0,—1‘ 0 0 0
3

<m:] %Q’i% 0 0 0 4x 4

(7.20)
The above block structure of the matrix representation of angular momentum
tells us that only states that have the same total spin (same value of j) can
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rotate into each other. For example, consider a state (%m| which represent a

_1
J=3
mm/

particle with spin j = 1/2 and (m = +3). When the matrix (w;S7) is

applied to such a state, then the resulting state will be of the form

1 11 1 1
5w<§7m| =a(m) <§7 §| + B(m) <§a —§|~
Thus, the spin j = 1/2 states do not mix with the states of another spin under
rotations. The same is obviously true for any spin. Therefore, for a fixed value
of 7 the states |jm) , j > m > —j are said to form an irreducible multiplet under
rotations.

Let us see in more detail what the matrix elements look like for the operators
Jo, J4,J_. Let us fix 7, and let us examine first (jm|Jp|jm’) = hm/{(jm|jm') =
hmdm:, so that

(7.21)

3j 0 0
0 j—1 0 .. 0
S0 0 0
Sl =] * + 0 m R (7.22)
: : P —j+1 0
0 ... ... .. 0 —j

For (jm|Jy|jm') we have

GmlTeljm’y = hvil H D) Zmilm dDmljm1) (7 g9
— h\/](j +1) —m/(m + 1)6m,m/ 41
and so
0 V7 0 0 ... 0 0
0 0 Vij—2 0 : :
0 0 0 .0 0
@ 2| 0 0 (7.24)
0 V4j—2 0
: 0 0 VZj
0 0 0 0 0 0
Similarly for J_
(GmlJ-ljm’) - =hy/§(G +1) = m/(m’ = 1) {jm, jm" - 1) (7.25)
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so that
0 0 0 O 0 O
V25 0 0 0
0 V4 -2 0 . 0 : :
(S)) = 0 0 Do (7.26)

0o . 0 0 O
: : : 0 457-2 0 0
0 0 o0 0 V27 0

For every j the matrices (So,i)fn . Satisfy the same commutation rules as
the operators %Jo,f That is, under matrix multiplication we have

O @] = B { Ot O = (8 s S1Vr
_y (gml & Jrlg"m/") (5" m" | T 5| jm) )
3\ = (gmlE g lgm”) Gm” |5 Tr|jm)
h%(ij]JJ — JJJ[UTH/)
iersr (jmlgJr|jm’)
= iE[JK (%K)inm/

(7.27)
In the second line only j” = j contributes, but the full sum over all j”,m”
allows us to use the completeness relation >, [im”)(jm”| = 1, to derive
the third line. The final result shows that we have obtained an infinite number
of matrix representations of the commutation rules of angular momentum, one
for every value of j =0,1/2,1,3/2,--- .
We can see in particular what these matrices look like for j = %

NNEVES
(‘S )mm’ 92 < )mm/
i=1/2 0 1
(%+)fnm// = ( 0 0 > (7'28)
& )= 1/2 00

From these we construct the 2 x 2 matrix representation of J

(S)=12 = %(1/2,m\J\1/2,m/> = (f)mm/ (7.29)

/
mm 2

where o are the three Pauli matrices. Therefore, for spin j = 1/2, rotations are
represented by J —h (%) .
An additional property of the Pauli matrices that we will use below is

o5 =051 +icr K oK. (7.30)
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That is, while the commutator of two Pauli matrices reproduces the commu-
tation rules of angular momentum, the anti-commutator is proportional to the
identity matrix {oy,0;} = 2d67;1. Unlike the commutation property which is
the same for all j, the anti-commutation property is special for the j = 1/2
representation and it does not hold for higher values of j.

Similarly, for j = 1 the matrix representation is

10 0
Syt =100 0
00 -1
0 v2 0
S =0 0 V2 (7.31)
0 0 0
0 0 0
S )= v2 0 0
0 V2 0

These give the infinitesimal rotations of a vector V when written in the (4,0, —)
basis instead of the (1,2,3) basis. That is 6,V = w X V can also be written in
one of the following forms

(SWVI 0 —Wy Wy Ve
0Vy | = W, 0 —wy Vy (7.32)
0,V —Wy Wy 0 V.,
0wV wo 5 0 Vi
Vo |=—i|l 5 0 % Vo (7.33)
5WV_ 0 w_\/% —Wwo V_
where we have used the definitions V,,, = (j = 1, m|V) , with
Vo=V., Vi=7FaFiV,)/V2 (7.34)

Wo =W, Wit = (Wg Fiwy).
So the 3 x 3 matrices that appear in the (z,y, 2) or (+,0, —) bases in (7.32,7.33)

are just (—id - )=, = —i(weSo + Lw Qg+ %w,S,)jzl

mm/ ~ mm/’

respectively.

7.3 Finite rotations and the D’ matrices

Let us now compute the finite rotation defined by the matrix in (7.17) which is
nonzero only when j' = j

<]m|/ = ZDgnm’ (w)<.7ml|a Dznm’ (w) :<jm|eﬁ“’"]‘jm’> (735)

The exponential may be expanded Df,lm, (w)
then the identity is inserted in the form 1 =

= X, fim| (%2)" ljm’) and
> jrme 13"m) ("M |. However,
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since only j” = j can contribute, only the sums over the ms mg,--- survive as
follows

T st a5 s
_ jml 2 ) (s | 42 [jmo) (jms
—Zml, My 1< e lgmp— 1><Jmn 1\ |Jm> >

= thn (Q %)gnml (CL) \g)‘z’nl mg (CL) \g)j My —1 m/

-5,

This shows that one way of computing the matrix Dmm,( ) is by summing the
exponential series of matrices

D) =%, ([i@-39]")

(7.36)

o (7.37)
= (exp [Z(Q : %)]D
mm/
These matrices satisfy the group property for each value of j
Z Dan” (wl)DZn”m’ (wQ) :Dan’ (w3) (738)

m'’

This can be shown directly by using the same steps as eqs.(7.10-7.14), but now
using matrices A = i(@; - )7 and B = i(@, - §)J. Another proof is obtained
by inserting the identity operator and using directly the closure property of the
operators

Z D%m” (wl)Dfn”m’ (wQ)

"

m
= 3 Gmleter 2| m g m et )
j//m
= (jmleterTetw=d|im/) (7.39)

= (jmlet<s I |jm’)

The same w3(w1,ws) is obtained for every value of the spin j since this follows
from only the commutation rules among the operators J that are independent
of the value of j (see also (7.27)). Therefore, the D7 (w) matrices are said to
form a matrix representation of the rotation group. They simply represent the
action of rotations on the multiplet of spin j.

7.3.1 Relation to spherical harmonics

For the special value m = 0 the entries in the column D}, in the rotation ma-
trix are related to the spherical harmonics D}, ~ Yj,v. To see this, recall the
definition of the spherical harmonics in the form ¥,/ (0, ¢) = (0, ¢|lm’) where
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the position space state (0, ¢| is associated with the unit vector ¥ = cos ¢ sin @ X+ sin ¢ sin§ y+
cos @ z. This unit vector is obtained by applying a rotation to the unit vector
in the Z direction. So, the state (0, ¢| can be rewritten by rotating the state

(3 = (0= 0,6 = 0| o
(0, 9| = (8] eF2/P eoba /M, (7.40)

Therefore, we have
Yim: (0, 0) = (2] eF2/" Lo/ |1 (7.41)
Z |lm lm| i0Lo /R 1¢L3/h|lm>

:Z (0,0) DL (0,6, ¢).

Furthermore, we have Y7,,(0,0) = Mém,o, which leads to
20+ 1
Vi (6,0) = | 72 Db (0,0,6). (7.42)

So, through the knowledge of the spherical harmonics we have obtained some
of the matrix elements of rotations

4m
Dl (0,0,9) = || g Yiewr (0. 6)

=(-1™ %Pfﬂl (cos ) e™'?, (7.43)

where le/ (cosf) is the associated Legendre polynomial.

7.4 Computation of the D’ matrices

There are several methods for computing D’ (w) for general j. The first one is
by summing the matrix series D7 (w) = €' which works well for small values
of j, as illustrated below. However, this becomes cumbersome for larger values
of 7. The second method is to introduce Euler angles and derive a differential
equation which is solved by hypergeometric functions. The third method is to
use the two dimensional harmonic oscillator as a model for SU(2),which readily
yields a nice result in the form of a polynomial. The latter two methods are
explained below. The relation among these methods provides a first look at
representation theory of Lie groups, the rotation group being the simplest case
of a non-Abelian Lie group.

7.4.1 Spin j=1/2 case

To compute explicitly the spin-1/2 representation D3 (w) by direct exponenti-
ation one uses the properties of Pauli matrices that follow from (7.30), namely
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@ -0l =10 (@ )" =1, (& 0)"" =& 0. Then
1 i 1 fiw-a\"
Dz = 2% 7 — —
@ =t =30 (%)
_ Z 1 (iw-a)”+ 1 (iw-a)”
- ! nl
n=even n: 2 n=odd s 2
—Zliﬁn+AaZii—wn (7.44)
n n! \ 2 n! \ 2 '
n=—even n=odd
— cos = +id - o sin=
= cos 5 W o s 5
_( « B
= 5 o
where

w N LW

@ = COS — + 1w, smE

B = (@ + i) sin% (7.45)
1= o]* +8.

An arbitrary matrix of the form

_ﬁ* a*
detU = |a> + 8> =a®+b> =1

U:< « B ):a+ib-a, (7.46)

is a special unitary matrix that is a member of the set SU(2), where “special”
means detU = 1, but otherwise arbitrary. Such matrices form a group, since
they close into the same set under matrix multiplication (try it!). But we have
seen by construction that D/='/2 (w) is the most general such matrix, and that
it forms the rotation group D=2 (w) DI=/2 (wy) = DI='/2 (w3). Therefore,
modulo a subtlety that is pointed out below, the group SU(2) may be interpreted
physically as the rotation group in 3 dimensions.

7.4.2 Spin j=1 case

In the case of j = 1, a unitary transformation from the (4,0, —) basis to the
(z,y, 2) basis, as in (7.34), shows that the rotation in the (z,y, ) basis is given
by the matrix V/ = (DI=! (w)),;, Vs in the form

74 0 W, —wy Ve
Vy’ =exp| —w. 0 Wy Vy (7.47)
V] Wy —Wwy 0 V.,
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This matrix notation is equivalent to the rotation of a vector in the usual vector
notation in the form

1
V’:exp(wx)V:V—&—wa—i—awx (WX V)+--- (7.48)
=V4+OxV sinw+dx(@xV) (1—cosw).

where the second line is obtained by summing the series. If this rotation is
written in 3 x 3 matrix form, V/ = Rr;V; , it yields D’=! (w) = R in the
(z,y, 2) basis (see problem 2 for direct exponentiation in (4,0, —) basis). It can
be verified that the resulting matrix Rrj(w) is a parametrization of the most
general 3 x 3 orthogonal matrix with determinant +1. Orthogonal 3 x 3 matrices
form the group SO(3) (prove it!), which is the rotation group in 3-dimensions
as we have seen in this discussion, by direct construction.

There is a subtle difference between SU(2) and SO(3). In the D7=1/2 (w)
representation it takes an angle of rotation of 47 to come back to the same
point. For example, for a rotation of w = 27 around any axis, we see from
(7.45) that D7='/2 (21@&) = —1. More generally, for the same 27 rotation we get
Di (27@) = (—1)¥ (see e.g. the rotation of a vector (7.48). Thus, states with
integer spin come back to the same state after a 27 rotation, but it takes a 4mw
rotation to get back to the same state if j = %—&—integer. The difference between
SU(2) and SO(3) is whether or not the representation space contains spin-
1/2+integer or not, and consequently whether we should consider the maximum
range of rotations to be 47 or 27 respectively. This difference becomes apparent
globally. In physical applications the value of the angular momentum determines
the range of the angles.

7.4.3 Product of two rotations

The explicit matrix form of DI=/2 (w) as in (7.44,7.45) is very useful for many
purposes. In particular it provides the simplest way of computing ws(wi,ws).
Recall that according to (7.38) we obtain the same ws(wi,ws) for any value of
Jj. By using the map between rotations and SU(2) matrices provided by (7.45)
we can easily compute the product of two rotations and extract ws(wi,ws).
The result is (use (7.46) and (7.30) to prove it)

cos 22 = cos L cos 22 (@1 - @) sin YL gip 22

23— cos L cos —2 — (& - W 2lgin =2

2 2 2 2 2
. D1 8in 2L cos £2 1+ &y sin 2 cos YL

ysin &5 (( G1sin con % 4 Bosin 5 con'y 749
2 — (W1 X @) sin & sin <2

The series expansion of these expressions for small w1, ws reproduces the first
few terms given earlier in (7.14) (see problem).

7.4.4 FEuler angles

An arbitrary rotation may be parametrized in terms of Euler angles which are
defined as follows. Consider first an anti-clockwise rotation of angle v along the
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positive z-axis, followed by an anti-clockwise rotation of angle 6 along the new
1y/-axis, and then followed by anti-clockwise rotation of angle ¢ along the new
z""-axis. These are pictured in Fig.(7.1).

=t

{
X X’ XW

Fig.(7.1) - Euler angles.

On a bra the Euler rotations are implemented by the following operations
<w|l _ <'l/1| eiw-.]/h — <w| ei’y]g/heieJé/ﬁei(ﬁJé//ﬁ (750)
The operators J5 = J-¢' and J{ = J-2” are given by

Jy=Jocosy — Jysiny = e 73/h ], v Js/h (7.51)
Jy = Jhcos 0 + J, sin @ = e~ 072/N J1 61072/
where J; = J-3', J, = J3. These are obtained by inspecting Fig.(7.1) and
noting the decomposition of the unit vectors ¢’ and 2” into components in the
appropriate orthogonal basis. The inverse of these relations are
Jy = eIs/h e Js/h (7.52)
Jé _ eiGJé/hJéle—ieJé/h —_ J3. (753)

The Euler rotations may be rewritten in terms of the original basis Ji, J2, J3 as
follows:

o/ i85 /h i T [h _ ivJah {eieJ;/nemJg/newa;/n} i0J3/h
— eiw]g/h,ehﬁJg/heiGJé /h

— i Ja/h {emJg/h 10J3/h efim]g/h} iV Ja/h (7.54)

— oi9Ja/h ,i02/h yivJa/h

In line 1, first insert 1 = e~#0/2/¢i%72/1 and then use eq.(7.53) to go to line

2. To go from line 2 to line 3, first interchange the order of the left-most two
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commuting factors and insert 1 = e~1/3/" ¢i7Js/h on the right. Finally to go
from line 3 to line 4 use eq.(7.52). Thus, the general rotation takes the form

oiw-I/h _ gidJs/h ,i0J2/h iy Js/h (7.55)

According to the group property of rotations (7.38) this operator relation must
also be true for every matrix representation, hence

D7 (@), = [D7 (¢2) D7 (69)D (v2)], (7.56)
which corresponds merely to taking the matrix elements and inserting identity
in between factors. The matrix elements of this relation give

D] (w> i¢J3/ﬁ€i9J2/ﬁei’yJ3/ﬁ,‘jm/>
ljmyer™ (7.57)

= el(omm) g (0)

= (jmle

mm/’

— €i¢m<jm‘€i0‘]2/h

where we have defined the small d — function
B (6) = (gl ) = (¢99%) = D], (69). (7.58)

The d—functions are easily computed and tabulated (see below). Therefore, the
Euler parametrization provides a second approach for computing D7 (w) for
general j.

However, one needs to know how to find ¢, 6,y for a given general rotation
w. Since (7.56) is true for any j, the spin 7 = 1/2 representation provides the
simplest computation. Using (7.44-7.46) we have

mm/

DIV (w) = DIV (¢2) DIV (09) DT (v2)
— ei¢03/26i902/26iv03/2

_(eiqﬁ/2 0 )( cos2 sm% )
0 e /2 —cosd cos?

0

8

2

. < ei(¢+7)/2 Ccos [} Z(¢ 7)/2 sin

17/2
—z'y/2 )

= (7.59)

)

where the last line is D7='/2 (w) = €% as given in (7.45). By comparing the
two matrix expressions for DI=1/2 (w) we can relate ¢, 0, v to w and vice versa.

1
e 26’ Lg iE+N/2 0o

RIENIE N

i < cos¥ +i@, sing (D, +i@,) sin

e 2 = w
(wy — Z(.«Jm> Sln COS 5 — Z(.«JZ sin

2 2

7.4.5 Differential equation for dinm

To derive a differential equation for dznm,(t?) we use the standard quantum
mechanics trick of evaluating a matrix element of an operator in two different
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ways. In the present case we consider the Casimir operator J? = J? + J3 + J3
as follows

i(j >dmm/(9) (jmle0 2/ (J3 4 J5 + JE) |im/)

1
) @ (0) = i A (0) + (Gmlet®72/" 5 T2 | o)

<.

(7.60)

+
(m/

where we have used —h293 (jm/|e 02 /h

0J2/h 72| §m’). To evaluate

0J2 —

ljm’) = (jmle
the last term we rewrite elwz/rhﬂ by using the following rotation e~ % 072 JJeF
Jgcosf + Jy sinf. Multiply this relation from the left with e7972 and solve for
the combination et ?/2.J;

otong — L g pen <050 dog g (7.61)
S.

in 0 sin 0
Multiply this equation from the right with J;

ez g2 — —Sin9J3e?9J2J1 C%Ze"wQJ?,Jl, (7.62)

use J3J1 = J1J3 +ihJs to rearrange the second term, and then replace e 07z J1
with the right hand side of (7.61):

L0Jy 72 6J2 _ cosf 6Js
et002 2 = gy [ef02 gy | — sl [0, | gy
_cosO LOJy
sin 0 en l?JQ 0 ) (763)
4
= 81n29J§e 072 + oin 9 0J2J§ - 2:,2?1829J3€’19J2J3
2cosf d —9]2
—h sin 0 df er

The matrix elements of this equation gives the last term in (7.60)

<jm|ei6’J2/h 1 Jl \]m')

_ 1 cos? 6 ne _ s cosf _ cosb
- ( 1n29m + sin2 6 <m) 2mm sinZ 6 sm@a ) mm’ (9)

(7.64)

Inserting this expression in (7.60) we obtain the desired differential equation

d? d m2 — 2mm’ cos 0 + m'?
t 6 i(5+1)—
{d92+co d9+y(g+ ) }

& (0)=0. (7.65)

sin? 6
This is converted to a hypergeometric differential equation in the variable -

(cot %)2. It can be solved by using series methods or by computing the indices
for the hypergeometric function 5 Fj (a, b; c; —(cot §)?) as follows

. 25 m+m’
By (0) = Ny (sin.5) ™ (cot §)
X oFy(m —j,m' — j,m+m/ +1; - cot* §) (7.66)

(=0 [ Gm)t (Gm ]2
ijm’ — (m4m/)! |:(j7m)! (jfm’)!:| .

It can also be given in the form of a polynomial valid for all allowed values of
j7 m7 m/
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dfnm’ (0) = (_1)j+m/ VG +m)(G—m)G+m)(j —m)!
i 8127 (—1)F (= cot §)2k+mim’ (7.67)
X(Sln 5) Zk k!(k"”m“”m,)l(j*k?fm)!(j—k;fm/)[7

The constant factor Nj.m, insures consistent normalization with the states
|jm). Tt is determined by demanding @’ (0) = &, as well as completeness
in the form .

5t By 0) (@10(0))

_ Zm’ <jm|e“29/ﬁ |jm/><jm/\efi‘]20/h |jm”> (7.68)

= lgmlim”) = G

Tt is useful to list a few d’

mm/’

(0) explicitly

d}ﬁyl/z:cos% dgg’s/Q:%(H»cosG) cos & d3 ;=% (14cos 0)?
diﬁ,l/zzsin% dg;;lnzig(l-i-cos@) sin £ d%y1:%(1+c039) sin 6
dgg)il/z:TS(l—cose) cos 4 d;ozé sin2 @
d%,1:%(1+C059) dg;;ia/zzé(l—cose)sin% dg,flzé(lfcoso) sin 0
d%)[):% sin 0 d?;;l/Q:;(E}cosefl) cos% dé,,2:%(1—0039)2
d%ﬁl:%(l—cos 0) d?g,fl/z:%(gcos 041) sin £ d3 ;=% (14cos 6)(2cos 6—1)
dé’OICOSQ diO:\/gSiHQCOSG

d? _ =% (1—cos 0)(2cos 6+1)
dg,[):% cos? 6—3
(7.69)
To obtain the solution for other values of m,m’ one can use the following iden-
tities that follow from the general polynomial expression given above

)" (0) = A (0) (7.70)

(-1
& (—0) = ()" ().

7.4.6 2D harmonic oscillator and SU(2) rotations D’

It is beneficial to take advantage of the SU(2) symmetry of the two dimensional
harmonic oscillator in order to obtain information on the rotation group. Of
course, the SU(2) symmetry has nothing to do with three dimensional rota-
tions, but the mathematics is the same, so the 2D harmonic oscillator may
be used as a model for computations’. Recall that the Hamiltonian H =

IThe same approach applied to the d—dimensional harmonic oscillator is beneficial for
SU(d). However, only a subset of the representations for SU(d) can be described by the
d—dimensional harmonic oscillator. This is because only the completely symmetric tensors
of the fundamental oscillators a; can occur. For d = 2 the fundamental oscillators have spin
1/2, and all higher spins can be obtained only from the complete symmetrization of spin 1/2
wavefunctions. So, for d = 2 there are no other SU(2) representations.
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hw (aial + a%ag + 1) is invariant under the SU(2) transformations a; = Ujja;,

and a? = az (UT) .; and that the states are classified in degenerate SU(2) mul-
tiplets

(a])tm (a3))
V3 +m)l(G —m)!

The generators of the symmetry that commute with the Hamiltonian, and which
satisfy the commutation rules of angular momentum, are J, = a{ag, J_ =
a%al, Jo = (a}al - G,;CLQ)/Q. These may also be rewritten in terms of Pauli

matrices in the convenient form

jm) = 0). (7.71)

a1

(2
Jr = hay 2 )

_ 32 1[91 91
[J[,JJ]—hak[ ]klal

272
. OK
=ihersk haz (7>kl a (7.72)
:if_lEIJK JK.

Under the transformation exp (iJ - w /h) the states rotate as expected
Gml = Gmle™ M =3 D} (@) (] (7.73)

The aim is to use the properties of the creation-annihilation operators to extract
the properties of these rotations.

First note that the SU(2) transformation of the oscillators is written in op-
erator form as follows

— e—iJw /haliei.]w /h

eiw/?) aj. (7.74)

j
_ iow /2 « 6
U=e —( 5 o >

This may be verified easily for infinitesimal values of w, or for any w by us-
ing the identity e*Be=* = 3" L [A,[A, -+, [A,B]---]]. Hence, the oscillators

transform as the spin j = 1/2 doublet of SU(2)
a) = aay + Baz, ah=—F%a; + a*as, (7.75)

where the definitions of the parameters «, 8 in terms of rotation angles coincide
with those given in (7.44,7.45,7.46). Then the harmonic oscillator states (jm)|
with spin j may be viewed as if they have been constructed by putting together
2j spin 1/2 quanta. The SU(2) transformation of the state may now be rewritten
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in the form _ |
5 Dy () (| = (ol 1
= (0few /he=idw /h (@) (@a)l " idw /h

,  VGrmiG-m)!
_ (ol (7.76)

N G+m)!(G—m)! ,
(0] (caz+Bag) ™™ (—B*a1+a*as)’ ™™ '

VG +m)l(G—m)!
It is now a simple matter to expand the binomials and identify the normalized
states (jm’| on the right hand side of the expansion by collecting powers of the
oscillators. Then comparing the coefficients on both sides of the equation we
can write

Gtm) (G=m) Zk J+my( j—m )

mm/ \W) = G+m)fG—m)t ™ ko) \jm/—k (7.77)
ak(a*)kfmfm B]+m—k(_ﬂ*)]+m —k
Setting now a = cos gei%I and 8 = sin %eié%l we find
j _ i(pm+ym/ G+mOH G—m)! j+m j—m
Dfnm/ (gbo’Y) = ¢ (Gmtom) gj-‘rm)! (;'—m)! X Zk (J k )(j—im/—k) (7.78)

« (COS g)%fmfm’ (Sin g)2j+m+m'72k (_1)j+m’—k

The sum extends over the values of k for which the binomial coefficients make
sense. For example, for j = 1/2, m=m' = 1/2 we get

1/2 [To! N/ 0
D152,1/2(¢9v) = Tmez(¢+7)z ("
k

X (sing)%%(cosg)%*1 (=)' " (7.79)

— o506+ COSQ = q,
2

which is the expected result according to (7.44). By shifting £ — k + m +

m’ one can show that the sum in (7.78) reproduces the polynomial in (7.67)

identically. The student should verify that this general result agrees with the

other approaches given above.

7.5 Addition of angular momentum

In many physical applications one needs to consider combining the angular mo-
menta of two or more parts of the system. In classical physics this is done by
the adding the vectors that represent the angular momenta of the various parts.
For example the total angular momentum of the Earth orbiting around the sun
is obtained by adding the spin of the Earth around itself to the orbital angular
momentum for rotating around the sun. How is this done in quantum mechan-
ics? We must answer this question in order to understand a host of problems in
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quantum systems such as atoms, molecules, solids, nuclei, particles composed
of quarks, scattering, etc., where the spins of particles must be combined with
their orbital angular momenta, and the total angular momentum of the system
is obtained by adding all the spins and all the orbital angular momenta.

To understand the process of addition of angular momentum it may be help-
ful to first consider the addition of ordinary linear momentum. Thus consider
two particles (or two parts of a system) that have momenta p; and ps2. In
classical physics the total momentum of the system is p = p; + p2. In quantum
mechanics each particle is described by a state |Kk1), |ko) labelled with the eigen-
values of the commuting operators p; — hky, p2 — hks. The total system is
described by the direct product state

k1) ® [k2) = [ki, k2). (7.80)

When a function of the operators f(p1, p2) acts on the direct product state, each
operator acts on its corresponding label, leaving the other label untouched. In
particular, the total momentum operator p = p; +p2 may act on this state, and
pick up an overall eigenvalue p —hk; + hks = fik. Thus, the state |ki, ko) is
already an eigenstate of the total momentum, and therefore, it is possible to re-
label it in terms of total angular momentum, plus other labels corresponding to
the eigenvalues of operators that commute with the total momentum operator
p (e.g. relative angular momentum, if this is convenient for the application)

k1) ® ko) = ki, ko) = [k, ---). (7.81)

Addition of angular momentum is conceptually similar to the above process,
except for the last step, because unlike linear momentum, angular momentum
operators in different directions do not commute, and the labelling of the states
involves the squares of operators. Consequently, the direct product states are
not eigenstates of the total angular momentum, but instead they can be ex-
panded as a linear combination of total angular momentum states. The expan-
sion coefficients are called the Clebsch-Gordan coefficients, as will be explained
below.

7.5.1 Total angular momentum

Consider two rotating systems with angular momentum operators J™) and J(2)
respectively. Some examples are: the orbital angular momentum of an electron
J® = L and its spin J®® = S, the spins of two electrons in a multi-electron
atom J) = 81 J2) = §2) etc. The commutation rules are

I3 I = ing; g (7.82)
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Each system is described by a state |jima, ), |jeme), while the combined system
has the direct product state

|j1m1) ® [jame) = |jimaijama). (7.83)

We will study how to express this state in terms of total angular momentum
states, where the definition of total angular momentum is consistent with clas-
sical mechanics J = JU) 4+ J@).

How does the state |jimijamse) rotate? This must be obtained from the
rotation of each part, thus

_%f](l)'w jima) ® e jyms)

e
_ig@), _i3(2), . .
(e #IVw eIy |jimy, jama)

ima) ® [jama)” = (7.84)

where in the second line each operator J™), J) is understood to act on the
corresponding labels (1 or 2), leaving the others untouched. Note that the
same rotation angles w must appear in each exponent since the same rota-
tion is applied on the entire system. The exponents may be combined because
[J(l),J(Q)] =0,

(e_%.](l),w e_#J(z),w) _ e_%(J(l)_;'_J(?)).w. (785)

So, we see that a rotation on the total system is performed by the total angular
momentum (J 4 J@)) = J. This is consistent with the concept that the
angular momentum operators for the total system should be the generators of
rotations on the total system. This is verified by showing that the total J has
the commutation rules of angular momentum, as follows

i, i) = [0 + 02 00+ @)
_ 7@ 4@ (2 72
=[J; »J; 1+ [J; s Jj ]+0 (7.86)
= ihaijk(J,gl) + J,gQ))
= ih&ijk Jk.
Furthermore, the total angular momentum rotates J(*), J) as vectors,

i, IV = eV, 10, JP) = iheigd ). (7.87)
Since (JM)2, (J2))? are scalars under rotations they must commute with the
total J. Hence, the operators J2, J3, (J1)2 (J))2 are mutually commuting
operators, and one can choose a basis |jmj1j2) labelled by their eigenvalues

J? |jmjrje) = h?j(5 + 1) [jmjije)

Js |imjija) = Bm |jmj1j2) (7.88)
(IO |jmjiga) = B2 (1 + 1) [jmgije)
(D)2 |jmgijo) = h2ja(ja + 1) [jmgije).
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The complete set of states |jmyjij2) span the same vector space as |j1m1jama),
and therefore it should be possible to express one basis in terms of the other.
The expansion is obtained by using the completeness relation

> limgvga) Gmiigal = 15,50 = > ljamagama) (Gimajams| (7.89)

jm mimsa

The symbol 1; ;, is the identity operator within the subspace of fixed values
of j1,72 (it really is a projection operator onto the subspace of fixed values of
J1,j2; the sum over ji jo gives the full identity).

imagama) = Y [jmjida) (fmiial jimagamea) (7.90)
jm
mgiga) = > ljvmagama) (Gimagamalimiija).

mima2

The allowed values of j for given j;, jo must be specified in the sum ij.
One constraint on j is that the total number of states |jmj;j2) must match the
total number of states |j1m;jams). The numbers of allowed values of m, mq, mo
are (2 +1), (2j1 + 1), (2j2 + 1) respectively. The total number of states N
in the subspace 1;, ;,

172

Jmax

Njja= ) (2§ +1)= (21 +1)(2j2 + 1) (7.91)

J=Jmin

restricts j to the range jmin < 7 < Jjmax- Performing the sum gives the relation
(jmax + jmin + 1)(jrnax - jmin + 1) = (2.71 + 1)(2.72 + 1) (792)

Another simple constraint is obtained by considering the maximum eigen-
value of total angular momentum in the z-direction J3 = Jél) + J§2). In the
|[71m1j2ms) labelling there is a unique maximal eigenstate |ji71j272) with J3 =
R(j1 + j2). In the |jmjij2) labelling there is also a unique maximal eigenstate
|7maxJmaxj1j2) With J3 = Rjmax. Since it is the unique state among the N;
states in either labelling, it must be the same state. Therefore

172

|Jmaxmaxj1j2) = [j1717272) (7.93)
jmax = Mmax = jl +32
Combining this result with (7.92) gives jmin = |j1 — j2|- Therefore the range of
jis
11 = Jol <J <1+ jo (7.94)

7.5.2 Reduction to irreducible representations

The expansion coefficients (jmjija|jimijams) are called Clebsh-Gordan coef-
ficients. Since there are an equal number of states with either labelling, these
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coeflicients may be viewed as the matrix elements of a N; j, X Nj, j, square
unitary matrix 7172

(mj1jaljrmijams) = (C7172) (7.95)

Jjm,mimso

that relates one basis to the other. To simplify the notation the ji, jo labels will
be omitted
(gmjijz2|jimagamz) = (jmlmima) = Cimmymes- (7.96)

The completeness relations of the states correspond to a proof of the unitarity
of the matrix C'

Zmﬂnz <]m‘m1m2> <m1m2‘j/m/> = 5jj’6mm,’ (7.97)

ij<m1m2|]m><Jm|mllm/2> = 5m1m26m'1m’2-

Now consider a rotation of the state (j1mqjams]
(imajama| = (jimajams| e I/n

= 2y (J1majams| e Jumyjama) (Jimi jams|
= Zm’lm’2 Dz;,ffng;m’lmé (w><-71mllj2m/2|
. 1 . 2
w0 jmg ) o | e/

= Dﬁ,lm’l <w) Dﬁzm’z (w)

iw‘J/h|

Dy (@) = (ima] e |j2ms)

(7.98)
If the state is expanded in the total angular momentum basis, the same rotation
is written as
iw-J/h
iw-J/h

(Jimijama|’ = (jimijame|e
= ij<m1m2|jm><j1j2jm\e
= 2 jmmy (mama|jm) Dy (w) (G jagn’|
= S (S ol Dl ) oty

X (jimy jamb|
= Yomtmly Ditngsmymy, (@) (1M jams|

(7.99)

J1j2

Comparing the two forms of the rotation matrix Dmlmz:m,1 i, (w) gives

Dl .. (w) D

moml,

(@) = > (CDmima,jm D (@) Cjmr i, (7:100)
gmm/
This shows that the Clebsch-Gordan matrix C' performs a unitary transforma-
tion on the Nj j, x Nj,j, rotation matrix D/!’2 = (w) in order to reduce it
11231 My

to a block diagonal form, where the various blocks are the (2j 4+ 1) x (25 + 1)
matrices D?  (w) corresponding to the irreducible representations of rotations.
This reduction is written symbolically in the forms

Dr@D?= Y @D (7.101)

J=lj1—jzl

J1®@j2=j1—J2| @ ® (41 + jo)
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7.5.3 Computation of the Clebsch-Gordan coefficients

It is useful to consider a graphical picture of the two types of labelling of the
states. In Fig.(7.2) each cross in the picture on the left corresponds to the
states |myms) for j; = 3/2 and jo = 5/2. Similarly, each cross in the picture
on the right corresponds to the states |jm) with jyuin = 5/2 —3/2 = 1 and
Jmax = 5/2 + 3/2 = 4. Altogether there are (2 x % +1) x (2 x % +1) =24
states in this example. Similar pictures may be considered for other values of
J1, 2. Our discussion will be for general ji, j2 but we will refer to the figure as
an example.

m
m, 4 X

01 2 |3 4 3 X X
\ ) X X X
\ \x\ 1T x X x X
N \ B T e

1 x X x o x

\\ 2 X X X

-3 x X

-4 X

Fig.(7.2) - Lattices of angular momentum states.

A simple constraint follows from the fact that J; = Jél) + J?()2) is diagonal
on both sets of states. So, when this operator is sandwiched between the two
kinds of states it gives a relation

L . ) = hm(jm|mims)
<]m]132|J3|jlm1]2m2> { — ﬁ(m1 + m2)<jm\m1m2>
which implies

(Fm|mima) = Om,my +m, (J, M1 + ma|lmima). (7.102)

The total value of m; + ms = m is shown in the picture on the left on the
diagonal lines m = 4,3,2,1,0,--- , —4. Similarly, the total value of m is on the
vertical axis in the picture on the right. By comparing the two sets at fixed
values of m we see that we have the same number of states level by level, as
listed below for the example in the figure. The plan is to compute the relation
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between these states level by level.

m |mimg > |[gm >

+ )

3 |g?>v|%§> |473>7|373>

2 |g§>7|§?>7|_71%> |472>7|372>7|272> (7.103)
1 |§_Tl>a|§%>a|%%>a|_73%> |471>’|3’1>a|2a1>a|131>

-4 23 |4, —4)

For a given value of total j the top state with maximum m = j will be called
the highest state. Thus, for jmin < j < jmax, the states |jj) are “highest”. In the
example above the states |4, 4), |3, 3), |2,2),|1,1) are “highest” as seen pictorially
in the figure on the right. The remaining states are called descendants, and
are obtained by applying the lowering operator J_ on the highest states. So,
by using J_|jm) = \/(j +m)(j — m + 1)|j,m — 1) repeatedly one obtains the
descendants from the highest states

(j+m)!
(25)4(5 —m)t

If the highest state |jj) is expressed in terms of the |mims) states, then the
descendant states are computed through this equation by replacing (J_)/~™ =
(J£1)+J£2))j_m and applying it on the |mjmg) states. This gives all the Clebsch-
Gordan coefficients. Let’s describe how the process goes.

At the highest level mMmax = M1, + Momax = J1 + J2 = Jmax there is a
unique highest state, as seen by comparing the two figures

lgm) = (J-)~"j5) (7.104)

|j1a .72> = |jmaxa jmax> (7105)
13/2,5/2) = [4,4)

So, the Clebsch-Gordan coefficient is

<.j1j2|jmaxjmax> =1 (7106)

In the probability interpretation, this implies that for the total system to spin
at the maximum level in the z-direction, the two parts of the system must also
be spinning at their maximum levels in the z-direction with 100% probability.

At the second to highest level, m = j; + jo — 1, there is one descendant
and one highest state. In the example, |4,3) is the descendant, and |3, 3) is the
highest state as seen in the figure. The descendant is obtained by applying the
lowering operator on |jmax, Jmax)

|,jmax; .jmax - 1> Y jSax J— |jmaxy jmax>
=1\/57— (ng) + JSQ)) 715 J2)
2o ‘ 7 (7.107)
72— 1,52) + 4/ 521 g2 — 1),
311/2,5/2) + \/§|3/2,3/2>.
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The highest state must be chosen orthogonal to this one since it has a different
value of j = jax — 1

|jmax — 1, Jmax — 1) = ]max 251 = 1,52) + /7= 1,52 — 1)

13,3) f\l/z 5/2) +/313/2 3/2ax (7.108)

Thus, we have computed the Clebsch-Gordan coefficients

(1= 1,32 Jimaxs max—1)=\/ 75555 =(j142 = jmax—1, jmax—1)

(7.109)

(71,32 =1 mac: dmax—1)=y/ 5255 == (i1 =1 d2 max—1, fmax—1)

which have a probability interpretation.

At the next lower level m = j; +jo — 2 there are three states, but two of those
are descendants, and only one of them is a highest state. In the example above
the states |4,2),]3,2) are the descendants and |2, 2) is the highest state, as seen
in the figure. The two descendants are obtained by applying J_ = JO 4 g3
on the two states of level m = j; + jo — 1 that were constructed above, and the
highest state is constructed by making it orthogonal to the descendants. The
process continues until level m = jyin = |j1 — Jjo| is reached, and the highest
state |Jmin, Jmin) and its descendants are constructed.

Having explained the process, we can turn to the full computation of the
Clebsch-Gordan coefficients. They obey a recursion relation which is derived
by sandwiching Jy = J £ J&
right or to the left

in (m1,ms + 1] - |jm) and evaluating it to the

(GFm) (GEm~+1)(m1,ma+1]j,m=E1)

v (GiEma) (G1Fmi+1)(mi1F1,mae=£1|j,m)

{ma,ms 1] | jm) (7.110)
{ +4/ (j2£m2) (joFma+1)(m1,ma|j,m)
Comparing the two answers on the right one obtains a recursion relation. Using
the J4 equation for the highest state m = j, the first line vanishes and gives a
simpler relation among the Clebsch-Gordan coefficients for the highest state

STy e 7.111

(ma—Lma+1]j,5) =/ HRrEEm2 s (my ma j.5) (7.111)
This equation involves all the states with m; +mo = j on a diagonal line in the
first figure of Fig.(7.2). Starting with m; = ji, me = j — j1 and applying this
recursion n times one obtains all the coefficients (mq,ms|j, j) in terms of one
unknown. This result may be written in the form

(7.112)

.. : PP j mq)! (7 mo)!
<m1, m2|]7‘7>:6j,7nl+7712 (71)]1—m1 C(],j15]2)¢%~
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The unknown coefficient C'(4, j1,j2) is proportional to (41, j — j1|4, 7). To de-
termine it the normalization condition is imposed
J1,J2
e -2
Gildg) = Y Kma,molj, i) = 1. (7.113)

mi,mz

The result is

S (27 + D! (j1 +j2 — j)!
C(Ja]l,]Q)—\/(J+]1+j2+1) ST R (7.114)

Note that this is consistent with the results obtained above in (7.106,7.109).
Finally the descent equation (7.104) is used to obtain the general coefficient as
follows

i 1 P ..
T (mama | (J- Y™ )

j+m)! 1 2)\i—m -
(2%@7)@! (mama|(J&) + J®)i=m5j)

i ) . k1 j—m—ki

m)! - m ! 2 jJ
_ % gﬂ;r(L) < J B > (myma] (JS)) (JS)) 175)
% L ( J b ) (my + k1, ma + ka|jj)

NG (J1— m1)' rtmitki)! [ (Ga—ma2)! (Jo+ma+tka)!
k1tkasj—mAL GrFmn) T (Gr—m1—k)!\ Gatma)l (ja—ma—Fka)!

(mama|jm) =

(7.115)

M\* [ 2\ k2 . . .
where ( J J have been applied to the left in the last step. Replacing

the highest state coefficients (mj + k1, ma + ko|jj) from (7.112) one gets the
final result explicitly

(mimga|jm) = 5m,m1+7m(_1>j17m1
« (2j+1) (frtie=i)! G+m)! (G=—m)!
(i1 +Hi2+ DG +51—352)! (G+iz—i1)!
(F1i—m)! (jo—m2)!
(J1+m1)' (J2+m2)'

% Z —1)*168 4 ko i—m (rtmatka)! (ot motks)!
k1, k2 0 k1! kol (J1—m1—k1)! (Joa—ma—k2)!

(7.116)

It is useful to list the cases for general j; but specialized values for jo = 1/2
and 1, as in tables (7.1, 7.2). In particular table (7.1) is useful in the addition
of orbital angular momentum L and intrinsic spin S, when the spin is 1/2.

7.6 Wigner’s 3j symbols

The addition of angular momentum J = J® 4+ J2) may be rewritten in the
form

IO L 32 4363 —, (7.117)

by renaming J3 = —J. Therefore the expansion of |[jim;) ® |jamz) in terms of
|7mj1j2) must be related to the direct product of three states [j1m1) ® [jama) ®
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J 1 _ 1

l mo = 3 mo = -3
T Jjitm+3 ji—m+2
JiT3 211 25141
g 7\/j1—m+% \/j1+m+é
J17 3 FITES) FITES!

Table 7.1: Clebsch-Gordan coefficients < j1m1%m2|jm >

j mo = 1 mo = 0 mo = -1

1 mi=m-—1 m = mq m;=m+1
a1 (G1+m)(jrtmt1) \/(jrm+1)(j1+m+1) (G1=m)(jL—m+1)
J1 (241+1)(251+2) (271 +1)(j1+1) (2j1+1)(251+2)

j1—1 (J1—=m)(j1—m+1) (J1it+m)(J1+m+1)
1 271 (2j1+1) 271 (271 +1)

: _ UM —m+1) m (J1=m)(Gi+m+1)
J Vo 2t (AETESY) 271 (1 11)
_JUi=m)(Gitm)
J1(2j1+1)

Table 7.2: Clebsch-Gordan coefficients < jymq1lms|jm >

|73ms), where the corresponding total angular momentum is zero. The triple
product may be expanded in terms of total angular momentum states Jro¢q; by
combining the states in pairs in two steps as follows

> jm (l7mi1j2) @ [jzms))

x (jm|mima)
D i 2agm [JTTVTS G35 J172)
X (Jrmr|mms) (jm|mims)

ljim1) ® |jame) ® |jams) =
(7.118)

Now, since Jrotq; = 0, the only possible values for j- and mp are jo = 0 = myp.
Furthermore, the coefficient (00|mmg3) can be non-zero only if j = j3 and m =
—mg, and can be obtained from (7.116)

Ciaema |1
(00[mm) :5j7j35m,_m3 (—1)9s7ms 2s +1° (7.119)

Therefore the triple product reduces to

. . . B o J1 J2 J3
lj1m1) ® jamg) @ |jsma) = |00, j1j2js) < —— > : (7.120)

where the 3j symbol is defined in terms of Clebsch-Gordan coefficients as

Ji J2 Js \ _ i —ja—m, 1 . . .
= (=1 — . (7121
( my my ms ) =1 23 + 7 (s, —maljimajame). (7.121)

An extra phase (—1)”**71772 has been absorbed into this definition in order to
define a state |00, j1j275) that is symmetric under permutations of the indices
1,2,3.

The 3 — 7 symbols have some symmetry properties:
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e The overall 3 — j symbol should be the same (up to a minus sign) if the
indices 1,2, 3 are interchanged. By using the properties of the Clebsch-
Gordan coefficients one finds the following symmetry properties under
cyclic and anti-cyclic permutations

Ju g2 J3 N _ [ J3 J1 g2

mi ™Mo M3 ms 1my1 Mo (7 122)
JioJa Js ) _ (—1)is-+iatis J2 1 73

my1 mz Mms3 M2 My M3

e Under a reflection J(1:23) — —J(1:23) the magnetic quantum numbers

change sign, but the total angular momentum remains zero, therefore the
3j symbol can differ only up to a sign, indeed one finds

( J1 J2 U3 ):(_1)j1+j2+j3 < g2 s > (7.123)

—mp —m2 —ms3 my ma M3

These symmetry properties together (7.121) are useful to relate various
Clebsch-Gordan coefficients. For example from the knowledge of the coefficients
for (3®4 — 2) one can obtain the coefficients for (2® 3 — 3) and 2® 2 — 1),
etc.(see problem). Many useful properties of the 3j symbols may be found in
Wigner’s book [?].

Generalizations of the 35 symbols are the more complex 65 symbols, used in
atomic or nuclear physics in the study of systems composed of a larger number
of particles. Their properties may be found in [?].

7.7 Integrals involving the Dam,-functions

The D-functions satisfy some general relations under integration that follow
from simple group theoretical properties. Many familiar identities of spherical
harmonics, or Legendre functions follow from these more fundamental identities,
since the spherical harmonics are a special case of the D-functions. Consider
integrals of the form

[ dn(607) D, (609) D2, (607) -+ Dy (607) (7.124)

These can be evaluated in terms of Clebsch-Gordan coefficients by using the
properties of the rotation group, without really doing any integration, as will
be shown below. Here du(¢,,) is the so called Haar measure for the SU(2)
group
dp(967) = sin0F LT,
0<0<2r, 0<¢p<dm, 0<~<A4m, (7.125)
f du(67) = 1.
The integration is extended over the whole range of ¢, and -, so that it gives
a double covering of the sphere (recall that SU(2) is a double cover of SO(3),
so that spin 1/2 representations are included in the analysis).
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A very important property of the Haar measure is that it is invariant under
two coordinate transformations (see problem)

du(d0v) = du(¢'0'y') = du(¢"0"y"), (7.126)

where (¢',0',7"), (¢"”,0",7") are defined by group multiplication from the left
or the right

(D7 (@)D ($07) ) = D2, (6'0'7), (7.127)
(DY (¢07) D7 (@) ms = D3, (8"6"7").

where w correspond to parameters of rotations. Due to the group property, the
same (¢',60,7"), (¢”,8”,~4") occur for any representation j. The expressions for
(¢',0",7"), (¢",0",4") are complicated, and they can be obtained most directly
by using any of the 2 x 2 matrix forms for the j = 1/2 representation given in
(7.44-7.45). However, these details are not needed here, and it is sufficient to
start from this invariance property to derive the following results.

Start with the integral over a single D-function, which is a (25 +1) x (2j+1)
matrix M

M = [ du(60r) Dl (607). (7.128)

Multiply the matrix M7 from the left or right with D7(w), and then use the
invariance property of the Haar measure to write

= [ dp(¢07)[D? (w) DI (¢07)]mm:
= [du(¢0y)Ds,,,.. (¢'0'y) , (7.129)
= [du(¢'0'y) D) ($'0y) = M,

So the constant matrix M7 must satisfy the identities

(DI (w) M)

mm/

M7 = D¥(w)M? = MY DI (w), (7.130)

for any rotation w. Obviously, this is possible only if M7 = 0, unless j = 0. This
gives the first result

/ dp(@87) D3y (667) = 60. (7.131)

It is also possible to verify this result laboriously by using the explicit form of
D! . (¢07) given in the previous sections.
Consider now the integral

[dutoon) D3 (000 D2 (609). (7.132)

We have already shown in (7.100) that the direct product of D-functions can
be reduced to a single one by means of the Clebsch-Gordan coefficients

DI (@) D2 (@)= 3 (mumsljm) Dl (@) G [mhmy)  (7.133)

gmm/’
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combining this with (7.131) gives the result of the integral

[ dutoon) D2 (007) D2 (667)

= (m1m2|00)(00|m/m5)

(_1)2j1—m1—m'1 0.

— G om0 Ot o AEEN 134
1+m2,0 Om), +m},0 %5 + 1 (7.134)
From this, and the property of the D-functions in (7.70),
(D2 (@07 = (~)TmEmDE L (67), (7.135)
mim;y —mi,—my

it also follows that

5]’1]’2 5m1 ma 5m’1 ml

(271 +1)

J1n@0nDE L (@9m)du(o87) = (7.136)

where we have used (—1)~™1Fmi(—1)21—mi—mi = (_1)201=") — 1 Thig is a

fundamental result of orthogonality.
We can continue on this path, and write

Jdu(o0y) (D2 (@00 D2 (@07) D2 L (667)
= 3 s (| jm) (jm | mymy)

x [ du(p0y) [D:Zg ¢9'Y)}*D§mr;/ ((bez) (7.137)
= ijm' <m1m2‘jm> <jm'|m,1m,2> - (ngi{)n —

’ ’ ’
_ (mima|jzms)(jamg|m,m,)
(255+1)

/
mg

This is equivalent to
Jdu(¢67) DI: L (667) D22 L (66y) D2 (¢0)

_( 7 g2 J3 J1 J2 s (7.138)
mi mz ms my mb mh

and so on with more factors of D-functions. Evidently, all such integrals are
evaluated in terms of Clebsch-Gordan coefficients.

7.8 Tensor operators
Tensor operators are operators with definite transformation properties under
rotations. For example, as we have seen before, the operators r, p,J transform

like vectors under rotations

ciw-3/h rr o—iw-I/h _ (ewx I.)I =r;+(wxr),+ -+, ete (7.139)
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In the (4,0, —) basis this equation takes the form

A Z v DI (7.140)
The first order term in the infinitesimal expansion of this equation is
1
{—w : J,rm] = Zrm/<1m’\—w - J|1m) (7.141)

which gives

[Jo, tm] = Amr,,
[T, T = hi/2 — m(m £ Drpar. (7.142)

Motivated by this form, we define irreducible tensor operators more generally as
operators that transform irreducibly under rotations, and classify them in one
to one correspondance with the states [jm) «— T},,. Thus, the definition of
an irreducible tensor operator is really the set of operators Tj,,, —j < m < j,
which satisfy any one of the following equivalent statements

(1) eiw-J/h T. im e*iw'-]/h = Zm’ T‘jm’Dfn’m(w)

@) [w-3Tp] = X, T ' 4" 3]jm) (7.143)

(3) { [Jo, Tjm] = hmTjm, |
s Tym] = hy/50 + 1) = mim £ DT

In Chapter-6 we have seen ( egs.(6.83, 6.126), problem 10) that tensors
with [ vector indices T7,p,...1, , in d-dimensions I, = 1,2,---d, are irreducible
tensors of rank [ under SO(d) rotations, provided they are completely symmetric
and traceless with respect to any pair of indices, g/*2Ty,1,..;, = 0. Similarly,
any tensor that is completely antisymmetric is also irreducible. There are also
tensors with mixed symmetry, that are irreducible under certain rules associated
with Young tableaux, a topic that will not be discussed here.

We give some examples in d-dimensions of tensors constructed from the
products of two vector operators p and x

scalar Tl_0 i(x-p+p-x)

anti-symmetric (1! 1)[ 1J] = TIpJ — TIPJ (=ergjx Lk in d=3)
symmetric traceless (T'=2) ;) = aps +xspr — 3(X P+ P -X)01s
symmetric traceless (7'~ 3)( =TT — d; (Orjzr + Oxrxy + dyKT)

(7.144)
In three dimensions the independent components of all such tensors can be
rewritten in the form Tj,,. In particular, if the tensor is constructed from the
same vector v, it is necessarily a symmetric homogeneous polynomial of degree
I. Furthermore, if the length of the vector is restricted to v = 1 (unit vector
Q) then the components of the symmetric traceless tensors are in one to one
correspondance to the spherical harmonics Yy, (€2) in 3-dimensions.
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Without the restriction to a unit vector one still has an irreducible tensor
since the length of the vector is rotationaly invariant and becomes an overall
factor |v|l in front of the homogeneous polynomial. So, in 3-dimensions the
independent components of a completely symmetric traceless tensor constructed
from the vector v are

Tim(v) = [v|' Vi (9). (7.145)

The [ = 1 example of this equation is the initial vector itself Ty,,(v) = |v| V., =
Vin-

As seen above in (7.140), if the vector v is an operator, we expect the tensor
T1m (V) to satisfy precisely the conditions for being a tensor operator with j = I.
Indeed this is true, since the spherical harmonics for a c-number v satisfy the
equations

Yim (e *¥) = (e *¥|im)
= (V]e™ I/ im) (7.146)

=> (i) Dy ()
= Z Yim’ (Q)Din’m(w)

For an operator v, we may write

piw-d/h (|V\l Yzm(f’)> o—iw-I/h _ \V|l Ylm(ew-J/h {,efiw-.]/h>
= |v|' Vi (e %) (7.147)
=3 (VYo (9)) Dl ()
m/

where in the last step we have used the previous equation that applies even if
v is an operator, as long as v; commute with each other. Thus, the operators
Tim (V) = |v\l Y (V) are examples of tensor operators.

7.8.1 Combining tensor operators and states

In many computations products of operators occur. If each operator is an irre-
ducible tensor operator, then the product is generally not an irreducible tensor
operator. One may reduce the product into a sum of irreducible tensor opera-
tors in the same way a product of states is reduced to total angular momentum
states

[ima)ljama) = Y |imiiga) (Gmlmima) (7.148)
jm
leml Tjsz = Z T]m <.7m|m1 m2> (7149)

jm
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The equations may be inverted by using the completeness relation of the Clebsch-
Gordan coefficients

jm) = Y ljima)|jame) (mame|jm) (7.150)
mimso

Tjm = Z Ty Tjams (mamealjm) (7.151)
mimsa

The rotation properties of T}, obtained with this prescription is precisely the
ones obeyed by a tensor operator. This is guaranteed by its parallel structure
to the states of total angular momentum. In particular, the example T}, (v) =
|v\l Y (¥) may be regarded as a combination of products of I tensor operators
Tim(v) = v, reduced to an irreducible one by the multiple use of Clebsch-
Gordan coefficients.

Similarly, we may consider products of operators and states T}, |jam2).
Without knowing the details of either the operator or the state, we may still
combine them into states that transform irreducibly under rotations

Tjimi|jema) = Y [jm) (imlmama) (||T,|[72) (7.152)

jm

The coefficients (j||T},||j2) are called reduced matriz elements. They are in-
serted because the states on the left and right are assumed to be normalized;
otherwise the reduced matrix elements (j||T7}, ||j2) could have been absorbed into
a redefinition of the states. They depend only on j, j1, j2, but are independent
of the magnetic quantum numbers my, mso, m. Therefore they are scalars under
rotations, and their presence does not alter the rotation properties of the states.
They may be computed by evaluating the matrix elements

(G3ms| T m, j2me) = (jsms|mame) (js||Tj[|52), (7.153)

and they obviously depend on the detailed construction of the states and op-
erators. To obtain the reduced matrix element the most convenient values of
m1,Ma, M3 may be chosen on the left hand side, as long as the corresponding
Clebsch-Gordan coefficient on the right hand side is non-zero.

The content of eq.(7.153) is called the Wigner-Eckhart theorem. It is a
very powerful result of rotation covariance. It says that all the matrix elements
(43ms|Tj,m, |j2me) are proportional to a single overall constant (js||T7}, ||j2) that
depends on the details of the system, while the ratios of the matrix elements
depend only on the Clebsch-Gordan coefficients that are completely known and
independent of the details of the system

(Jams| T} m, |jama) _ (jams|mima) (7.154)

(Gamy| T my |j2mb)  (Gami|mimb)

This result has many interesting applications in all branches of physics. In par-
ticular we mention selection rules in decays or scattering of quantum systems,
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such as atoms, nuclei or particles. The transition amplitude has the same struc-
ture as (j3ms|T},m, |jame) where the states are the initial and final states, while
T}, m, is the transition operator. Obviously, certain transitions are not allowed if
the corresponding Clebsch-Gordan coefficient vanishes! Also, the allowed tran-
sitions occur with definite ratios that are predetermined by the values of the
Clebsch-Gordan coefficients. The application of this basic idea is very broad.

It must be emphasized that in Eqgs.(7.149,7.151) above the operators T},
are not necessarily normalized according to any particular rule, so that any
possible rotationally invariant extra factors are absorbed into a redefinition of
the operators. Thus, if the operators Ty, Tj,m,, Tjm, are each multiplied with
arbitrary constant or operator factors which are rotationally invariant (inde-
pendent of m,my,ms, but possibly dependent on j, ji,j2), we can still write
the same equations as above for the new operators provided we absorb all the
m,m1, Mo independent extra factors as part of an appropriate redefinition of
the new operators ij,leml,Tijz. However, in some circumstances, if one
wishes to define operators T, Tj,m, , Tj,m, normalized according to some rule
(see e.g. problem 10), then more generally one may include factors Cj, ;,; that
may depend on j, j1, j2 in combinaning operators, as follows

lemlTjng = Zlemij<jm|m1m2>, (7155)
jm
Tjm = (Cj1j2j)71 Z Tj1m1Tj2m2<m1m2|jm>' (7.156)
mimo

Here C}, ;,; may be constants or operators. The important point is that the
extra factors Cj, ;,; are invariant under rotations, and if it were not for some
desired normalization they could have been absorbed into a redefinition of the
Tim, Tjimy > Tjams - By specializing to some values of m,mi,ms and using the
corresponding Clebsch-Gordan coefficient one could compute the extra factors
once and for all, so that the equation becomes fully determined for all other
values of m, my, ms.

7.9 Problems

1. Consider the rotation of the bra in position space (r| = (r|e’ /", By
using L = r x p show that the result is (r|" = (r'|, where

r=e"r=r+wxr+wx(wxr)+--- (7.157)

2. Compute the rotation matrices D’=! (w) by summing up the series. Note
— . n - . 2. 2

that (LU : SJ:1> is proportional to (&5 . %7:1> or (&5 . %J:1> depending

on n =even, odd, respectively, and with coefficients that are powers of only
|w|. Compare your result to eq.(7.48).
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3. The computation of w3(wi,ws) may be carried out by considering two
rotations applied on a vector as follows

eng (ewlxr) — €w3><r.

Compute it up to 4th order (i.e. no more than 2 powers in either w; or
ws) and show that your results are in agreement with the expansion in
eq.(7.10).

4. The product of two rotations that yields w3(w1,ws) may be computed ex-
actly by using the j = 1/2 representation as outlined just before eq.(7.14).
Verify this result and then compute the expansion for small wi,ws and
show that it agrees with eq.(7.10).

5. Consider rotations applied on a quantum state (¢)|. A first rotation of
/3 around the Z axis is followed by another rotation of 7/3 around the
original § axis,

(a) If the original state (| has angular momentum j = 2 and m = 1,
what are the probabilities that the rotated state has (j = 1,m = 0),
(j=2,m=0), (j=3,m=0)?

(b) If the original state is the linear superposition

W= l=lm=1+—=li=2m=1,  (115)

what is the probality that the rotated state has (5 = 1,m = 0), (j = 2,
(=3, m=0)

(¢c) What is the overall rotation angle w (magnitude w and direction &=
x,y, z componets).
You should provide analytic answers in terms of D-functions for an-
gular momentum, and then plug in the numbers and give complete
numerical answers.

6. Compute the rotation vector & that is equivalent the rotation produced
by the Euler angles a, 3,

7. Use the symmetry properties of the 35 symbols to derive the Clebsch-
Gordan coefficients for

ax(i+3)—3
Ax(Gi+1)—1
J1Xj1—0

by using the coefficients for j; x % — 7 —l—% and j; x 1 — (j1 +1) listed in
Tables (7.1,7.2) respectively. Compare your results to the ones obtained
from the general formula (7.116).
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By using any of the spin-1/2 representations given in (7.44-7.45) obtain the
expressions for (¢',6',7"), (¢”,6”,7") and verify the left /right invariance
property of the Haar measure, du(¢,0,v) = du(¢',0',v') = du(¢”, 0" ,~4")
given in (7.125).

As an example of a tensor operator consider the creation operators ai, a;
of the harmonic oscillator in two dimensions. Under commutation with the
1

SU(2) operators Jy = alag, J_ = abay, Jo = 5 ala; — alay) show that

they satisfy the conditions for a tensor operator with j = 1/2. Thus, we
T
+3
of using the labels aJ{, a; Then show that the annihilation operators also
form a tensor operator a,, where we need to identify the doublet as a 1=
—as and a_1 = a;.

may identify T%m = af, where we may use m = :i:%, ie. al =a' , instead
1
2

Generalizing the ideas of the previous problem, show that the following
operator is a tensor operator
j+m j—m
(o) (cd)

VG +m) /(G —m)!

Tim =

Consider the product of two tensor operators of the type given in the
previous problem T, p, Tj,m,. Show that their product is another tensor
operator with j = j; + jo. How does this fit with the general formula
Tiimi Toms = D G1magame|im)Tj,, 7 From the resulting expression
derive the Clebsch-Gordan coefficient for the angular momentum addition
J1 X j2 — (41 + j2) , and compare to the results for the special cases j; = j
and jo = 1/2 or j, = 1 given in tables (7.1) and (7.2) respectively. Do you
agree with those tables?

Consider the states of the two dimensional harmonic oscillator and the
matrix element (j1m1|Tj,|jame). Show how the Wigner-Echart theorem
applies in this case, and compute the reduced matrix element.

Application of Wigner-Eckhart theorem to selection rules.

The fundamental theory of Quantum Chromodynamics produces an effec-
tive interaction between two heavy spin 1/2 quarks. The dominant part
of this interaction is the linear potential V (r1,rs) = 7|r; — ra| propor-
tional to the distance between them, as shown in Fig.(6.8a). There is also
a 1/r term, as in the problems at the end of Chapter 1, as well as spin
dependent terms, but for the sake of this excercise we will suppress these
terms, except that the spin effects will be taken into account roughly as
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15.

described below

A
v j=j1 as function of |
I . .
E J=J2 as function of |
I
Fig.(7.3a) . V (r) = v|r| Fig.(7.3b) - Energy as function of j (1)

a) Write down the radial Schrodinger equation in relative radial coordi-
nates explaining carefully the relation of each term in your equation to
the two-body Hamiltonian H.

b) Each state is labelled with a quantum number for energy, orbital an-
gular momentum, and spin. In the total angular momentum scheme, if
the orbital quantum number of some state is [ give all the values of total
angular momentum j for a fixed [. Then take the spin effects into consid-
eration as follows: If j; > jo then the level labelled by the greater j; has
a higher energy as shown in Fig.(6.8b). Taking this into account, draw an
energy level diagram similar to Fig.(6.8b) for all levels with [ = 0,1, 2, 3.
Give separate diagrams for [ = 0 and [ # 0, and indicate clearly how many
states with same j there are at each level.

¢) Using the uncertainty principle, or any other rough approximation
scheme, estimate the energy E of the lowest state for each fixed value of
orbital angular momentum [, and give your answer as a function of the
parameters m, -y, h and [.

d) Neglecting the spin effects, solve the radial differential equation for the
ground state with [ = 0 and give the exact condition for the quantization
of energy for the levels with [ = 0. Hint: the equation can be solved in
Fourier space. Then find the relation of the radial wavefunction in r space
to the Airy function and use the properties of this function to find the
energy eigenvalues, either numerically or through a plot.

Consider the excited levels of an open string in d=3 dimensions whose
Hamiltonian is written in terms of its normal modes, as discussed in chap-
ter 5

~9 o0
H = i + hw Z n N,, N,= EL - a,, = number operator for level n
27TM n=1
The ground state is an eigenstate of the center of mass momentum oper-
ator plk,0) = |k, 0)ik. Excited states are obtained by applying creation
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operators for any normal mode. These are arranged by the energy levels,
where level is defined by the sum > nN,. Thus, the ground state is at
level zero, the states al, |k,0) are at level one, the states al, [k,0), and
aJ{ I aJ{ s |k, 0) are at level two, and so on. In this problem we will consider
the excited states that can be constructed up to level 4.

The total angular momentum of the string is given by J =L+ S where
L = 7 x [ is the orbital angular momentum of the center of mass, and
S = Ziozl (Ei;fL X én) is the spin contributed by the excitations. Under
rotations the creation operators al, transform as vectors, and the various
excited levels can be classified as traceless symmetric or antisymmetric
tensors constructed from these creation operators. For SO(3) an anti-
symmetrizing two vectors gives again a vector due to the existence of the
Levi-Civita tensor (e.g. ViW; — V;W; = 8[][((‘7 X V_V)K) After taking
this effect into account there remains symmetrizing vectors (or composite
vectors such as V x V_V) to construct symmetric ¢raceless tensors that cor-
respond to higher spins. The rank of a symmetric traceless tensor is the
spin of the state. For example at level 2 there are states with spin 0,1,2
that correspond to the traceless tensors of rank zero aJ{ . ai |k, 0), rank

one a£1 |k, 0), and rank two (aL aJ{J — %&JQJ{ . al{) |k, 0), respectively.

The object of the current problem is to classify the spins at every level
up to level 4 by constructing explicitly the traceless tensors. Thus, first
argue on the basis of addition angular momentum, ji X jo = |[j1 — jo| +
-++4(j1 + J2) , which spins you expect at every level, and how many states
with the same spin would occur. Then construct explicitly the traceless
tensors, and specify the spin of each state up to level 4. Then create a
plot of the spin versus the level and insert in the plot the degeneracy of
states that have the same spin and level, at every point of the plot.

Consider a spin 2 nucleus placed in a field such that its energy is given by
the Hamiltonian

H=a (282~ 4(5)) +b((54)° +(5-)°) |

where S is the spin operator and a, b are constants. Evidently this Hamil-
tonian is not diagonal in the |smg) basis with s = 2. In this problem we are
interested in the eigenstates and eigenvalues of this Hamiltonian, where
the eigenstates are to be expressed as a linear combination of the |smy).
Note that parts (d,e,f) can be done without needing the results of parts
(a,b,c).

(a) Give an argument that a 180° rotation around the x-axis is a sym-
metry of this Hamiltonian (formulas not needed, a picture may be
helpful)).

(b) Construct the corresponding symmetry operator R and show that it
commutes with H. From staring at R give a quick argument for what
the eigenvalues of R can be?
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(c) Show how the states |sm) transform under R, and find the trans-
formed states [sm)’ in terms of the [sm;) explicitly (i.e. not a formal
answer). [Hint: by considering what happens to S under the 180°
rotation R you can essentially guess the answer; but for a proof use
Euler angles, or use a rotation of the & axis into the § axis, to take
advantage of known ¢’ functions]. From this result construct the
eigenstates of R.

(d) Construct the matrix elements of the Hamiltonian in the |sm;) basis.

(e) Find the eigenvalues E,, of the Hamiltonian (for this step, and the
next, it is useful to first reorganize the matrix into a block diagonal
form).

(f) Find the eigenstates |E,) as a linear combination of the states |sm).

(g) Find the linear combination of the states |smg) that are simultaneous
eigenstates of H and R.

17. Consider a spin 1/2 electron constrained to move on a spherical shell of
a fixed radius r = ry (this constraint requires also a vanishing radial
momentum p, = 0). Its interactions include spin-orbit coupling L - S due
to the magnetic moment of the electron, and an interaction proportional
to r-E = RFEcosf due to an external constant electric field E. Let
us assume the Hamiltonian is organized into three terms with constant
coefficients a, b, ¢

H=a(L+S)’+bL-S+ccosf

where E, S are the orbital and spin angular momenta respectively. In this
problem we are concerned with computing the energy levels and states of
the system in certain limits of the parameters a, b, c. You only need to use
algebraic methods involving angular momentum to answer the following
questions.

(a) In the limit b = ¢ = 0 give the exact energy eigenstates and eigenval-
ues by providing a complete set of labels including the range of all
eigenvalues of simultaneous observables. Provide an energy level dia-
gram including the lowest 3 energy levels in which you clearly indicate
all the states with all their quantum numbers. Give the degeneracy
of each of these energy levels, specifically note that the ground state
is degenerate.

(b) Next, consider a,b # 0 while ¢ = 0, and again find the exact energy
eigenvalues and eigenstates. On the energy level diagram indicate
how the degeneracies of the previous case are broken and again clearly
show the energies, other quantum numbers, and degeneracies of the
first three new ground and excited levels.

(c) As the value of b changes from very small to very large consider what
happens to the ordering of the energy levels. At which critical value
of b/a does the order of energy levels begins to change?
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(d) We would like to compute the matrix elements of the Hamiltonian
in the limit b = 0, but a,c # 0. Note that cos ~ Yiq (6) is a vector
operator. Consider only the degenerate states at the ground level
you found in part (1), and take advantage of the Wigner-Eckhart
theorem to compute the matrix elements among these states. For
your answer give the full matrix explicitly, including all coefficient
computed in all detail.

18. Consider the operator R = exp (iwJ;) for a rotation around z-axis by
the angle m. Compute the action of R on the states |jm) for any j, m.
You can compute this with brute force by using the D7 functions, but in
this exercise you are required to do the computation using a more clever
method that takes advantage of the fact that RJ4R™! = +.J;, RLR™ =
—Jy, RJI3R™ = —Js, and R2|jm) = (—1)* |jm) since R? is a 27 rotation.
Write out Ry = (jm/|R|jm) explicitly in the form of a matrix. Verify
that the D7 functions give the same result. How would you compute the
square root of this matrix? give an expression for it.
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Figure 34.1: The sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The
Theory of Atomic Spectra, Cambridge Univ. Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957),
and Cohen (Tables of the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif., 1974). The coefficients
here have been calculated using computer programs written independently by Cohen and at LBNL.



Chapter 8

SYMMETRY

Physical systems often have symmetries. This is manifested by different ob-
servers obtaining the same results when they perform experiments under differ-
ent conditions that are related by the symmetry. For example observer A and
observer B that do experiments in laboratories at different locations obtain the
same results because of translation symmetry. Similarly the results are the same
when the laboratories are at different orientations because of rotation symme-
try. These are general properties of the laws of Nature. In addition, complicated
systems of many interacting particles sometimes have internal symmetries. In
this chapter we will be concerned with space-time symmetries of non-relativistic
particle systems, their classical and quantum formulation, their mathematical
properties, and their usage in simplifying and solving problems. However, some
of the discussion is more general and applies to more sophisticated theories in
various branches of Physics.

8.1 Symmetry in classical physics

Observers A and B use their own coordinate systems to keep track of the parti-
cles. For the particle labelled by the index ¢ let us define A’s coordinates by r;
and B’s coordinates by r;. These are related to each other by coordinate trans-
formations that involve several parameters. For example in the case of transla-
tions r; = r; + a;, where a; are the parameters. It is useful to consider nearby
observers which are related to each other by infinitesimal coordinate transforma-
tions. If the infinitesimal parameters for N symmetries are €¢,, a =1,2,--- , N,
we may expand the relation between r; and r} to first order in the €,’s, and
write

7’;1 = 7"1'] + 6eri1 ) 55701'[ = Zeafila(r?i') (81)

a

where I = 1,2, 3 denotes the vector index.

271
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If the two observers A and B see identical physical phenomena and measure
the same results, it must be that the equations that they use in terms of r; and
r} respectively have the same form. If one takes A’s equations and substitutes
r; instead of r; the resulting equations are B’s equations. Only if there is a
symmetry, B’s equations, rewritten in terms of r;, will yield A’s equations in
identical form, not otherwise.

Instead of discussing the symmetries of the equations of motion, it is more
efficient to consider the action from which they are derived by a variational
principle. The action S is constructed from a Lagrangian in the form S(r;) =

ff dt L(r;(t),%;(t)). The Euler equations are then

0 OL oL
e (8.2)
ot 8ri (t) 81‘1‘ (t)
There will be a symmetry provided, under the substitution r; — r}, the form of
the action remains invariant up to a “constant”

S(r) — S(r') = S(r) + constant(1,2). (8.3)

This equality will guarantee that the equations of motion derived for r; will
have an identical form to those derived for r;. The “constant(1,2)” (which is
zero in most cases) is allowed to depend on the coordinates or velocities at the
end points ¢t = t1, 5. Since the initial and final points are kept fixed (dr;(¢;) =
or;(t2) = 0) in the variational principle that leads to the Euler equations (8.2)
the “constant(1,2)” does not contribute to the equations of motion. Whenever
the action has such a symmetry then two observers related to each other by
the symmetry transformation must observe identical physics. Therefore, the
mathematical formulation of symmetry at the classical level is reduced to the
symmetries of the action under coordinate transformations as in (8.3). Now,
substituting in (8.3) the infinitesimal transformation (8.1) valid up to first order
in the parameters, and expanding S(r}) = S(r; + 0.r;) ~ S(r;) + S, one must
get §.S = 0 to first order because of the symmetry (8.3). Thus, symmetry
implies

2
oL oL
0.9 = dt|=——=0.F;(t) + ——=0d.r;(t)] = 0. 8.4
|t bk + o) (8.4)
Here 6.1;(t) is obtained by taking a time derivative of (8.1). Let us give a few
simple examples of symmetric actions.

(i) The free particle moving in one direction is a trivial but useful example.
It is described by the Lagrangian L(x) = %ijQ. This is invariant under
translations ' = x + € since S(x) = S(a’). Therefore two observers using
coordinates whose origin differs by a translation must see the same motion
of the free particle. Indeed the equation of motion used by A is & = 0,
while the one used by B is #Z’ = 0, which has the same form. These
equations are derived from S(z) and S(z') respectively.
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(ii) The free particle in 3 dimensions is described by the Lagrangian L(r) =
%mi‘z. It has obvious rotation and translation symmetries. The infinites-
imal transformations are ér = w x r + a, and when substituted in (8.4)
one gets zero.

(iii) The general central force problem for the two particle system, which is of
great interest in many physical applications, has the Lagrangian

1 5. 1 5.
L(ri,r2) = Emfrf + §m§r% = V([r1 —r2|). (8.5)

This system is obviously symmetric under simultaneous translations and rota-
tions of both coordinates as in example (ii), but in addition there is a symmetry
under an extra internal rotation of the relative coordinate. The infinitesimal
symmetry transformations are

ory = w><r1+a+m1”fm2€><(1‘1—1‘2), (8.6)
ory = wxr2+afm1’j_1m2€><(r17r2). .

It is straightforward to check that the action remains invariant. That is, S(r}, r5)

S(ry1,r2) + 65, with §S = 0 to first order in w, a , or € (homework problem).
The symmetries of example (iii) may be better understood by defining center

of mass and relative coordinates, as in the chapter on the central force problem

R = (myry + mors)/M | r=r;—ro,

M =mi+msy, w=myimo/M . (8.7)

In terms of these the center of mass and relative motion decouple, and the
Lagrangian in (8.5) splits into two independent pieces that do not communicate
with each other

1 . 1 .
L=Lcy + Lrer Loy = §MR2 ; Ly = 5!“”2 = V(r). (8.8)

Then from (8.6) one can derive the transformation rules of R and r
IR=wxR+a, dr=(w+e)xr. (8.9)

This allows one to interpret (w,a) as the symmetry parameters of the overall
system, with the translations applied only to the center of mass, while € is clearly
a symmetry parameter of an internal orbital rotation that leaves the Lagrangian
L, invariant by itself.

8.2 Symmetry and classical conservation laws

The above examples illustrate some simple physical systems with symmetries.
Now consider a general Lagrangian describing an arbitrary system of particles
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located at r;(t) at time ¢. Suppose the Lagrangian has a symmetry under the
infinitesimal transformation of (8.1) with some specific functions f{%(r;, ;). Ac-
cording to Noether’s theorem, that we will prove below, corresponding to every
symmetry parameter ¢, there exists a conserved quantity @, (r;, ;) that is time
independent. That is, even though the location and velocities of the particles
may be changing with time, the conserved quantities ), which are constructed
from them, remain unchanged, i.e. dQ,/dt = 0 . The conservation of energy,
momentum and angular momentum are some examples of consequences of sym-
metry. There are many more interesting cases in specific physical systems.

To construct the explicit form of @, (r;, ;) and prove Noether’s theorem, first
note that the symmetry of the action (8.3) is satisfied most generally provided
the Lagrangian behaves as follows

L(ri(t),t:(t)) = %L(ri(t'),i‘i(t')) + %a(ri(t), ri(t)). (8.10)

Here t/(t, €) is a change of variables that generally may depend on the parameters
of the symmetry transformation, and %—tt/ is the Jacobian for the change of
variables. « is some function of the dynamical variables and the parameters,
which vanishes as €, — 0. The function « is zero in most cases, but not for
every case, as will be seen in examples below. Also, in most cases t/(t,€) = t,
otherwise the infinitesimal expansion gives t' =t + > €,7%(r;(t),15(t)) with
some functions y*. When equation (8.10) is integrated, the left side yields
ff L(r}(t),#,(t)) = S(r}), and the right side gives

J At L(x ( (1)) + [ At A(ri(2), Bi(1))

A I e (8.11)

= S(r;) + constant(1,2).

Thus, the condition of symmetry (8.3) is equivalent to (8.10).
Now expand (8.10) to first order in €, on both sides. After dropping L from

both sides it takes the form

dA
L=— 12
66 dt? (8 )

where §.L = %567{ + %557“ and A (r;, ;) = €,y L + Ea@ is some function

of the dynamicall variables which is first order in the parameters €. A is zero in
most cases, but not always. That is, when one applies an infinitesimal symmetry
transformation on the Lagrangian, the result is either zero, or at most a total
time derivative. By contrast, if there is no symmetry, the result can be anything.

Now use Euler’s equation of motion %g—L — 6 1 =0 (8.2), and recall that the
canonical momentum is p! = 6 ,, to write (8.12) in the form
d dA
N 66 A i 8.13
S0 p) = (313)

This shows that there exist a conserved quantity dQ,/dt = 0 for every linearly
independent infinitesimal parameter ¢,, and that it is given by



8.2. SYMMETRY AND CLASSICAL CONSERVATION LAWS 275

€"Qq = 0cr; - pi — A (8.14)

Substituting the explicit form of the transformation (8.1), and differentiating
with respect to €* on both sides one can write

Qulrii) = F7rs ) pf — 2 A(ry, 2. (8.15)
a
This is a generalized version of Noether’s theorem that includes the A.

We have seen that a conserved charge is associated with every symmetry
parameter. To compute it, all one needs is the explicit form of the infinitesimal
symmetry transformation, i.e. the functions f2!(r;,#;), and then plug it into
the Lagrangian in order to compute A as in (8.12). Let us see how this works
in the examples (i), (ii), (iii) above for which one finds A =0:

(i) The free particle in one dimension has a translation invariance under éz = a.
In this case L = mia = 0, since «a is time independent. Hence A = 0.
Then eq.(8.14) takes the form a@) = ap where a has been used instead of
€. Eliminating a from both sides one identifies the conserved quantity as
the momentum

Q=p. (8.16)
So, the canonical momentum p is time independent. Indeed, the equation
of motion is p = 0, which confirms the expected conservation.

(ii) The free particle in three dimensions has a rotation invariance under
dr = w x r, with A = 0. Then eq.(8.14) takes the form w - Q =(w X r)-p
where w® has been used instead of €. Eliminating it from both sides one
finds that the conserved quantity is angular momentum

Q=rXxp. (8.17)

In addition, there is a translation symmetry under ér = a with A = 0,
which yields another conserved quantity p, which is the three dimensional
momentum. Thus, for the free particle, it is dictated that momentum p
and angular momentum L = r X p are conserved because of translation
and rotation symmetries respectively.

(iii) The central force problem has symmetries under the transformations given
in (8.6). First, let us deal with translations dr; = dry = a, for which A = 0.
Eq.(8.14) gives a- Q = a- p; +a - p,. Hence the conserved quantity is the
total momentum of the system

Q=p1+p2=P. (8.18)

Next consider the rotations or; = wxr;. Eq.(8.14) givesw - Q = (w X r1)-
p1 + (w X ra) - p2. Therefore the conserved quantity associated with rota-
tions is the total angular momentum of the system

Q=r; X p1 +12 X p2 = Ly (8.19)
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The total angular momentum may also be written in terms of the center of
mass and relative coordinates defined in (8.7) and their canonical conju-
gate momenta (given in Chap.6) P = p; +p2 and p = (map1 —mip2)/M,

List =11 Xp1+ro Xps =R XP+r xp. (8.20)

Finally, consider the internal rotations associated with the parameter €
for which f{% = (ma/M)el® (r{ —rJ) and fi* = —(my /M)l (r{ — 7).
The conserved quantity in this case reduces to the relative orbital angular

momentum
L, =r Xxp. (8.21)

Combining the above results one concludes that the center of mass and
relative orbital angular momenta are independently conserved. This result
is not surprising in view of the decupling of the center of mass and rela-
tive motions, as is evident from (8.8). Therefore, due to the symmetries
associated with the 9 parameters a, w, € there are 9 conserved quantities:
the total momentum P, the total angular momentum Ly, = Leops + Ly
and the relative orbital angular momentum L,..; respectively.

The more general cases involving non-trivial A may be illustrated through

the following examples

(iv) Consider any Lagrangian in which the only time dependence comes through

r;(t). Then the transformation rj(t) = r;(¢t + ¢) that corresponds to a
time translation ¢'(t) = t + € is a symmetry in the sense of (8.3) with
(ot'/ot) = 1, a = 0. In this case or; = ef; gives 6L = ed;L. Then
eq.(8.14) becomes €@ = er;-p; —eL, and the conserved charge is recognized
as the Hamiltonian
Q=H=r; p;— L

Thus conservation of the total energy of a system is due to time translation
symmetry.

(v) Consider the harmonic oscillator potential in the central force problem. It

is sufficient to concentrate on the relative motion described in terms of
the relative coordinates L. = % u(t? — w?r?), where w is the frequency
of oscillations. We have already seen in example (iii) that there is an
internal rotational invariance that gives rise to the conservation of relative
angular momentum L = r x p. In addition, this system has a symmetry
under the transformation 67! = /77’ where €/ is a symmetric matrix of

parameters. In this case one finds
A = (p)2)e (#1177 — i), (8.22)

Note that the index “a” on ¢, has been replaced by the double index (1.J)
on €/ and therefore the conserved quantity will be labelled by a sym-
metric tensor Q7. Applying the general theorem one finds the conserved
quantity from eq.(8.14)

e Qry = iyt — (/e (17— whrr)
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After replacing p’ = pr! this becomes

2

Qr = %plp‘] + %r%’ . (8.23)
Using the equations of motion for the harmonic oscillator one can explic-
itly show that indeed dQ'”/dt = 0 (exercise). The 6 conserved charges
Q7 together with the three conserved angular momentum charges form
the Lie algebra of SU(3) (see Chap.6, and problems at the end of this
chapter). The symmetry of the Lagrangian applies also in any dimension
d=2,3,4,--- . In that case the symmetry is SU(d) (see below).

(vi) Consider the central force problem with the 1/r potential, as in the plane-
tary problem, or as in the Hydrogen atom. Its Lagrangian that describes

the relative motion is )
1 Z
Lya = 5mi® + Te (8.24)

This is evidently invariant under rotations, and therefore the relative an-
gular momentum L = r X p is conserved as in example (iii). In addition,
this system is symmetric under the transformation

der = rXx(eXT)+ ex(rxr) (8.25)

Sort cafl(r, 1) =¢4 (5Iar T —&—7“17“1—27““7‘]) .

The Lagrangian transforms to a total time derivative 6.L = 0;A, where
(exercise)
A=—m(ext) (rx f)fzeﬁ—?;r. (8.26)

Noéther’s theorem gives (after using p =mi- )
oT
mQ =L x p—mZe~—.
r

This is known as the Runge-Lenz vector, and it is conserved (exercise).
The three conserved charges Q together with three conserved angular
momentum charges L form the Lie algebra of SO(4) (see below, and next
chapter). The symmetry of the Lagrangian is also valid in any dimension
d=2,3,4,---, provided one uses the second line in (8.25) that applies to
any dimension. In the more general case the symmetry is SO(d+ 1). This
symmetry of the H-atom and its consequences will be discussed in more
detail in the next chapter.

8.3 Symmetry in quantum mechanics

Let us consider the conserved quantities (), associated with a symmetry of
the classical Lagrangian. In quantum mechanics these quantities are operators
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expressed as functions of positions and momenta @, (r;, p;). The time deriva-
tive of an operator is given by commuting it with the Hamiltonian dQ,/dt =
i[H,Qq)/h. Since the @, are time independent they must commute with the
Hamiltonian

Qs H]=0. (8.27)

We can then conclude that every conserved “charge” @Q,, corresponding to a
given symmetry of the theory, commutes with the Hamiltonian and can thus be
simultaneously diagonalized with H itself.

In determining the Hilbert space on which H and Q% operate, one can select
those “charges" which commute among each other, say Q% ...Q%", so that the
states can be labelled by their eigenvalues

|state >=|E, ¢**, ..., ¢ > (8.28)

This implies that in the presence of a symmetry, there is degeneracy in the
energy levels. An example is readily found in the case of rotational symmetry.
A general state can be represented as |E, [, m > where for the same energy level
FE there are many states for several values of the angular momentum eigenvalues
[ and m.

We have thus seen that Noether’s theorem is very helpful in finding “good"
quantum numbers as labels of the Hilbert space of a particular physical system.
When the Hilbert space is labelled by symmetry quantum numbers, the quantum
problem greatly simplifies and its interpretation becomes much more tractable.
A major application of this fact is the angular momentum basis for rotationally
symmetric systems.

To understand the mathematical structure we now turn our attention to
another implication of Noether’s theorem in Quantum Mechanics, namely that
every symmetry operator Q¢ is the infinitesimal generator of the corresponding
transformation under which the Lagrangian and/or the Hamiltonian is invari-
ant. This means that an infinitesimal symmetry transformation of any operator
A(r;,p;) in the quantum theory would be given by

0cA = (i/h>[€aQaa A] . (829)

One can easily prove that indeed the @), are the infinitesimal generators for the
case A =r; and when f{¢ are independent of velocities. To see this note that
one can use the canonical commutation rules, [p/,r]] = —ihd" 8,5, to write

ol = (i/W)leaQarr!] = (i/W)eaf] "] 7] = caf!”, (8:30)

thus reproducing the transformation law (8.1) through the quantum commuta-
tion rules. One can prove (8.29) for more general cases, but this will not be
treated here (see problem on 3-dimensional harmonic oscillator).

The main lesson of the previous paragraph is that commutation with a sym-
metry operator (), has to be viewed as being closely related to applying an
infinitesimal symmetry transformation. The result of commuting a symmetry
operator with any other operator A is equivalent to applying an infinitesimal
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symmetry transformation to the operator A. An important consequence of this
is that the commutation with the Hamiltonian [@,, H] = 0 means that the
Hamiltonian is invariant under infinitesimal symmetry transformations.

One may commute symmetry operators with each other [@Q., @p]. This is
equivalent to applying symmetry transformations to each other, since 0.Qp =
(i/h)[e - Q, Q). By using Jacobi identities, one can show that the composite
operator [Qq, Qp] commutes again with the Hamiltonian

([Qa, Q] , H] = [Qa, [Qv, H]] — [Q, [Qa, H]] = 0, (8.31)

since each term vanishes on the right hand side. It must be that [Q,, Q] is some
linear combination of symmetry operators, since any operator that commutes
with the Hamiltonian is a generator of symmetry transformations. Therefore,
we expect the form

[Qtu Qb] = ihfngc- (832)

This relation indeed holds for all the examples given in this chapter, with some
set of constants fS, (exercise: find the constants for some of the examples).

A relation such as (8.32), that holds for a complete set of operators that close
into the same set under commutation, is called a Lie algebra. Lie algebras form
the mathematical foundation of symmetry in quantum mechanics. Their study
is extremely important both for the formulation of symmetries in fundamental
theories and for performing computations to extract the physical information
from them.

Up to now we have mainly discussed infinitesimal transformations. How
about finite transformations? We will argue that for continuous groups the
infinitesimal transformations contain all the information. By performing a series
of infinitesimal transformations one can build up a finite transformation. For
the operator A one may write the infinitesimal transformation in the form A’ =
A+ (i/h)[e- Q,A] . To first order in e this is the same as A" = (1 + (i/h)e -
Q) A (1—(i/h)e- Q). For a finite transformation, one can divide it into N equal
parts, apply it N times, and take the limit of large N. This amounts to

A" = limy_oo(l+ (i/Nh)e- Q)N A (1= (i/Nh)e- Q)N

exp(ie - Q/h) A exp(—ie- Q/h). (8.33)

Therefore, a finite transformation is applied through the exponentiation of the
infinitesimal generators

U(e) = exp(ie - Q/h), A =UAU' . (8.34)

For Hermitian @, the U’s are unitary, since upon Hermitian conjugation one
finds UT = U~ (to prove it, think of U as an infinite series). Therefore, UUt =
1 = U'U. Finite transformations on states are applied according to the rule

Y >'= Ul > . (8.35)
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Under a unitary symmetry transformation the norm of the state does not change,
since

C<aplp =< Y|UTU W >=< |y > . (8.36)

From the above discussion we deduce the following important facts. They
should never be forgotten:

1) The time translation generator for any quantum theory of the type given
in example (iv), is the Hamiltonian of the total system, as shown in that
example. A finite time translation by the amount At is given by U =
exp(—iHAt/R). Thus, a time translated state is |¢(t) >= exp(—iH (t —
to)/h)|Y(t) >. Taking a derivative of this equation one arrives at the
Schrédinger equation ih:|y(t) >= H|ib(t) >. Thus, the time translated
state is a formal solution of the Schrodinger equation.

2) The space translation generator is the total momentum operator of the
system. For the general 2-body system this was derived in the context
of example (ii). For a more complicated system, again it is the total
momentum that generates translations on all canonical variables. A finite
translation by the amount a on all operators and all states is given by
U = exp(ia-P/h).

3) The rotation generator is the total angular momentum operator of the sys-
tem. For the two body system this was derived in example (iii), and
the same result is true for a general system. When spin is included
the total angular momentum J;o; = Lot + Sior is the generator. A fi-
nite rotation by the amount w on all operators and all states is given by
U = expliw - Jior/1).

The above symmetry transformations, and other more specialized symmetry
transformations that occur in specific systems, such as the Qs of example (v),
play an important role in the analysis and solution of the corresponding quantum
mechanical systems.

The simplest symmetry is translations. Since the translation generator, i.e.
total momentum, is simultaneously diagonalizable with the Hamiltonian, it is
convenient to work in the basis of total momentum eigenstates.. This means
plane waves for the center of mass variables. The total Hilbert space may be
taken as the direct product of these plane waves with the Hilbert space for the
relative motion. This result is a trivial consequence of translation symmetry
which leads to the separation of center of mass variables.

The next simplest non-trivial symmetry is associated with rotations and
angular momentum. For the 2-body central force problem, the orbital angular
momentum basis for the relative motion is of great interest and this was the
subject of the chapter on rotations. There, angular momentum was studied for
an arbitrary system, including intrinsic spin.

In other chapters we also studied other examples of higher symmetry, in-
cluding the cases of the two and three dimensional harmonic oscillators with
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SU(2) and SU(3) symmetries. We will also study the case of the Coulomb force
problem with SO(4) = SU(2) * SU(2) symmetry. We will learn that the higher
symmetry has important consequences on observable properties, for example on
the degeneracy of the energy spectrum, transition rates, etc..

Finally we should mention discrete symmetries, such as parity, time reversal
or charge conjugation invariances. These are distinguished from the above since
for these there are no infinitesimal transformations. Rather, they are analogous
to the finite transformations. The action is invariant just as in (8.3) or (8.10).
Similarly, there are even more complicated discrete symmetries, such as the
symmetries of crystals in condensed matter physics, which involve reflections,
inversions, discrete translations and discrete rotations. Finite transformations
of this type form discrete symmetry groups, while those admitting infinitesimal
transformations form Lie groups.

The properties of Lie groups are deduced from the study of the corresponding
Lie algebra of the type given in (8.32). All possible discrete groups and Lie
groups are classified mathematically, and their properties extensively studied.
The study of a Lie group and its representations is very much like solving a
quantum mechanics problem in the sense of finding a complete set of eigenstates
and eigenvalues that diagonalize simultaneous observables. The study of the
rotation group or its Lie algebra is the study of angular momentum and spin,
as was presented in a previous chapter (see also problems on SL(2, R), SU(3)).

There are also physical theories involving symmetries between bosons and
fermions. These are called supersymmetries.. The parameters of supersymmetry
are bosonic (like real or complex numbers) or fermionic (Grassmann numbers).

8.4 Symmetry in time dependent systems

Up to this point we mainly discussed systems in which the time dependence
appears only through the dynamical variables x (1) ,p (7). However we also en-
counter physical systems that are described by a Lagrangian or Hamiltonian in
which time may appear explicitly; how do we deal with symmetries for such sys-
tems? We will discuss this in the first order formalism by writing the Lagrangian
in the form

L=4d'p; — H (z,p,T) (8.37)

where H (Z (1) ,p(7),7) is assumed to depend on time explicitly. Consider the
transformations generated by some operator Q. (£ (7),p(7),7) which may have
an explicit 7 dependence in addition to the implicit 7 dependence through & (7)
and p'(7). The transformations of Z, p" are obtained by computing the Poisson
bracket at equal 7

bewi (1) = {2i (1), Qe (x (), p(7),7)}, 0epi (1) ={pi (7), Q= (x (1) ,p (1), 7)}

(8.38)

In evaluating the Poisson bracket 7 is treated like a parameter. Then these give
0 0

Sew; = QE, Sepi = 99 (8.39)

Opi ox;
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Using these we compute the transformation of the Lagrangian L = &;p; —
H (z,p,7) and obtain

6L = o Pit o 0ep aziésxl 8pi55pz (8.40)

d (%2 ‘
_ (apl )pi  dx; 0Q.  OH 0Q. N OH 8Q. (8.41)

_ 4 (09 _dpi0Q: _ dwi Q.

N < apz ) dr 8pi dr Ox; {Ha Qe} (842)
— d aQE . 8@5

= I <pz ap; Qa) B +{Q., H}. (8.43)

In going from the third line to the fourth line we used the fact that the total

time derivative of Q. (7 (7),p/(7), 7) indicated by = dQE = aT 94 flp; 83% + ‘il“;i %,—%

is obtained by differentiating with respect to the exphc1t 7 dependence (partial

derivative %) as well as the implicit 7 dependence (chain rule ”CllpTl %% + if;’ %;%).

Since the Hamiltonian is the generator of infinitesimal time translations on
the canonical variables, namely {x;, H} = 0. , {p;, H} = 0rp;, and {Q., H} =
%8 x4 %&ph the last two terms in Eq.(8.43) represent the total time
derlvatlve of Qc, namely = de = GQE +{Q., H} . If there is a symmetry, then Q.
Q.
dr

is conserved, which means 1ts total time derivative must vanish when the
equations of motion are used. However, to show that there is a symmetry, one
must show that % + {Q., H} vanishes without using the equations of motion

for  (7),p (7). If that works, then we see from Eq.(8.43) that 6.L reduces to a

total T derivative §.L = % with
0Q. 0Q-
A=p,—=—-Q., — =pi— — A 8.44
D ap; Q- Q:=p O ( )

Recalling that Q. was defined as Q. = p;0.xz; — A, we check the consistency
when the expressions above are inserted. Namely we can verify that Q. =

pidex; — N =p; (an) (pZ %% QE) = Q. is consistent, as expected.
In conclusion, there is a symmetry whenever one can find a Q. (x (7) ,p(7),7)
whose equal 7 Poisson bracket with H (z (7),p(7), 7) satisfies

8@

= +{Q-, H} =0. (8.45)

without using the equations of motion. It should be emphasized that %QTE is
the 7-derivative with respect to the explicit 7 only. This characterization of a
symmetry is valid whether H depends on 7 explicitly or not, and can be taken
as a more general statement of a symmetry. The generators of the symmetry
Q. are the coefficients of the 7-independent parameters €% in the expansion

Qe (x(1),p(7),7) =&*Qu (x(7),p(7), 7). (8.46)
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The Q, (z(7),p(7),7) should form a Lie algebra under the equal T Poisson
bracket at any 7 in the classical theory, and after operator ordering, under the
equal 7 Lie bracket at any 7 in the quantum theory.

8.5 A brief tour of Lie groups

Symmetry transformations form a group. What is a group? A group G is a set
of elements G = {g}, together with an operation symbolically denoted by a dot
{-}, that satisfies the properties of (1) closure, (2) associativity, (3) identity, (4)
inverse. Closure means that under the operation two elements in G give a third
element in G, that is

g1-92 =93, and g3€G. (8.47)

Associativity requires that, when three elements are combined under the oper-
ation, one obtains the same result if combined in either order according to the
parentheses below

(91 92) - 93 =91 (92 - g3)- (8.48)

However, one is not allowed to change the order of the elements 1,2,3 , unless
the operation happens to be commutative. The set must include the identity
element, designated by 1, whose property is

l-g=g=g-1. (8.49)

Finally, the inverse of each element must be included in the set G. When
an element ¢ is combined with its inverse ¢g~' they must produce the identity
element:
g9 t=1=g"9g. (8.50)
Now consider the set of all symmetry transformations that may be applied
on a physical system. More precisely, consider the action of the system that
remains invariant under the symmetries. To comprehend it better, it may help
to keep the examples of translations and/or rotations in mind. It is physically
evident that two symmetry transformations applied one after the other may
be regarded as a single symmetry transformation that leaves the Lagrangian
invariant. Therefore, symmetries close under this combination into another
symmetry transformation. Applying the symmetry transformation backward
is equivalent to the inverse element, and applying no transformation at all is
equivalent to the identity element. Therefore, the inverse and identity elements
are in the set of symmetries. Finally, one must check associativity of symmetry
transformations to insure that one has a group. Certainly for translations and
rotations this is intuitively evident, but more generally the product of operators
(applied on states or operators) is an associative multiplication in quantum
mechanics .
When the symmetries have continuous parameters, they can be studied in
the neighborhood of the identity. These are called Lie groups. As we saw an
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infinitesimal transformation is generated by the conserved charges @, and we
may write the symmetry transformation on any operator or state in terms of
U(e) = 1+ ie-Q/h. The finite symmetry transformation is given by U(e) =
exp(ie-Q/h). Therefore these operators must satisfy the group properties when
applied on states (as in eq.(8.35)) or operators (as in eq.(8.34))

1- U(€1)U(€2) = U(€3) 5

2— [U(e1)U(e2)]U(e3) = Ul(e1)[U(€2)U(es)],
3- U0 =1,

4— U(—e)=U(e)t =U(e)™t; U(e)U(—€) =1.

(8.51)

The properties of specific groups are hidden in the closure property (1), and by
specifying the combination of two parameters into a third one with the functions
€%(€e1, €2), one completely determines the group. By taking infinitesimal (e, €2)
and expanding to lowest order one can give a general relation

1

&=+ &+ S fdG (8.52)
in terms of the constants f;.. These constants are called the structure constants
of the Lie group, and they carry all the information about the group. To see

their significance consider the product of two symmetry operators in the form
e“eP. For small A and B one has

eteB = 1+A+B+AB+%A2+%Bz+- = exp(A+B+%[A,B]+~ ). (8.53)

Now use A = i€ - Q/h, B = i€z - Q/h and compare the first line of (8.51)
to (8.53). Using the definition of €3 in (8.52) one finds that the generators of
symmetry transformations must satisfy the Lie algebra

[Qa, Qo] = ihf5,Qc - (8.54)

with the same structure constants given in (8.52).

The expansion in (8.53) can be continued to higher orders exp(A) exp(B) =
exp(C), and it will be seen that the higher powers of A or B contained in C'
come always with commutators, e.g. [A,[A, B]] or [B,[B, A]] etc. (exercise).
Therefore, the Lie algebra (8.54) contains all the information about the closure
of the group; thus, knowing only the Lie algebra is sufficient to fully construct
€3(€1, €2) to all orders. For this reason, the group property is the same for any
representation of the generators that satisfy the Lie algebra. In particular, the
smallest matrix representation of the Lie group (given below) is useful for the
explicit computation of €3(€q, €3).

To impose associativity (second line of eq.(8.51)) one must consider three
infinitesimal transformations. In quantum mechanics products of operators is
an associative multiplication. Therefore, this requirement is automatically sat-
isfied. Using this same associativity of products of operators one can prove the
Jacobi identity
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[ch [Qba QC] + [Qba [ch Qa] + [Qca [Qau Qb] =0 (855>

by simply opening up the brackets. However, a second way of evaluating this
identity is to use the Lie algebra 8.54 repeatedly.. Then we obtain the following
condition on the structure constants

ool LT+ £ 1N = (8.56)
which is valid for any value of the indices (a, b, c, d). The two equations (8.54)
and (8.56) define a Lie algebra.

All possible Lie algebras were classified by Cartan in the 19*" century. His
work consists of finding all possible solutions to the Jacobi identities in (8.56)
and providing explicit sets of constants f, that determine the Lie algebra.
Therefore all possible continuous symmetry transformations are mathematically
classified and their properties studied. Cartan identified a set of Lie algebras
called “simple Lie algebras”. These form the building blocks of all symmetries
among bosons or among fermions. In addition there are superalgebras discov-
ered during the 1970’s that are relevant for supersymmetries between bosons
and fermions. For supersymmetry there is also a set of “simple superalgebras”.
All remaining Lie algebras or superalgebras can be constructed by either taking
direct sums of “simple” ones (then they are called “semi-simple”), or by tak-
ing certain limits called “contractions” (then they are called “solvable”). Here
we provide the list of compact simple Lie algebras given by Cartan. Their
non-compact versions (i.e. SU(n,m), SO(n,m) etc.) are obtained by analytic
continuation:

9th

algebra group rank (N) dimension (D) (8.57)
An SU(N +1) 1,2,3,---,00 (N+1)2—-1

By SO(2N +1) 1,2,3,---,00 N(2N+1)

Cn Sp(2N) 1,2,3,---,00 N(@2N+1)

Dy SO(2N) 1,2,3,- 00 N(2N —1)

Ex Es, Er, Eg 6,7,8 78,133,248

F, Fy 4 54

Gs Gs 2 14

The value of N is the number of commuting generators, and it is called the
“rank”, while the value of D is the number of total generators in the Lie algebra
and it is called its “dimension”. One may consider functions of the generators
that commute with each other as well as with all the generators. These are
called Casimir operators. The number of independent Casimir operators also
coincides with the rank N. In the above notation there are a few Lie algebras

that are identical with each other. These identities are

Ay = By = (4,
By = Cs,
~ e, (8.58)

As = D3,
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while all others are independent.

As an example consider the familiar rotation group in 3-dimensions. Because
of the equivalence, this corresponds to SU(2) ~ SO(3) ~ Sp(2) or Ay = B =
C1. It has one commuting operator which may be chosen as Js and has one
Casimir operator which is J-J.

To make the classification of symmetries more concrete it is useful to consider
the following analysis, due to Chevalley, that provides the smallest representa-
tion of most of the above groups and algebras in terms of matrices.

The rotation group SO(3) can be characterized by saying that it leaves
invariant dot products of any two vectors rj - ro. Similarly, the group SO(d)
can be characterized as the transformations that leaves invariant dot products
of real vectors in d-dimensions. Consider the transformations on such a vector
written in the form of a column z’ = Rz, or in term of components

:L'/I:R[J.’EJ, I:].,Q,-"d. (859)

The dot product may be written as a product of a row vector, which is the
transpose vector, with a column vector, in the form 27y = x1y1 + - -+ + Tqyq.
Therefore the invariance requires that R is an orthogonal matrix:

2Ty =2'Ty = 2T RT Ry —RTR=1. (8.60)

Orthogonal matrices give again orthogonal matrices under matrix multiplica-
tion. Therefore, they close into the same set. Furthermore, matrix multiplica-
tion is associative, there is a unit matrix, and there is an inverse. Therefore
orthogonal matrices in d-dimensions form a group, namely SO(d).

If R is a transformation connected to the identity infinitesimally, then it
must be possible to expand it in the form R =1+ A+ ---, with a matrix Ay
that contains infinitesimal parameters. Imposing the orthogonality condition
requires an antisymmetric A. Thus, for a finite transformation we can write

orthogonal — R = e”, AT = A (8.61)

Now counting the number of independent parameters contained in A, one finds
the dimension of the Lie algebra SO(d), namely D = d(d—1)/2, which coincides
with the numbers given in Cartan’s table for SO(2N + 1) and SO(2N). Two
antisymmetric matrices close under commutation [A;, A2] into another anti-
symmetric matrix (ezercise); therefore, the Lie algebra is closed. Associativity,
and hence Jacobi identity is a property of matrix multiplication, so (8.56) is
automatically satisfied.

The same argument may now be used for complex vectors in d dimensions,
zr, I =1,2,---d. The transformation is 2z’ = Uz. But now define the dot prod-
uct by taking the hermitian conjugate zfw = zfw; + - + zjwq, and demand
invariance. This requires a unitary matrix, UTU = 1. An infinitesimal expan-
sion is given by U = 1+ H +- - -, and unitarity requires an anti-Hermitian matrix
H. Furthermore, if U has unit determinant, then H must be traceless. Unitary
matrices of determinant one give again matrices in the same set under ordinary
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matrix multiplication. The associativity, unity and inverse conditions are also
satisfied (exercise). Therefore such matrices form a group. Such unitary trans-
formations are called SU(d), or special unitary transformations in d-dimensions
(special means that the determinant is 1). They are characterized by

unitary — U = e", H'=—H, tr(H)=0. (8.62)

The anti-hermiticity condition requires purely imaginary entries on the diagonal
H,, = 1y,, and related complex entries above and below the diagonal Hiy =
—Hj, = x12 + Y12, etc.. Furthermore, the trace condition allows only (d — 1)
independent diagonal entries. The number of independent real parameters in
such an H is (d — 1) +2 x d(d — 1)/2 = d* — 1, and this agrees with Cartan’s
table for d = N +1. Two arbitrary anti-hermitian traceless matrices close under
commutation [Hy, Hs| into another anti-hermitian traceless matrix; therefore
the Lie algebra (8.54) and Jacobi identities (8.56) are satisfied automatically.

Next consider quaternions instead of real or complex numbers of the previous
cases. A quaternion is a generalization of a complex number; it has one real and
three imaginary directions. It may be written in terms of 2 x 2 Pauli matrices
q = a+io - b. The quaternionic conjugate, which generalizes complex conjugate,
is § = a — io - b. Using quaternionic vectors gy in d dimensions, and taking the
transformation ¢’ = Sq and a dot product in the form ¢7q = G1q1 + - - - + Gaqa,
we may repeat the analysis above. The result is ST = S~!. The infinitesimal
form of such a matrix S =14 Q + - -+ with the condition that the matrix @ is
odd under the combined transposition and quaternionic conjugation. This gives
the symplectic group Sp(2d):

symplectic — S = €9, QT =-Q. (8.63)

As in the previous cases such quaternionic matrices (.9, Q) form a Lie group and
algebra. The conditions on the matrix () require that the diagonal is purely
quaternion imaginary Q.. = 10 -y,, and that the elements above and below the
diagonal are related, Q12 = —Q21 = x12 + 90 - y12, etc.. Therefore, the number
of independent real parameters is 3d+4 x d(d—1)/2 = d(2d+ 1), in agreement
with Cartan’s table for Sp(2d). Two arbitrary quaternionic matrices @) that are
odd under the combined transposition and quaternionic conjugation close under
commutation [@Q1, Q2] into the same set of matrices, therefore the Lie algebra
(8.54) and Jacobi identities (8.56) are satisfied.

To understand the groups Eg, E7, Es, Fy, G5 it is useful to consider octonions,
which is a generalization of complex and quaternionic numbers. But the analysis
is complicated (because octonionic multiplication is not associative), and will
not be given here since it is not needed in this book. Another topic that will
not be discussed further in this chapter is superalgebras, but we will come back
to them in examples in later chapters.

The following subgroup and sub-algebra structures can be easily determined:

1- SO(d — 1) is a subgroup of SO(d); SU(d — 1) is a subgroup of SU(d);
Sp(2d — 2) is a subgroup of Sp(2d). This is evident since one can choose
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to make transformations on the first (d — 1) components of a vector while
leaving the last component unchanged.

2— d x d anti-symmetric matrices A are a subset of d x d anti-hermitian matrices
H; therefore SO(d) is a subgroup of SU(d).

3— If quaternions are represented by 2 x 2 matrices, as above, the size of the
matrices are really 2d x 2d, and transposition combined with quaternionic
conjugation becomes equivalent to ordinary hermitian conjugation. Such
quaternionic 2d X 2d matrices () form a subset of 2d x 2d anti-hermitian
matrices H; hence Sp(2d) is a subgroup of SU(2d).

4—- 80(2d) as well as Sp(2d) have an SU(d) subgroup.

There are further subgroup/sub-algebra structures that are harder to see or
to explain, and they will not be dealt with here.

8.6 SL(2,R) and its representations

SU(2) is the simplest non-Abelian group. It can be interpreted as the rotation
group in three dimensions SO(3). The properties of SU(2) and its representa-
tions have been discussed in previous chapters. SL(2, R) is equivalent to SU(1, 1)
or to SO(2, 1) which has the interpretation of the Lorentz group in 2 space and
1 time dimensions. It can also be thought of as the conformal group in 0 space
and one time dimensions. Just like SU(2) the group SL(2, R) has a large number
of applications in Physics, with interpretations which are not necessarily related
to space-time transformations. The parameters of the rotation group are angles,
and the group element of SU(2), i.e. the D} . (w), is periodic when the angles
are changed by 27 when j is integer, or by 47 when j is half integer. Thus,
SU(2) is a compact group since its parameters have a finite range. SL(2,R) is the
simplest non-compact group. Two of its parameters have infinite range while
the third one has a compact range. SL(2, R) can be formally thought of as an
analytic continuation of SU(2), but its unitary representations are not analytic
continuations of the representations of SU(2). We will discuss here the uni-
tary representations of SL(2, R) and we will show that in some representations
SL(2,R) is closely connected to the Hydrogen atom.
The SL(2,R) Lie Algebra is given by

[Jo, il =ida ,  [Jo,Jo] = —iJ1 , [J1,J)2] =—iJo (8.64)

This algebra is related to the SU(2) Lie algebra by the analytic continuation
Ji,2 — iJi2 and J3 — Jy. Equivalently one can think that the parameters
associated with these generators are analytically continued. Jy is compact, the
other two are non-compact. It is useful to think of Jy as pointing in the time-like
direction and of .J; 2 as pointing in two space-like directions.

One can define J4 = J; £iJ5 and rewrite the commutation rules in the form

o, Ji] = s, [Jy, ] = —2Js. (8.65)
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These differ from those of SU(2) only by the minus sign in the second equa-
tion. The representations of SL(2, R) can be labelled by the eigenvalues of the
quadratic Casimir operator Cy = J¢ — JZ — J3 = j(j+ 1) and those of the
compact generator Jy = m. These states labelled as |jm > have properties
closely related to those of SU(2). These representations were first worked out
by Bargmann and they have been extensively studied in the literature. The
problems at the end of this chapter provide a guide for deriving them by close
analogy to SU(2) representations.

A particular realization of this algebra was given in terms of oscillators in the
problem section of chapter 5. The reader is advised to review that exercise and
understand that it corresponds to special value of j. A generalization of that
oscillator representation is found in Chapter 9, section 9.4.1 for more general
values of j that correspond to a subset of representations called the discrete
series (see below).

It is also useful rewrite the commutation rules in terms of the lightcone type
combinations

Jo+J1, Jo—Ji] = =2idy , [Ja, Jo % Ji] = +i(Jo £ Jy). (8.66)

In this section we will explore this approach in detail and obtain all representa-
tions of SL(2, R) in a different and interesting basis that has a close connection
to the H-atom.

8.6.1 A construction

Introduce a canonical set of variables [q,p] = ¢ and two constants s,c. We now
construct a representation of the generators in terms of these

Jo+J1 = p (8.67)
02
Jo—J1 = qpq+2qs+;
1
J2 = Slep+pg)+s

Here ¢ and p are Hermitian operators and s, o are real parameters. Hence the
generators are Hermitian. By explicit commutation we verify that the commu-
tation rules for the currents are indeed satisfied

2
[Jo+J1, Jo— ] = {p, qpq + 2qs + %} (8.68)

/1
= =2 (5 (qp+pq) + S)
—2 ],
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and
1 o
a ot il = (gt tsoo| =ip=ithen) 500
1 o2
[Jo, Jo+J1] = §(qp+pQ)+s,qpq+2qs+?

o2
—1i <qpq+ 2qs + ?> =—i(Jo—J1).

8.6.2 Casimir

The quadratic Casimir operator is computed as

1 1
Jo—-Ji—J;5 = §(J0+J1)(J0—J1)+§(Jo—Jl)(Jo+J1)—J22
1 o2 1 o2
= Sp(apq+2qs+— )+ 5 | apg+2¢5+— | p—
2 D 2 D
1 2
- <§ (qp + pq) +S)
1 1 s
= §(pqpq+qpqp) - Z(pqqurqpqurqppq +paqp) + 0" — s
1
= o =s"+ 7ol le.p)
1
_ 2 2 -
= o' s (8.70)
Thus, we may identify
o 2 2 1
jG+1) = o°—s -1 (8.71)
1
i = _§:|: o2 — g2

We will see later that the unitary representations (with normalizable states) are
uniquely identified as follows

. 1 . 1 principal series
—00 _Z s = = 4 ir/e2 _ 52 J
< .7(] 1) < 4’ J 9 AV o 2 — g2 >0

1 1 supplementary
-1 < ji+1) <0, —j= -3+ 02 —s?  or discrete series ,
0<o?—s?<i

L . 1 discrete series
0 < j(j+1) < oo, —>j=—§+\/0'2—82 o2 _ 2> 1 (8.72)
=3

That is, considering all real values of j(j + 1), for j(j + 1) < —1/4 one finds
the principal series, for —1/4 < j(j 4+ 1) < 0 one finds the supplementary series
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or the discrete series, and for j(j + 1) > 0 there is only the discrete series.
So, the discrete series occurs for all o2 > s2 or j > —1/2. Note that there is
a non-trivial representation for j = 0. The value of j is complex only for the
principal series, although j(j 4 1) is real in all cases, since it is the eigenvalue
of a Hermitian operator. Weyl reflections that flip the sign of the square roots
produce equivalent representations, therefore it is sufficient to choose one sign
of the square root to identify the value of j, as a convention, as we have done
above.

8.6.3 Wavefunction and unitarity

One may work in the vector space that diagonalizes momentum |p > . As in
usual quantum mechanics this is a complete and orthonormal set of states

“+ o0
<plp' >=d6(p—7), / dplp><pl=1 (8.73)

The operator ¢ acts as
< plg=10 <p| (8.74)

An arbitrary normalizable state in the Hilbert space may be expanded in this
basis

+oo
o >= / dplp> ¥(p), () =<php > . (8.75)

—o0
In particular one complete set of normalizable states is obtained by diagonalizing

the compact generator Jy = % (p + qpq + 2qs + UTf)
Jolgm >=mljm > . (8.76)

These states may be expanded in the momentum basis, with the normalization
condition specified as

+oo

jm > = l dplp> Yn(p), ) =<plim>. (8.77)
+oo

< Gl >= S = / dp e (p) by (D)

— 00

The eigenvalue condition provides a differential equation for the wavefunction

2
—0 (pov,,,) + 2is0y,, + (p + % - 2m) ¥, = 0. (8.78)

This equation simplifies by defining
bm(p) = P*726,(p) (8.79)

“+o0 dp
5mm’ - — ¢ ’
/_ T G (P) P (P)
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Then the equation takes the same form as the radial equation for the Hydrogen
atom o

(—82 + mp%l) - Z?m + 1) b, (p) = 0. (8.80)
Near p = 0 the two independent solutions behave as p/*! or p~7. The real part
of the power must be positive otherwise the wavefunction is not normalizable.
With the definition of j given in eq.(8.72) the unique solution is picked as the
one that behaves as p/*1 when 02 —s? > 1/4, while both solutions are admissible
for all other cases.

In solving the equation we take advantage of the analogy to the H-atom. In
comparison to the H-atom equation we have mass = 1/2, angular momentum=
j, Coulomb potential with Ze? = 2m, and energy E = —1. However, there are
also some important differences: (i) For the H-atom the radial coordinate is
positive, while here the momentum takes both positive and negative values; (ii)
Furthermore, the angular momentum term j(j + 1) is positive for the H-atom,
but here it can take either sign.

Note that we are seeking normalizable states with negative “energy” £ = —1.
This can occur only if the effective potential V(p) = ﬂjp%lz — 277” is attractive

(i.e. negative) in a finite range of p. The possible cases are given in Fig.1.

JG+1)<0 m>0
j@+1) <0, m<0 V(p)

V(p /\ ‘ b

p

V(p)

V@O | >0 jG+1)>0
J m>0 m<0 \\
P
NV

Fig.1 - Effective potential.

If j(j+1) = 0% —s? — 1 is positive, then there are bound states only if 2m /p
is positive. Therefore, if m > 0 the momentum must also be positive, and if
m < 0 then the momentum must be negative. This is the case for the discrete
series. This case is exactly analogous to the H-atom that has only positive
radial coordinate. We can simply take over the H-atom solutions that are given
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in terms of Laguerre polynomials. The bound state energy for the H-atom is

mass  (Ze?)?

E, = - 8.81
2 (J+n+1)? (8:81)
where n =0,1,2,--- is the radial quantum number (and we used h = ¢ =1). If
we substitute the quantities in our equation we obtain
1 (2m)?
= 8.82
4(j+n+1)? (882)

Therefore, the allowed quantum numbers are

Iml=7+1+n, withj+1=1/2++/02—s2 (8.83)

This is in agreement with the well known result for the discrete series (both
positive and negative).

The analysis of the H-atom is conducted for j(j + 1) > 0. But it extends
also to the case —1/4 < j(j + 1) provided one concentrates on the case of
sign(m) = sign(p) and keep only the solution that behaves like p/*1 near the
origin. Then the form of the solution is identical to the one just given above,
but now with —1/2 < j or all values of 02 > s2. These are all the discrete series
representations. We emphasize that for all discrete series representations the
wavefunction v,,(p) =< p|m > is non-vanishing only when the sign of m and p
are the same, and it is given in terms of the H-atom wavefunctions.

Ifj(j+1)=02—s%— % is negative, then the angular momentum term is an
attractive potential that swamps the Coulomb term near the origin. Then we
can obtain bound states with negative energies for any sign of m as well as any
sign of p by allowing both solutions that behave like p’*! or p=7 near p = 0.
This is the case for the principal and supplementary series. By studying the
orthonormal properties of the states we discover that the allowed values of m
are given by m = |mg| + n where n is any positive or negative integer, and mq
may be chosen in the range 0 < |mg| < 1 except for the special values j + 1 or

—7.

8.7 PROBLEMS

1. The Lorentz group in one-time and two-space dimensions has infinitesimal
generators that are somewhat similar to rotations in three dimensions,
but with some sign changes. To see this, introduce canonical conjugates
(@, py] = ihg,, where g, = diag (—1,1,1) is the Minkowski metric. Then
consider the Lorentz operators L,, = x,p, — T,p, that are analogous
to orbital angular momentum except for the sign difference introduced
through the metric g, instead of J,,. Show that the commutation rules
of the L,, among themselves may be rewritten in the form

[Jp, J_] = —2Jo, [Jo,Jz] = £Js. (8.84)
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and give the explicit forms of Jy and Jy = (J; £4J2) in terms of the
2y, Pu- Note that, as compared to the angular momentum algebra there
is only one sign change in the first commutator. This is the Lie algebra
of SL(2,R)=SU(1,1) instead of SU(2). Show that the quadratic Casimir
operator that commutes with all the generators Jy + is

c J— (I J_+J_Jy))2 (8.85)
= JB-Ji-Ji

The quantum mechanical states for the general SL(2,R) algebra in (8.84)
may be found with the same methods that were used in the analysis of
angular momentum. In this case the simultaneous eigenstates of C' and
Jo on states labelled as |jm > are

Jolim >= hm|jm >, C|jm >= h*j(j + 1) |jm > . (8.86)

Note that C is not a positive definite operator, but is Hermitian. Find all
possible values of j,m that are consistent with hermiticity. of Ji, J2, Jy
and unitarity (i.e. states of positive norm). Note that there are three
(or four, depending on how one counts) independent solutions. These are
called the principal series (complex j =7), the supplementary series real
(j =7) and the discrete series (two of them) (real j =7). What are the
values of m in each case?

Show that the following set of operators form the SL(2,R) Lie algebra

Jo — Jl = T
1
Jy = —3 (xp + px) — s (8.87)
o2
Jo+J1 = p$p—|—25.7}+?,

where s, o0 are constants. Construct the Casimir operator C' and find the
value of j in terms of s,0. Which series are reproduced when o = 0 or
when s = 07
Consider the following Lagrangian in 3 dimensions

1 i? 1 (1)

ST (1) (8.88)

Evidently this Lagrangian is symmetric under rotations d,r; = (w X r),
since everything is written in terms of dot products. In addition, show
that there is also a hidden symmetry under the transformation é.r;= &; +
€ -r r;. Construct the conserved quantities due to both of these symme-
tries, call them L and K respectively, and express them in terms of the
canonical momentum (note p is not just ). Show that they are indeed
conserved when you use the equations of motion. Compute the Poisson
brackets of these six generators and identify the Lie algebra that they
satisfy.
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5. Recall the Wigner-Eckhart theorem for a j = 1/2 tensor operator K,,,n =
+1/2,—1/2, applied on an arbitrary state K, |jm >=7?. Write out explic-
itly the right hand side, including the explicit Clebsch-Gordan coefficients
and the unknown reduced matrix elements. Thus, the right hand side has
two unknown coefficients A and B that are independent of the magnetic
quantum numbers n, m.

6. Consider the following collection of 8 operators:Jy, Jy, J— (angular mo-
mentum or isospin), Y, K, Q,, where the Y operator is a j = 0 oper-
ator, while the K, and @, operators are both j = 1/2 tensor opera-
tors with n = +1/2,—1/2 as in problem 1. We will require that the
K, Q, operators are complex and that they are hermitian conjugates of
each other by demanding that

1 _ il _
K+1/2 - _Q—1/2v K71/2 - +C24-1/2 :

The statement that Y, K,,, Q,, are tensor operators with the above specified
values of j = 0,1/2, is equivalent to the following commutation rules with
the angular momentum operators

[J07 J:I:] = iJ:I:u [J+7 Jf] = 2J07 D/? J:I:,O] = 07
1
[Jo,K11/0] = i§ Kivjo, [Jy, K_1)0] = Kyj2, [J-, Kyj2] = K(8,89)
1
[JOaQﬂ/z] = i§ Qi1/27 [J+7Q—1/2] = Ql/Qa [Jf,Ql/Z] = Q—1/27
[J,Ki10] = 0, [J1,Q11/2] =0

Note that in the third line &K1/, may be substituted for Q1,2 and the
commutation rules would be consistent with hermitian conjugation (note
a similar statement for commutators below). If these commutation rules
are supplemented with

Y,Ki12] = Kiipo, [Y,Q112] = —Qx1/2,
[Ki1/2,Q512) = —(Jot gy), [Ki1/2,Q1/2] = £J+, (8.90)
(K, K] = 0=[Qn,Qm]-
then it is found that the Jacobi identities
[A,[B,C]]+ [B,[C,A]] + [C,[A,B]] =0 (8.91)

are satisfied with the above commutation rules when A, B,C are any of
the 8 operators J,Y, K,,, Q.

When a system of operators close (that is no new operators appear on
the right hand side) under commutation rules that are consistent with
the Jacobi identity, it is said that these operators form a Lie algebra. In
the present case these 8 operators form the Lie algebra of SU(3) and the
3 operators Jy, J4, JJ_ form the Lie sub-algebra SU(2). Verify that the
Jacobi identity is satisfied for
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(i) A=J,B=J_,C=Jy,
(ll) A= Kil/Z;B = Q$1/2,O = J() and C =Y
(iii) A= Ki1/2, B=Q+1/2,C = Jx.

7. Consider the 3-dimensional harmonic oscillator and its 3 creation-annihilation
operators. Recall that the eigenstates of the Hamiltonian are the number
states

(a)™ (ab) (ah)

In addition to the total number operator N = aial + a£a2 + a;ﬂ)ag define
the following 8 operators that commute with it

|n1,n2,n3 >= |0 > (892)

Jo = %(aial —alay), Jy=dalay, J_=ala
U+ Tas, U_ = agal, Vi =abas, V. =alay (8.93)

a
= %(alal + a2a2 — 2a3a3)

Using the commutation rules for harmonic oscillators it is not difficult to
show that these 8 operators close under commutation, hence they form
a Lie algebra. The operators J constructed from the first two oscillators
form an SU(2) sub-algebra. Furthermore, by comparison to the previous
problem we may identify

U+ = K1/27 V+ =K_ 1/2 U-= K Q 1/2 Vo= Ql/Q
(8.94)
Hence these 8 operators form the SU(3) Lie algebra. By analogy to the
SU (2) states of the 2D harmonic oscillator the number states |ny,n2, ng >
may be rewritten in terms of the eigenvalues of the commuting operators
N , Jo, Y with eigenvalues n, m, y respectively

(al)n/3+y/2+m ( T)n/3+y/2—m ( )n/3 y

Vn/3+y/2+m)! /(n/3+y/2—m)!l /(n/3—y)

where we have defined

|0 >

In,m,y >=

(8.95)

1
n =nq + ng + ns, mzi(nl—ng), y = =(n1 +na — 2n3).

3(
Verify that indeed these operators have the stated eigenvalues. Further-
more, by concentrating only on the first two oscillators and comparing to
the 2-dimensional case it is useful to define the quantum number j

Lny 4 m9) = n/34y/2. (8.96)

j=3

So, the state may be labelled |n,j, m,y > with the additional quantum
number j, but keeping in mind that it is a function of the others. From
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the positivity of the integers ny > 0 one derives the allowed values and
ranges of these quantum numbers

n = 0,123,---
(jvy) = (7217 g) T (nTikvniTSk)v 7(07_2%> (897)

e Compute the action of the 3 creation and annihilation operators on
the states, writing the resulting state in terms of the labels of the
type [n,j,m,y > .

e Using this result now obtain the action of the 8 operators which do
not change the value of n, and again give your result in terms of the
states labelled by |n,j,m,y > . Since the value of n cannot change
you have found irreducible representations of SU(3) for each value of
n. You will compare your result to the general solution of the SU(3)
problem given below and find out that it corresponds to a subclass
of irreducible representations.

8. Consider the 8 operators of SU(3) of the previous problem but now con-
structed with fermionic oscillators that satisfy {ba,b;} = Jqp. Verify

that the Lie algebra closes with identical coefficients as the bosonic case.
Show that the list of all possible values of the quantum numbers (n, j,y)
that may be constructed with fermions is

(n,4:y) = (0,0,0), (1,0,-2/3), (1,1/2,1/3)
(3,0,0), (2, O 2/3) (2,1/2,-1/3), (8.98)
i = 1[(3(nmod3) +y) mod2] .

Of course, for each value of j the remaining quantum number must take
values —j < m < j. If we interpret j as isospin and y as hypercharge,
then the three states with n = 1 have the quantum numbers of up, down,
strange quarks, while the three states with n = 2 have the quantum num-
bers of antiquarks (also of di-quarks). The states with n = 0,3 are SU(3)
singlets. There are other applications and/or interpretations of the math-
ematics. For example the three fermions b, with o = 1,2, 3 may represent
the three colors of quarks. Then we see that we can make a color singlet
state (3,0, 0) by putting three quarks of different colors together b;b;b};m >
since the 8 SU(3) generators annihilate this state.

9. Let us return to the general formulation of SU(3) in problem 2. For
every Lie algebra one can find polynomials constructed from operators that
commute with all operators in the Lie algebra. These are called Casimir
operators. For SU(2) the Casimir operator is J - J and it commutes with
every J;. For SU(3) there are two Casimir operators, one is quadratic and
the other cubic. Verify that the following two Casimir operators Cs, C3
commute with all 8 operators of the Lie algebra (if you find this too long
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do it only for Jo,Y, K 1/2,Q11/2)

Co= JFP+3Y(Y+2)+), KIK,
Cn Y +1)-YY +1)(Y +2)+>,2nK] JhK,
: +]:(11/2J-"-K’—1/27LK’11/2J—]:(-"-1/27%Zn[(;rz(YWLQ)K’n
(8.99)

You now have 5 operators that commute with each other: Cy, Cs,J?, Jy,Y,
and therefore they are simultaneously diagonalizable. Just as it is conve-
nient to parametrize the eigenvalues of J2 as j(j + 1), it is also convenient
to parametrize the eigenvalues of Cy and C3 in terms of two integers p, g

as follows
Cy=p+q+ (P* +pq+4?)/3,
C3=(p—q)(p+2¢+3)(qg+2p+3)/2T.

Thus, a complete labelling for an SU(3) state is |p, ¢; j, m,y > where y is
the eigenvalue of the Y operator and the rest are as described above.

(8.100)

Using the harmonic oscillator construction of the SU(3) generators show
that the operators Cs, C3 can be rewritten only in terms of the total num-
ber operator N (this is shown by rearranging the orders of the harmonic
oscillators). Hence, for this special case the two Casimir operators are not
independent from each other, and their eigenvalues ¢, p are not most gen-
eral. Show that the only possible eigenvalues are (p,q) = (n,0) where n
is the eigenvalue of N as it appeared above.

The general labelling of SU(3) states allows us, by definition, to immedi-
ately write down the action of the 4 operators J+ g and Y on the states.
Write them down. There remains to learn how to act with the remaining 4
operators K4y /5 and Q+1/2. They act like ladder operators that shift the
eigenvalues j, m,y but cannot shift p,q. It is straightforward to consider
the commutations [Y, K] and [Y, @,] to learn how y is shifted. In addi-
tion we can figure out immediately how j, m are shifted up to 4 unknown
coefficients A, B, C, D from the knowledge that K,,, Q,, are j = 1/2 tensor
operators and using the results of problem1

K1 alpajmy >= Ajmy pg,j + %imi %l,er 1>
+B jmy lpg,j — 3. mE 5,y +1>

Qil/2‘pq]my >= ijy |pQ7.7 + %,1771 + %71y -1>
+Djmy [pg,j —5.mE 5,y —1>.

(8.101)

In order to completely determine the remaining coefficients we need to
impose the commutation rules for [K,, Q] and also insure that Cs, Cj
have the eigenvalues given above. Impose these conditions and verify that
the 4 coefficients are given by

] GUH4y/2+1) (jEm+1) o G(=d+y/2) GFm)

Ajmy = \/ (25+2)(25+1) » Bimy = \V 27(2j+1) ’

Co = _\/G(—j+y/2—1) GEm+l) o[ GG+y/2) ((Fm)
Jjmy (27+2)(27+1) ’ Jjmy 2j(2j+1) :

(8.102)
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where

_ p+2g+3 P—q _ 2p+q+3
G(o) = (a+ 23 (0 4 5t (g — Zeigsd) 8.103
= —(CQ+1)ZL'—03.
Note that with these coefficients we find that, once p, g are fixed, there
are a finite number of states that are shifted into each other since we must
satisfy the inequalities

G(—j+y/2-1)>0, -G(j+y/2)=>0. '

in order to have real coefficients A, B, C, D (this is the condition of unitar-
ity= positive definite norm). Then the allowed quantum numbers (j, y)
are shown in the figure. The states are represented by the corners of the
cells in this figure. Note the maximum and minimum values of (j,m) at
the extremities of the lattice.

Verify that the allowed quantum numbers are the ones given in the figure,
and that the commutation rules [K,,Q,,| are satisfied and Cs,C3 are
diagonal on these states.

J=(p+/2
y=(p-Q)/3

=0 )
y=2(a-p)/$

l=q/2
y=-(ct+2p)/3

(p.q) representation of SU(3)
Fig. 8.1 — Basis of states for SU(3).

12. Using all of the above information, find the set of states for the cases

(p,q) = (1,0);  (p,q) =(2,0); (p,q) =(1,1); (p,q)=(3,0). (8.105)

How many states are there in each case? Compare your result to the states
(n,0) of the harmonic oscillator model.
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36. SU(n) MULTIPLETS AND
YOUNG DIAGRAMS

Written by C.G. Wohl (LBNL).

This note tells (1) how SU(n) particle multiplets are identified or labeled, (2) how to
find the number of particles in a multiplet from its label, (3) how to draw the Young
diagram for a multiplet, and (4) how to use Young diagrams to determine the overall
multiplet structure of a composite system, such as a 3-quark or a meson-baryon system.

In much of the literature, the word “representation” is used where we use “multiplet,”
and “tableau” is used where we use “diagram.”

36.1. Multiplet labels

An SU(n) multiplet is uniquely identified by a string of (n—1) nonnegative integers:
(o, B,7,...). Any such set of integers specifies a multiplet. For an SU(2) multiplet such
as an isospin multiplet, the single integer « is the number of steps from one end of the
multiplet to the other (i.e., it is one fewer than the number of particles in the multiplet).
In SU(3), the two integers o and [ are the numbers of steps across the top and bottom
levels of the multiplet diagram. Thus the labels for the SU(3) octet and decuplet

=1 I 3 >

=1

=0

are (1,1) and (3,0). For larger n, the interpretation of the integers in terms of the
geometry of the multiplets, which exist in an (n—1)-dimensional space, is not so readily
apparent.

The label for the SU(n) singlet is (0,0,...,0). In a flavor SU(n), the n quarks together
form a (1,0,...,0) multiplet, and the n antiquarks belong to a (0,...,0,1) multiplet.
These two multiplets are conjugate to one another, which means their labels are related

by (o, 3,...) < (..., 03, a).

CITATION: K. Hagiwara et al., Physical Review D66, 010001-1 (2002)
available on the PDG WWW pages (URL: http://pdg.1bl.gov/) June 18, 2002 13:58
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36.2. Number of particles

The number of particles in a multiplet, N = N(a, 3,...), is given as follows (note the
pattern of the equations).

In SU(2), N = N(a) is

N (aJer _ (36.1)
In SU(3), N = N(a, ) is
(a+1) (B+1) (a+8+2)
y=etD D - , (36.2)
In SU(4), N = N(a,f,7) is
v (et]) (B+1) (+D)  (a+p+2) (B+1+2)  (a+f+7+3) (36.3)

1 1 1 2 2 3

Note that in Eq. (36.3) there is no factor with (a + v + 2): only a consecutive sequence
of the label integers appears in any factor. One more example should make the pattern
clear for any SU(n). In SU(5), N = N(a, 3,7,0) is

(1) (B+1) (D) (0+1) (a+p+2) (B+7+2)

1 1 1 1 2 2
, (0+2) (et fy+3) (B +0+3)  (atB+a+d+4)
2 3 3 4 '

N =

(36.4)

From the symmetry of these equations, it is clear that multiplets that are conjugate to
one another have the same number of particles, but so can other multiplets. For example,
the SU(4) multiplets (3,0,0) and (1,1,0) each have 20 particles. Try the equations and see.

36.3. Young diagrams

A Young diagram consists of an array of boxes (or some other symbol) arranged in one
or more left-justified rows, with each row being at least as long as the row beneath. The
correspondence between a diagram and a multiplet label is: The top row juts out o boxes
to the right past the end of the second row, the second row juts out (3 boxes to the right
past the end of the third row, etc. A diagram in SU(n) has at most n rows. There can be
any number of “completed” columns of n boxes buttressing the left of a diagram; these
don’t affect the label. Thus in SU(3) the diagrams

L, H E o, L
represent the multiplets ( 0,1), (0,0), (1,1), and (3,0). In any SU(n), the quark

multiplet is represented by a smgle box, the antiquark multiplet by a column of (n—1)
boxes, and a singlet by a completed column of n boxes.

June 18, 2002 13:58
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36.4. Coupling multiplets together

The following recipe tells how to find the multiplets that occur in coupling two
multiplets together. To couple together more than two multiplets, first couple two, then
couple a third with each of the multiplets obtained from the first two, etc.

First a definition: A sequence of the letters a,b,c, ... is admissible if at any point in
the sequence at least as many a’s have occurred as b’s, at least as many b’s have occurred
as c¢’s, etc. Thus abed and aabcb are admissible sequences and abb and acb are not. Now
the recipe:

(a) Draw the Young diagrams for the two multiplets, but in one of the diagrams
replace the boxes in the first row with a’s, the boxes in the second row with b’s, etc.
Thus, to couple two SU(3) octets (such as the m-meson octet and the baryon octet), we

start with | and g 3. The unlettered diagram forms the upper left-hand corner of all

the enlarged diagrams constructed below.

(b) Add the a’s from the lettered diagram to the right-hand ends of the rows of the
unlettered diagram to form all possible legitimate Young diagrams that have no more
than one a per column. In general, there will be several distinct diagrams, and all the a’s
appear in each diagram. At this stage, for the coupling of the two SU(3) octets, we have:

|aa | a | a |
’ s s .
a a

a a

(c) Use the b’s to further enlarge the diagrams already obtained, subject to the same
rules. Then throw away any diagram in which the full sequence of letters formed by
reading right to left in the first row, then the second row, etc., is not admissible.

(d) Proceed as in (c) with the ¢’s (if any), etc.
The final result of the coupling of the two SU(3) octets is:

| aa —
®b

b\aa@ laa P la P la P la P |

ab a b a

b b a ab

Here only the diagrams with admissible sequences of a’s and b’s and with fewer than four
rows (since n = 3) have been kept. In terms of multiplet labels, the above may be written

(LD ®(1,1)=(22)® (3,000 (0,3)® (1,1) & (1,1) & (0,0) .
In terms of numbers of particles, it may be written
88=2791001008H8®1 .

The product of the numbers on the left here is equal to the sum on the right, a useful
check. (See also Sec. 13 on the Quark Model.)

June 18, 2002 13:58



Chapter 9

SOME APPLICATIONS
OF SYMMETRY

In this chapter we will discuss exactly solvable quantum mechanical systems
which have a symmetry structure. We will illustrate the power of group theory
in solving the problems and shedding additional light on the structure of the
system as compared to the more standard Schrodinger’s differential equation
approach. We will discuss one dimensional problems with special potentials
such as the Morse potential and it’s SU(2) structure, two dimensional problems
such as a particle in a magnetic field with its “magnetic translation group”
structure, The hydrogen atom in d-dimensions with its SO(d 4 1) structure for
d = 2,3,---, and the Interacting Boson Model of large nuclei with its SU(6)
structure.

9.1 H-atom in d-dimensions and SO(d+1)

The Hydrogen atom in d-dimensions is described by the Hamiltonian
_p_ze
2m  r|’

where r, p are vectors in d-dimensions. The Schrodinger equation for the cen-

tral force problem in d—dimensions was discussed in chapter 6. The complete
wavefunction is

(9.1)

() =r =2 o, () Trorn, (F) (9.2)
where fg;,(r) is the radial wavefunction and 77, p,...;, () is the angular wave-
function that is analogous to the spherical harmonics Y}, () in three dimensions.
As discussed in Chapter 6 (see section (6.6) and problem (6.10) ) T7,1,...1, (F)
can be represented as a completely symmetric traceless tensor constructed from
the direct product of [ powers of the unit vector ;. The norm is

[t = [ | () = 1. (0.3)

307
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It was shown in section (6.7) that the eigenvalue problem could be reduced to a
radial equation that looked just like the usual radial equation in 3-dimensions

ld(ld + 1) 2mZe? 2mE
2 _
<—ar patetd Imie  ZE) fma) =0, (9.4)
where d—3
lg=1+——, (9.5)
2
and ! =0,1,2,--- , which is a quantum number analogous to the orbital angular

momentum, is the rank of the completely symmetric traceless tensor T, 1,...1, (F).

The number of independent components of this tensor for a fixed value of [ in

d dimensions is

(Il+d-3)!
(d=2)!'1!

In 3 dimensions this number reduces to N(I,3) = 2/+1, i.e. the familiar number
of spherical harmonics Yy, (#). In 2 dimensions it becomes N(I,2) = 2 for | # 0,
and N([,2) = 1 for I = 0, which is consistent with the number of angular
momentum wavefunctions exp(img), with m = £I.

The solution of the eigenvalue problem proceeds just like the 3-dimensional
case, and we find that the energy is quantized as

N(l,d) = 20 +d—2). (9.6)

mc®  Z%a?
(n+ %)
where n =n, +1+1, and n, = 0,1,2,--- is the radial quantum number. The

ranges of the quantum numbers may be rewritten as

n=1,23,-

I=0,1,-(n—1). (9:8)
The degeneracy of the states for a fixed value of n is
n—1
B ~ (n+d-3)!
Dp(d)=> N(l,d) = CESRCESY (2n+d—3). (9.9)

=0

This general result agrees with the degeneracy of the states computed in Chapter
6 in 2 and 3 dimensions

D,2)=2n-1 in d=2
DnE?)) =n? in d=3° (9-10)
A plot of the levels in 2 and 3 dimensions is given in Fig.9.1. The quantum
numbers [, n are shown on the horizontal and vertical axes respectively, and the
degeneracy of each state is indicated.

How is this degeneracy explained? The Schridinger equation approach out-
lined above has produced degenerate states but has not given a clue for why
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&__1 E, (/2
|E| n? ||~ (n-1/2)?
—| 0 0 B
D=1+3+5 n=3 E] E] E]
=9 Dz]5.+2+2 . . .
n=2
D=1+3=4 n=2
=
n=1 n=1 .
D=1 D=1

Figure 9.1: Fig.9.1- Degeneracies in d=2 and 3.

there are unexpected degeneracies. The Hamiltonian is manifestly invariant un-
der rotations in d dimensions that form the group SO(d). This explains the
degeneracy for a given value of angular momentum [, but it does not explain
why states with different values of angular momentum have the same energy.
Therefore, we must seek a larger symmetry that is not manifest but nevertheless
is present. As a first clue note that, in two dimensions the number of degener-
ate states, D,,(2) = 2n — 1, coincides with the number of angular momentum
states, 27+ 1, provided we identify 5 = n— 1. This suggest that there may be an
underlying SO(3) symmetry for d = 2. Generalizing this clue to 3 dimensions
one comes up with SO(4) symmetry for d = 3. More generally, this observation
suggests that in d dimensions we might expect SO(d + 1) symmetry.

This detective-like approach gets reinforced with a stronger clue. Using the
definition of eq.(9.6) we may write the number of states computed in eq.(9.9)
in the form

D,(d)=N(n-1, d+1), (9.11)

which indicates that the degeneracy coincides with the number of independent
components in a traceless symmetric tensor of rank (n—1) in (d+1) dimensions.
This remarkable coincidence strongly suggests that the H-atom has a Hilbert
space isomorphic to the states of the rotation group SO(d + 1), as if there is
one extra dimension!

9.2 The symmetry algebra

With these clues we are now ready to construct the symmetry. To begin with,
the SO(d) rotation symmetry has operators

Lij=rip;—ripr (9.12)
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that generate infinitesimal rotations in the (7, J) plane. For example, rotations
in the 1-2 plane, (5127“1 = £12 7“2,(5127“2 = —&127T1, (5127‘3 = 6127”3 == O7 are
generated as follows

7
012771 = —ﬁ€12[L1277"1] =¢e12(r201 — r102)rr = €12 (r261r — r1d2r) . (9.13)

In two dimensions there is only one generator Lis, while in three dimensions
there are the familiar rotation operators Loz = Ly, L31 = Lo, Lio = L3. Their
commutation rules follow from those of (r7, pr) for any d

[L1y, Lir) =ih(0rx Lyr + 6y Lix — 1 Lyk — 05k Lir). (9.14)

These operators commute with the Hamiltonian since H is constructed only
from rotationally invariant dot products. This symmetry is responsible for the
degenerate states with a fixed value of [. By the same token, the quantities Ly
are all time independent since they commute with the Hamiltonian.

We must now look for additional operators that will give a higher symmetry
beyond SO(d). In three dimensions it was known in the classical mechanics
of planetary motion (that has the same form of Hamiltonian) that in addition
to the time independent angular momentum vector there is another constant
vector, the Runge-Lenz vector given by

A =Lxp-mZe’t, A=0. (9.15)

In quantum mechanics we expect this vector to commute with the Hamiltonian.
In d dimensions the Runge-Lenz vector is generalized to

I

Ar == (Lrsp” +p'L1y) —mZ627, (9.16)

DNO| =

where the hermitian combination of L;; and p” is taken. One can now check
that this observable does indeed commute with the Hamiltonian (see problem
(4))

[H, Ar] = 0. (9.17)

Hence we can regard A; as generators of a symmetry that leave the energy
invariant. The infinitesimal transformations of ry,p; that give this invariance
may be computed from the commutators (see problem (1)

7 7
ory = —g@J[AJ,T]], opr = —ﬁﬁJ[AJ,pI]. (9.18)

We now seek the Lie algebra of all the symmetry operators by commuting
L;j, A among themselves. After a lot of algebra one finds (see problem (2) )

[AI,AJ] :zﬁ(meH) LIJ, (919)

and of course, that A; rotates like a vector as indicated by the commutation
rule
[LIJ,AK]Zih((SIKAJ—(SJKA[). (920)
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We notice that if it were not for the operator H on the right hand side of (9.19),
the set Ly j, Ax would form a Lie algebra with constant coefficients (as opposed
to operators). However, since H commutes with all the operators L; s, Ag, it
effectively acts like a constant and therefore we may define a more convenient
operator

Ar
Lijg= — 9.21
that has commutation rules with constant coefficients
[L1j,Lrxo] = ih(drx Lyo— 05k Lio) (9.22)
[(Lio,Ljo] = ihLyy.

Hence we have a closed Lie algebra among the operators Ly s, Lkg.

Which Lie algebra is this? To consult Cartan’s table of Lie algebras we need
the total number of symmetry generators. Counting the number of L;; and
Lig’s we get

1 1
id(d -1)+d= 5d(d+ 1), (9.23)
which is the same number of generators as SO(d 4 1). To finally show that the

symmetry is really SO(d 4 1) it is convenient to define the rotations as if we
have d 4+ 1 coordinates labelled by u = 0,1, where I =1,2,---d.

Ly for p=I,v=J
Ly =14 Lio=—Lo  for {L=0"=) (9.24)
Loo=0 for p=v=

Then the commutation rules (9.14,9.22) take the form of the Lie algebra of
SO(d+1)

[LW,, L,{/\] = ih(élm Loy +6,, L#,i — 5#)\ L. — 0, L#,\). (925)

Therefore the symmetry of the H-atom in d dimensions is SO(d + 1)!

9.3 The dynamical symmetry structure of H-
atom

Having established that the Hamiltonian commutes with all the generators of

SO(d+ 1) one may wonder whether H is a function of the Casimir operators of

SO(d + 1) (this need not be the case in all instances). The quadratic Casimir
operator which commutes with every L, is given by

Oy = % > (L) = % > (L)’ + ; _(1;7;); (9.26)

nFEY I#J
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Using the explicit expression (9.16) for the Runge-Lenz vector one can show
that its square takes the form (see problem (3) )

> (Ap)? =2mH % > (Liy)® + 1 (E) + (mZe*)?. (9.27)

I I£J 2

The term proportional to A2 arises from the reordering of quantum operators;
it is absent in the classical theory. Inserting this result into the expression for
the Casimir operator we find a relation between the Hamiltonian and Co

-1
1 d—1\2
L (Y] 02

where we have used the expression for the fine structure constant o = €2 /Ac.

Having established this result, we can now reverse the reasoning: Given a
symmetry group SO(d+ 1) one can define all the states on which the symmetry
acts irreducibly. This means labelling the states with the eigenvalues of the
Casimir operators and other mutually commuting operators. It is often con-
venient to choose the additional operators as the Casimirs of the next largest
subgroup, then the Casimirs of next sub-subgroup, etc. until we reach the small-
est subgroup SU(2). The eigenvalues of all these Casimirs are known from the
representation theory of groups. Then, the eigenvalues and the eigenstates of
the Hamiltonian are completely solved by group theoretical methods.

9.3.1 2 dimensions

To see how this works, let’s start with the two dimensional Hydrogen atom for
which the symmetry is SO(3). The generators of the symmetry are

J3 = Lig=rips —12p1
1 1 1
S = (L L) — mZe? Tk
1 \/WL(HPQH)Q 12) mer}
B o= — L g - piLa) - mze22 (9.29)

Cy JP+ I3+ J3

The eigenstates and eigenvalues |jm > are well known to students of quantum
mechanics. We only need to decide which of these states belong to the H-atom.
Since m is the eigenvalue of the orbital rotation generator J3 = Lio, it can
only take integer eigenvalues. Hence j must be integer. Now we compute the
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eigenvalues of H

~1
) mc?(Za)? | 1 2-1\2 )
rim > = -meeR (1o ooy
me*(Za)? . . —1,.
= *%[](]+1)+1/4] 1|jm> (9.30)
mc*(Za)? | . ‘
= T3+ 1/2° ljm >, 7=0,1,2,---

Evidently we have recovered the same eigenstates and eigenvalues that were
computed with the Schrédinger equation approach in (9.7), provided we identify
j =n—1 as anticipated at the end of that section.

9.3.2 3 dimensions

The H-atom in 3 dimensions was first solved by Pauli. In this case there are
the three angular momentum operators L =r x p and the three Runge-Lenz
vectors K = A/v/—2mH. It is instructive to rewrite their commutation rules
given in (9.25) in the form

[LI7LL]] = 1ih €]JKLK (931)
(L1, K;] = ihernx Kk
[Kr, K] = iherk Li.

It is further useful to define the combinations

J&® = % (L+K) (9.32)
that have commutation rules
I = ihex T (9.33)
I = e I
57 =0

So, J(+) satisfy two independent SU(2) Lie algebras that are equivalent to the
SO(4) Lie algebra
SO(4) ~ SU(2)1 @ SU(2)_ . (9.34)

Therefore the states of SO(4) may be rewritten as the states of SU(2)+®SU(2)—
li4,mysi—,m_ >, ji = half integers (9.35)

This is the complete solution of the quantum mechanics problem (eigenstates
and eigenvalues) for SO(4). We only need to decide which of these states belong
to the Hydrogen atom. Furthermore, this notation brings us to familiar terri-
tory since we can now use the mathematics of addition of angular momentum.
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Indeed, as seen from the definitions in (9.32), the orbital angular momentum of
the hydrogen atom is the diagonal sum of the two commuting SU(2) algebras

L= J(Jr) + J(,). (9.36)

Therefore, we may also find it convenient to use the “total angular momentum”
states that determine [ in terms of ji

|j+,j7;lvml >, l:|]+_]*|a a(j+ +‘7*) (937)

The quadratic Casimir operator of SO(4) given in (9.26) may be rewritten
in terms of the Casimir operators of the two SU(2)'s

Cr =12+ K =2 (32, +J%)) (9.38)

Furthermore, in the present problem L and K are perpendicular L - K =0 (this
is easy to see in vector notation in the classical theory as given in eq.(9.15), but

is also true as operators). A consequence of this is J % = J %ﬁ) so that their
eigenvalues are forced to be the same
je=j-=J. (9.39)

This means that for the Hydrogen atom we can only admit the subset of SO(4)
states (9.37) of the form

|.ja.j;l7ml >, l:0717"'72ja .]:071/25173/2’ . (940)
On these states the SO(4) Casimir (9.38) takes the values
02 |j7j;lvml >= 4h2j<]+1) |j7j;lvml >, (941)

and the Hamiltonian has the eigenvalues

-1
. mc2(Za)? | 1 3-1\° ..
Hj, il > :—% ﬁCng(T) 14, 53 Ly >
me*(Za)? - .. 1. .
= —%[4,7(]‘1‘1)4‘1] g, g Lamy > (9.42)
mc?(Za)? j=0,1/2,1,3/2,---
- _ il ’ » o ’
2@ 1) dibm > {l:0,17--- 2

This result is in complete agreement with the Schrodinger equation approach,
provided we identify the total quantum number as

n=2j+1. (9.43)

Furthermore, the degeneracy is easy to understand. The number of states in
the SO(4) multiplet |j4,my;j—,m_ > is (254 + 1)(2j— + 1). However, for the
H-atom we specialize to j+ = j_ = j, which leads to the degeneracy

D= (2j+1)* =n? (9.44)

as found in Fig.9.1. Evidently, we have now gained a lot more insight into the
multiplet and symmetry structure of the H-atom in three dimensions.
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9.3.3 d dimensions

With the experience gained in d = 2 and d = 3 we are now prepared to iden-
tify the symmetry structure of the eigenstates and eigenvalues of the H-atom
in higher dimensions. The general SO(d 4 1) problem has a Hilbert space la-
belled by the [(d+ 1)/2] Casimir operators. For the H-atom we need to identify
the appropriate representations that correspond to a subset of these Casimir
eigenvalues. In d = 2,3 we saw that we had to restrict to a subset also.

The degeneracy computed in eq.(9.11) identifies the number of states that
should be found in the SO(d+ 1) multiplet as D,,(d) = N(n—1, d+1). Namely,
the correct multiplet corresponds to the traceless symmetric tensor of rank (n —
1) in (d 4+ 1) dimensions. That is, we are invited to think of the Hilbert space
of the H-atom as being isomorphic to the Hilbert space of angular momentum
in (d+ 1) dimensions. The quadratic Casimir operator is then easily evaluated:
we just apply the same formulas derived in Chapter 6, eq.(6.90), but with the
substitution | — (n — 1) and d — (d + 1), namely

Co(n—1,d+1) =h*(n—1)[(n — 1)+ (d+ 1) — 2)]. (9.45)

Therefore the Hamiltonian has the eigenvalue

piw - 22 Lo (5]
_ _mc2(2Za)2 [n+d;3}2

which agrees completely with the Schrédinger equation approach.

The mathematical structure of the symmetry is now fully clarified. The
symmetry is isomorphic to rotations in d + 1 dimensions and the Hilbert space
of the H-atom is isomorphic to angular momentum states in d 4+ 1 dimensions.
We conclude that the H-atom in d dimensions is a quantum system isomorphic
to a particle moving on the surface of the unit sphere in d + 1 dimensions. The
Hamiltonian of such a particle reduces precisely to Cy when the constraint

B = (w0,x),  aR4xt=1 (9.47)

is taken into account

d 1
2
C’2 = Z (2%)2 = 5 Z (L,Lw) ) (948)
pn=0 pFY
with

L, = —ih(x,0, — x,0,). (9.49)

The Hilbert space of the particle problem is precisely the traceless symmetric
tensors Ty yiyep, s (x) constructed from a unit vector in d+1 dimensions. The
Hamiltonians of the particle problem in d 4+ 1 dimensions and of the H-atom are
related to each other as given above.
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9.4 Interacting oscillators and dynamical sym-
metries.

There are many problems in physics that can be formulated (at least approxi-
mately) in terms of harmonic oscillator creation-annihilation operators and their
interactions.

We recall from Chapter () that any multiparticle Hamiltonian which is at
the most a quadratic polynomial in the positions or momenta may always be
diagonalized exactly in terms of normal modes that correspond to independent
harmonic oscillators. For the purpose of the present section, these harmonic
oscillators will be called “free”, and the free Hamiltonian will be denoted by

N
Hy=h)Y wiala; (9.50)
=1

where w; is the frequency of the normal mode i.

In applications these creation-annihilation operators may represent the creation-
annihilation of particles (electrons, protons, neutrons, etc.) or collective exci-
tations of a crystal such as phonons, or collective bosons in nuclei that corre-
spond to paired nucleons, etc.. Accordingly aI, a; may be fermions or bosons
and therefore their quantization is specified with canonical anti-commutators or
commutators respectively

fermions {ai,a}} =i, {ai,a;}=0= {a},ai} (9.51)

af.af].

These particles are allowed to interact with each other. During the inter-
action the particle number may be conserved or violated. Interactions of these
types may involve the creation of n particles and the annihilation of m ones, as
represented by the operator

7ot T
ailaiQ e ainajl aj? e ajm, ° (952)

bosons {ai,aﬂ = 0ij, [ai, a;] =0

It turns out that quite a few physical systems have an approximate description
in terms of Hamiltonians that involve particle conserving quartic interactions of
the form

N
H = thl a;rai + Z)\iliZ.jljZ a;al;ajlajz + e (953)
=1

There are, of course, also other systems for which there are particle non-conserving
quartic interactions, as well as interactions that are described by other polyno-
mials of creation-annihilation operators (including cubic, etc.) as implied by
the dots - - -.

In general it is not easy to find the eigenstates and eigenvalues of these
systems. However, in some cases the coefficients A; 4,j, 4, etc. have certain rela-
tions among them such that the overall Hamiltonian has a symmetry structure.
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Then the symmetry permits an exact quantum mechanical solution of the sys-
tem. In the following we give a few examples of this type. Some of them are
purely mathematical structures that help to explain the idea, while some others
are real applications that have been very useful in the description of complex
physical systems (interacting boson model, etc.)

9.4.1 SL(2,R) and harmonic oscillator in d-dimensions

Consider the following construction of the generators for SL(2,R)

1 1

Jy = icﬁm, J_=§a~a (9.54)
1 d

Jo = 55T6+Z

where the creation-annihilation operators are vectors in d—dimensions ay, a}, I=
1,2, --d. The commutation rules are

e, J ] = —2Jo, [Jo.Ju] = £J4 . (9.55)

These differ from SU(2) only by a minus sign, i.e. —2.J; instead of 2.J;. We
have learned in problem () that for SL(2,R) we can simultaneously diagonalize
Jo and the quadratic Casimir operator given by

Cy = J2— % (Jpd_+J_Jy) (9.56)
= Jo(Jo—1)—JyJ_

The states for SL(2,R) are labelled |j,m > . In the general case j, m may take
values in any of the four unitary representations: principal series, supplementary
series, and the two discrete series. We will see that in the present case we obtain
all of them, but only for special values of j in each series.

We may consider a Hamiltonian constructed from the oscillators ay, a}, I=
1,2,---d such that H is a function of only C5. Let’s construct the Hamil-
tonian (or C) in terms of oscillators by substituting the generators in terms of
oscillators

1 d\? 1 d 1
_ o B I D BT B
Cs (2 a+4> Ay AR (9.57)
2 d (d—2 1
= 1_6_Z+( 1 ) 4t @’+Z(5T~d‘5T~d‘—a’T~de‘~d)

So, this is a particle conserving type quartic interaction with some special co-
efficients. In this case we anticipate two symmetries. The first is SO(d), the
rotation symmetry in d—dimensions, due to the fact that only dot products of
the oscillators appear. In addition, we also have an SL(2, R) symmetry since
the generators Jy + commute with Cs.
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There is one further simplification we can make by noticing that the quartic
interaction can be rewritten in terms of the Casimir operator of SO(d). Re-
call from the study of the d-dimensional harmonic oscillator, that the angular
momentum operator in d—dimensions is

L]J =1h (CL;CLJ - CLTJCL]) (9.58)
and the Casimir operator that commutes with all L;; is
1 2
C2 (SO(d)) 52 IXJ:( 17) (9.59)

= (d-2 ad-a+(a@-ad-a—da-aa-a

Furthermore, the eigenvalues of angular momentum for the harmonic oscillator
in d—dimensions are completely determined at level @' - @ = n as follows (as in

eq.())

1
ﬁZ(L,J)Q = I(l4+d-2) (9.60)
1,J
;o 9. 0 if n=ceven
LR B if n=odd

Putting these results together we can write Cy for SL(2,R) in terms of the
eigenvalues of the harmonic oscillator states

C: = % dZQ d+252;@”)2
jG+1) = i<(d_42)2+l(l+d 2)-1)
_ §<zd+%)2—i (9.61)
- e
j+1 = %(l—i—g)or %(—l—g—i—l)

9.5 Particle in a magnetic field

Consider a spinless particle moving in a time independent magnetic field B =V x A,
where A is the electromagnetic vector potential. The Hamiltonian is

1
H = §mv2 (9.62)
€

P—ZA(P)

mv
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where p is the momentum canonically conjugate to r. Note that v has the
commutation rules
€
[(mv;) ) (m’UJ)] = ZFLE(V]AJ - VJA])
= th EIIK BK(I‘). (963)
c

The Hamiltonian may be rewritten in the form

1 2 e € e? 2
H=_—(p"—2-A -p+i-V - A+-A" ), (9.64)
2m c c c?

where the V - A arises from commuting p to the right hand side. We will
consider a couple of examples of magnetic fields

1. A constant magnetic field B =Bz pointing in the z-direction, where B is
a constant.

2. A radial magnetic field of the form B(r) = (BJTQ)IA‘ due to a magnetic

r2
monopole.

Constant magnetic field

For a constant magnetic field B = V x A the vector potential is!

1
A=ZBxr. (9.65)

IMore generally the vector potential takes the form
1
A :EB xr+ VA

where A is an arbitrary gauge function of z,y,z. A convenient gauge choice which we use
in the text is A = 0, but other gauge choices are also convenient for various purposes. For
example B = zB is also obtained if A is of the form (A; = 0, A2 = z1B, Az = 0). This
case may be written in the form A :%B x r+ V(Bziz2), or A = Bxjze. The Hamiltonian
is simply
H= i (P} + (p2 — eBz1/c)® +p3) .
This Hamiltonian can be diagonized in a basis in which pa and p3 are diagonal. Then the
motion in the x1 direction corresponds to a translated harmonic oscillator. The choice of
gauge changes the explicit symmetry of the problem. In the present case there is explicit
translation invariance in the §,2 directions. But the actual physical symmetry as well as the
physical results are still the same as the ones presented in the text, as seen in the following
discussion.
In the general gauge consider the modified momentum and angular momentum operators

P = mv+£B><r:pffVA
2c c
J = rxp
The commutation rules of the p; are the same as the canonical py, namely
[rr,pg] = ihé1y,
e
[br,ps] = Z’le(VNJA -V ViA) =0
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The Hamiltonian takes the form

2
_ D3 m . o 2
H = % + 5 (’U1 + ’1)2)
1 9 9 9 e’ B? 9 9 eB
= 5 (pT +p3+p3) + S (23 +23) — 5L (9.66)
B ﬁ-l-i 2+L§—h2/4 +€2322_€BL
T o2m o 2m \'" r2 8mc? ome >

where r = (2} + 23)/2, p, = r~1/2(—ihd,)r'/? are canonical conjugate ra-
dial variables in 2-dimensions (see chapter on central force problem) and Lz =
(21p2 — x2p1) is the angular momentum in the z-direction. We recognize the 2D
harmonic oscillator as part of the Hamiltonian.

This Hamiltonian is evidently symmetric under translations and rotations
along the z-axis. The generators of these symmetries p3 and L3 are constants
of motion. The classical motion of the particle can be easily inferred: to keep
the constants of motion, the particle must move uniformly along the z-direction
while rotating uniformly along the z-direction. So, this is a spiraling motion
along the z-axis combined with oscillations perpendicular to the z-axis.

The quantum wavefunction is labelled with the simultaneous eigenvalues of
energy H = FE, angular momentum L3 = hp and momentum ps = hk. Then
H|E,u,k >= E|E, u, k > is rewritten in the form

[Lm(pT-i-M)-i-m“ :||E31U')k>

(9.67)
= (B + hwp — BB, .k >

where w = 2mc The left hand side is just the 2-dimensional harmonic oscillator
Hamiltonian whose eigenvalues are fiw (n + 1) . Recall that the quantum number

This allows us to compute easily the commutators of J = r X p with J,r,mv = f)fiB X r,

and H = —mv2 in any gauge as follows
[Jr,Jy] = idhergx Jx
[Jr,ry] = dhergx v, [J1,bJ] =iherjk P
[J3,v1] = idhwe, [J3,v2]=—ih v1
[J3,mv3] = 0, [J3,H]=0, [mvs,H]=0.

This shows that in any gauge J3 and mwvs = p3 commute with the Hamiltonian as well as
each other. Hence they generate symmetries, and their eigenvalues label the degenerate energy
eigenstates.

In the gauge A = 0 the generators of the symmetries become mwvs = p3, J3 = L3, hence
the symmetries are translations and rotations along the z-direction. However, even if A # 0
breaks the manifest symmetries, as in the example above, there still are “translation” and
“rotation” symmetries that lead to the same degeneracies and classification of states. In the
example above these are given by ps = p3 and the following form of J3.

J3 = x1p2 — w2P1
eB
= 21p2 — z2p1 + — (25 — 23),

2c
[J3s,H] = 0.
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n is the sum of a radial quantum number n, and angular momentum [ = |y .
Thus identifying this eigenvalue with the right hand side we find

eBh h2k?
E = —(n, — 1 )

2mc(n +lpl—p+1)+ o
ny = 0,2,4,6 - (9.68)
g o= 0,£1,42,-

Note that the vacuum state is infinitely degenerate since n, + |u| — p = 0
occurs for an infinite number of values. In fact in order to exhibit correctly the
degeneracy of each state we define

2N =n, + |p| — 1, (9.69)

since n, + |p| — p is an even integer. Then we may rewrite

21.2
oo Bh(y 1), Kk
me 2 2m
N = 01,2, (9.70)
no= _Nv_N+17"'7071727"'

We now see the infinite degeneracy as labelled by the magnetic quantum number
. A given energy level N may be achieved either by radial excitations (n,)
or by orbital excitations that spiral in the clockwise direction (negative p),or
a combination of the two. There is no energy gain for anti-clockwise orbital
excitations (positive ).

The wavefunction in position space ¥, , ,(r) =< r|E,p,k > is given in
terms of the 2D harmonic oscillator radial wavefunction R, ,(r)

T/JN,;L,k(r) = Ceikmgeiu¢anu(r)’ (9'71)

where the 2D harmonic oscillator radial quantum number n,. is related to the
total quantum number N and degeneracy label p of the current problem. This
probability amplitude is consistent with the classical motion described above
(spiraling in the z-direction combined with oscillating in the radial direction).
For a given energy level N the lowest radial quantum number n,. = 0 is obtained
for the most negative magnetic quantum number p = — N, corresponding to a
particle that is spiraling in the direction opposite to the magnetic field.

Algebraic method

There is another quick algebraic solution that yields the same results. Since
this gives more insight and provides an example of useful methods as well, we
describe it here. From (9.63) we have [v1, vo] = iheB/cm?. Except for the overall
normalization, these commutation rules are isomorphic to the commutation rules
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of position-momentum operators. So we may define one-dimensional harmonic
oscillators and rewrite the Hamiltonian in terms of them

cm? cm?
“ ohep Ut i)l = 5E (v —ive) (972)

2 2
S SO LU S A : S LU PP
i = 2m+ 2 (vl—i_%) _2m+ me <aa—|—2
Therefore, the eigenstates are
1
(aHN0,k >, (9.73)

VNI

and the spectrum is

h’k*  eBh 1
E = —+— [N+ 9.74
2m * mc < +2> (0.74)
N = 0,1,2,---

This agrees with the spectrum obtained above.

Next we need to understand the role of angular momentum and explain the
degeneracy as well. The Hamiltonian is axially symmetric, so it is simultane-
ously diagonalizable with angular momentum L3. The commutation rules with
the oscillators are

[Ls3,a] = a, [Lg,CLT] =—af (9.75)

Therefore, each time a creation operator is applied on a state it lowers its angular
momentum by one unit. So, we must identify the magnetic quantum number of
the state as follows

IN, p, ke >= (aHN|0,u+ N, k> . (9.76)

1
VN!
However, we still need to find out the allowed values for p. For this we need the

properties of the wavefunction.
The wavefunction is separable as

UNn k() = <rIN,pk> (9.77)

eik)xg
\/ﬁ FNM(ZM,!EQ),

where Fl,, is computed by exploring the properties of a and a' as follows

<£E1,£E2|CZ =< .’L'1,.’L'2‘ [wﬁ(]ﬂ +ip2)+ gTi(ngiml)}

_[ e (0o — i) + %ﬁ(xziml)} < 21,2

eB eB .
= e ) =1 e —i¢
w =1/ T (o +ixy) =1 Tk (9.79)

(9.78)

Defining
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we can write

d w*
==+ 9.80
< @1,22la (dw—i— 5 ) < 21, T2 (9.80)
< @y, xalal = _d +2) <o Za|
1,42 - dw* 2 1,L2]-
This leads to
1
FN;L(ZEl,iEQ) = W<ZL‘1,:E2|(GT)N|O,,LL+N>
1 d w\™
= — |- — | F 9.81
m ( dw* + 2) O,M+N(l’1,$2) ( )
Fopuen(z1,22) = <x1,2200,p+ N >

The ground state wavefunction Fy 4y satisfies a differential equation derived
by acting with a to the right or left as follows

w*

d
0=< 1’1,1‘2|CL|0,M + N >= <% + 7) oy n- (982)

The general solution of this first order equation is Fy ;4 n (w,w*) = f4n(w*) exp(—ww*/2).
But we also know that the angular momentum of the state is L3 = p+ N, which

demands that the wavefunction be proportional to exp(i¢(u + N)). This fixes

fuan(w*) =C (w*)**N . So, we have derived the wavefunction except for the

overall normalization

(w*)u+N —Lww*

Fousn(z1,72) = Cugn e
N
Fyu(z1,72) = Gy ([ _d +2 [(w*)“+N e_%ww*} (9.83)
s VNI dw* = 2

CLH‘Neflww* (_ d

N
dw* +w) (w*)”+N

The vacuum state must have positive values of angular momentum so that its
wavefunction is well behaved near the origin 1 = zo = 0. Hence yu+ N > 0,
which implies that the degeneracy of the state at energy NV is given by

uw=-N,—-N+1,---,0,1,2,---. (9.84)
This is the same result obtained above.
Particle in a magnetic monopole field

Consider a particle moving in a radial magnetic field of the form

B(r) =——t = -v-L (9.85)
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The value of the magnetic field at » = 7y is normalized to the constant By =

B(TO) = 47”% . The divergence of this field is
4 r (r)5 ( )

which indicates that the field is due to a magnetic monopole at the origin whose
magnetic charge is equal to the flux passing through the spherical shell at r = 7,

g= 47r1"(2) By.

The vector potential that produces this magnetic field through V x A =B
is the Dirac monopole field. In spherical coordinates (r, 6, ¢) it is given as
g cotf -

A=-2 A. .
pred R4 (9.87)

where (}5 is the unit vector in the ¢-direction, and A is a gauge function that we

will fix to A = 0 in our discussion. To verify this result recall that

£, 1 =0 +¢ ) (9.88)

£0, - — .
r? rsing ¢

dop = 0, Oy = —(Ocosh+isinb).

v

The Hamiltonian (9.62) may be rewritten in the form

1
H = %(U?—FT—Q(rXV)Q) (9.89)
= 1(f‘ v+v f')*1
Ur = 5 —mpr

where p, = % (—tho,) r is the radial momentum that is canonically conjugate to
r in three dimensions, as seen in previous chapters. This has the familiar form
of spherical decomposition. The term (r><mv)2 looks like the square of angular
momentum . However, since the components of v do not commute with each
other (see (9.63)) the expression for angular momentum needs modification so
that it forms the correct Lie algebra. Thus one finds that there is a modified
expression that works as follows

J = rx(mv)+hst
(Ji,Js] = iherjx Jx (9.90)
s = —eg/4nhec.

where s is dimensionless. It is useful to represent J purely in terms of angles
~ h ~
J = hst+6 (hscotf+ ,1—0(;5) — ¢ ih0y
sin
Ji = het®(£9p + cot 00, + S.ie), Jo=—ihdy  (9.91)
in
(rxmv)® = (J—hst)’ =I2 — k%> = B2[j(j + 1) — &7
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The terms proportional to s are due to the presence of the magnetic field. Thus,
the Hamiltonian can be written in terms of the modified angular momentum

1 1
H=—[p2+—J?—n*s?)]. 9.92
[ 5 (P — 25 (992)
Therefore, H commutes J, which implies that H is invariant under the modified
“rotations” generated by J. Note the problem with the same symmetries can be

generalized by including also an arbitrary potential V (r)
1 1
’_ 2 2 2.2
H =3 [Pr+T2(J h*s)] 4+ V (r). (9.93)

The states may now be labelled as |E, j,m > and we need to find out the
allowed values of j, . To do so we must consider the wavefunction in position
space

Vpjm(r) = <T|E,j,m >= Rg;(r) gjm(0, ¢) (9.94)

and impose the structure of J in terms of angles. Thus, by sandwiching the
Jo, J+,J? operators between states we derive the following constraints

_Za¢g_1m(0v ¢) = MGjm (67 ¢)
O£y + 0t 00, + 57)95m (6. 6) = £/TT+ 1) — (£ 1) gm0, 6)
szl (sin09p)” + (9 — is cos 0)*)gjm (0, ¢) = j (5 + 1)gjm (6, 0)

The solution is the rotation matrix up to a normalization constant since it

satisfies the same conditions (e.g. compare the third equation to eq.() in chapter
7,

gim(0, ¢) = ijSDgns(gba 0,0) = ijseim(ﬁdgns(e)' (9.95)
Furthermore, the radial wavefunction satisfies the equation
h?q(q+1
w2 D ) Reyr) = @mE) Rey) (0.96)
ji+1)—s* = qlg+1)

which is identical to the radial equation of the free particle, as studied in chapter
6, if v (r) = 0. In this case, its solutions are given in terms of spherical Bessel
functions Rg;(r) = j,(kr), and the energy F = h?k?/2m is continuous.

We see that, as compared to the free particle angular solution Y, (6, ¢) ~
em®d’ (), the angular solution in the present case involves dJ, .(#), where the
non-zero s is due to the magnetic field. However, for consistency with angular
momentum quantization, it must be that s is quantized! Since the allowed
quantized values of j are either half integer or integer, so the allowed quantized
values of s are also half integers or integers. Therefore

1
[s| = ‘%‘ = integer or <integer + 5) (9.97)

This quantization seems surprising at first, but it is consistent with other argu-
ments that the charges of monopoles must be quantized. Therefore, its magnetic



326 CHAPTER 9. SOME APPLICATIONS OF SYMMETRY

field is also quantized. The value of |s| is a-priori determined by the magnetic
monopole at the origin. The minimum non-trivial value of |s| is 1/2.

Now we are prepared to give the allowed values of j. Since s plays the role
of third component of angular momentum in d? . (0) =< jm|exp(iJ20)|js >,
then j > |s|. Thus the solution is completed by giving the following list of the

allowed values for the quantum numbers

[sl, IsI+ 1, Is| +2, [s] +3,- - (9.98)
= [(j+1/2° =577
Vijm(®) = Cjims jg(kr)dl, (0) ™.

We see that there is a minimum value of ¢

Gmin(8) = —1/2+ +/|s| + 1/4. (9.99)

Hence, for non-zero s the wavefunction must vanish at the origin, which means
that the particle has little probability to sit on top of the monopole at the origin.

9.6 PROBLEMS

1. Compute [A;, H] and show that it is zero. It is useful to use as much as
possible that L;; commutes with scalars. For some of the computation,
it is also useful to recall that p? can be written in terms of the radial
momentum and angular momenta

1
P’ =p + ﬁL%Jv (9.100)

and that the commutator between angles and the radial momentum van-
ishes [7r,p?] = 0.

2. Compute [Af, ;] that appeared in eq.(9.18). Tt is useful to use as much
as possible the properties of [L;j,rk]. Give your answer in terms of the
quantities D = % (r-p+p-r), the antisymmetric Ly, and the symmet-
ric traceless tensor Qry = rps+rypr— %D. Recall that the set (L;y, Q1)
form together the SU(d) Lie algebra and D, which is the dimension oper-
ator, commutes with these dimensionless quantities.

The infinitesimal transformation that leaves the classical action for the
H-atom invariant is obtained from = —*L[A;,7,] as a linear combination
of these operators (find it). Now, replacing p =mi# and ignoring orders of
operators classically show that it reduces to

0 = er-f —2e-r r+e-Tr (9.101)
= rx(ext)+ex(rxr).

(the first line is in any dimension, the second one is valid only in three
ze?

dimensions). Next show that the classical Lagrangian L = %mi‘2 + =
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transforms to a total time derivative, which is consistent with the symme-
try of the action (see chapter on symmetry)

deL = O/Ac
g€ T

Ao = —mlex i) (rx F)-Ze ==, (9.102)

3. Compute the commutator [Ay, A ;] that appeared in eq.(9.19). It helps to
first compute [Ar, ;] and [A7,ps] as in problem 2.

4. Compute Y, A% that appeared in eq.(9.27) and verify the result given in

the text.
5. Consider the Hydrogen atom perturbed by external fields or forces such
that
H = Hy+H
2 2
P Ze
Hy = ——— 9.103
0 2m T ( )
H1 = £ A3

where A :%(L X p—p x L)—mZe?# is the Runge-Lenz vector, and ¢ is
a positive parameter. Using the SU(2); ® SU(2)— symmetry structure
of the problem, as given in the attached class notes, solve exactly for the
eigenvalues and eigenstates of the total Hamiltonian.

Then plot the 4 states for the n = 2 level, indicating their relative energies,
together with their quantum numbers.
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9.8 Particle on spherical shell in monopole field

The problem we have just solved may be modified by putting a constraint that
the particle be restricted to move on the surface of the spherical shell at r = rg.
This implies that the radial momentum vanishes on the wavefunction p,. = 0.
Therefore, the Hamiltonian in (9.89,9.92) reduces to
m 2
H = 2—7%<r X V)
1
= 5 (J% = 1?s?) (9.116)

2mrg
B o
T mrZen’o [(sin@0p)” + (Op — iscosb)?]
0

We have already solved this problem above, and found the solution listed in
(9.98), but in this case the energy is quantized
R2[j(j+1) — 52
E() = 9.117
() o (9.117)

Vim @) = Cims diny(0) €™
Let us now take 1o = 1 in some units, and consider the stereographic pro-
jection of the spherical shell on the plane that passes through the equatorial
plane. The mapping is done by drawing a straight line from the north pole to
a point on the plane. The line cuts the sphere at a point parametrized by the
spherical coordinates (0, ¢), and cuts the plane at a point parametrized by the
cylindrical coordinates (p, ¢). Note that we have the same coordinate ¢ in both

cases, as can be seen by drawing a picture. Graphically it is also easy to see
that

0
p = cot > (9.118)

The north pole (6 =0) is mapped to infinity (p = oco) and the south pole
(0 =7) is mapped to the origin (p = 0). We next make one more change of
variables to a set of generalized coordinates (¢1 = Inp, g2 = ¢) whose ranges
are —o0 < q1 < 0o, and 0 < g2 < 2m, corresponding to the infinite strip. The
relation between the spherical angles and the variables on the strip are now

, 0
et T2 = cot, 56“15. (9.119)

The Hamiltonian takes a simple form in terms of the variables on the strip by
noting that

sin 6 89 = 8q1,

si;;lﬁ [(sin@ 30)2 + (04 — iscos 0)?]




Chapter 10

VARIATIONAL METHOD

With this chapter we begin the study of approximation methods in quantum
mechanics. We will study several methods that yield approximate results of
different kinds. The variational method, the WKB approximation, and per-
turbation theory, both time independent and time dependent, are the major
approximation techniques. The variational method is a “quick and dirty” ap-
proach to obtain an approximate description of the ground state energy and
wavefunction. The accuracy of the results depend mostly on the physical in-
tuition that one has about the system. The WKB approximation yields the
leading orders in an expansion of A. Thus, it is a semi-classical approximation
and works well for states with large quantum numbers. Finally perturbation
theory is a systematic expansion in a small parameter that represents a small
perturbation of an exactly solvable quantum mechanical system. In principle,
with perturbation theory one may compute systematically to all orders, but in
practice it is difficult to compute beyond a few orders. Low order perturbation
theory works well when the parameter of expansion is indeed small.

The variational method may be applied to simple as well as complicated
systems. It is worth trying this approach for a quick estimate of the properties
of the system in its ground state. One may also obtain less reliable information
on the next few excited states. The method requires a guess for the form of the
ground state. The closer the guess is to the actual ground state, the better the
results are. But, in the absence of an exact computation, there is no way to
know how good the guess is. This is why a good physical intuition about the
physical system is of great importance.

10.1 Variational theorems

The following two theorems are at the basis of the variational method. Consider
any Hamiltonian H, and any quantum state |¢) >, and define the expectation

331
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value for the energy in this state

_ <ylHPY>
E(d’)— <w‘w>

Theorem 1 When |y > is varied |p >— |¢p + 0 >, then the energy E(v)
is stationary when | > is in the vicinity of an eigenstate of the Hamiltonian
[ >~ |E, >.

Theorem 2 The energy E(v) is always larger than the true ground state energy
E(), i.e. E(iﬁ) > E().

To prove these theorems consider the variation of E(v))

_ 1
<Yl >

where h.c. stands for hermitian conjugate. If |1 > is an eigenstate of energy
|E, >, then using H|E, >= E,|E, > and E(¢) = E,, it is evident that
0E(v)) = 0. This proves the first theorem.

Next consider E(¢) — Ep, multiply the second term with identity in the
form 1 =< 9¥[¢p > / < 9|y >, and then introduce the identity operator
1=>" |En >< E,| as follows

E(Y) — Ey = TL/» (<Y|H[ > —FEy < lp >)
= =i Lo (S Y[H|Ep >< Eplp > —Eo < Y|Ep >< En|) >)
= Zgi5s LB — Eo) [<Y|Ep > 20

SE() (< 6Y|HWY > —E(¢) < dv|y >) + h.c.

(10.1)
The last inequality follows since every term in the sum is positive thanks to
the fact that Fy is, by definition, the lowest energy. This proves the second
theorem.

As a result of these theorems it is possible to obtain an estimate for the
ground state energy by making an educated guess for the ground state wave-
function. One uses a trial wavefunction ¢(x, A;) which includes some parameters
A; that relate to the physical properties of the system. As a function of the para-
meters one is really considering a family of trial wavefunctions. By minimizing
E(y) = E(\;) with respect to these parameters, i.e. dE(¢)) =0, or

OE
N

0, — M=\
one obtains an estimate for the value of Ey ~ E(\)) (note that Ey is a lower
bound, since E(\;) > Ep). Thus the “best” ground state wavefunction within
the trial family, ¢¥y(x) ~ ¥(z, )\?), has the value of the parameters )\? that
minimize the energy. One may improve the estimate of the ground state energy
Ey, by including more parameters in the family of wavefunctions.

One may consider excited states as well. The first theorem holds. In the
proof of the second theorem, one may substitute Ej, the next excited energy
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level. If one insures that the state |¢) > is orthogonal to the true ground state,
< 9|Ep >= 0, then every term in the sum is positive, and therefore for such
[t) > one gets E(v)) > Ej. To consider higher excited states one must choose
|1 > orthogonal to all lower energy eigenfunctions. The difficulty is that the true
eigenfunctions are unknown. At best, one may compute at each step an estimate
for the energy eigenfunctions, such as ¥,(x) ~ ¥(z, )\?), etc.. Therefore, errors
accumulate as one considers higher energy levels, so that the estimates become
less and less reliable. The situation improves if there are additional conserved
quantum numbers, such as angular momentum, that help define orthogonal
eigenfunctions. Then one may obtain a good estimate for the lowest energy
level with a fixed angular momentum [ = 0,1, - - - etc.

10.2 Examples

ExAMPLE 1.— Consider the Hamiltonian for a 1-dimensional infinite well

0 Jz|<a

o |z >a (10.2)

n?
H= —%BI + V(x), where V(z) = {

as given in the figure

vix

psilx]

/N

-a i} a

Fig.10.1.—Square well
The true (exact) solution for the ground state is known,

1 T h2m?

Po(z) = %COS(—) 0(a — |z), Ey

Let us consider the features that are expected on intuitive grounds, and incor-

porate them in the trial wavefunction. For the ground state one expects an even

wavefunction, with the greatest probability near the center of the well, and zero

probability on the outside. As a first guess one may choose an non-normalized
trial wavefunction without any parameters

'(/} _ { ((a’2 - $2> |ZIJ| <a (103)

0 |z] > a

8ma?’

The expectation value of the Hamiltonian is
2 2
— 5 [, dw (0 —a?) 55 (a® —a?) 10 h2n?
[°, (@ — 22)2da 72 8ma?

E(y) =
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which is already pretty close to the exact ground state energy Fjy

10
E() = —Ey = 1.013 .

One can do better by choosing a wave function which depends on a parameter
A. For example, let

a* — |z} |z] < a
= { 0 o[ >a (10.4)

The
A+1)@2A+1) R

(2A—1) 4ma?
dE

Imposing now 4% = 0 and solving for A, one gets

1+6

E(y) =

Ao = ~ 1.72
0 5 7
So that VB x2h?
5+ 2v6 7h
E = — ~1.00298 E;
(Mo) S 00298 Ey

The approximate answer agrees with the exact one within 0.3%, and it is a great
improvement over the no-parameter trial wavefunction chosen originally.

The next excited state can be considered by taking a trial wavefunction that
is odd. Recall that in this problem there is a parity symmetry. An odd wave-
function is automatically orthogonal to the ground state wavefunction which
is even. Therefore, the variational method can be applied in a straightforward
manner to get an estimate of the first excited state. This is left as an exercise
for the student (see problem ()).

EXAMPLE 2.—Suppose we now want to solve the problem of the H-atom
by means of the variational method. The Hamiltonian is

p2 Z€2

:2m r

We need to make an educated guess for ¢. By studying just the asymptotic be-
havior of the Schrédinger equation, one expects an exponential fall-off. There-
fore, one may take the trial wavefunction for the ground state

¢ — e—r/a

where a is a variational parameter. The norm is

<Pl > = fe*%dgr = ma? (10.5)
and the expectation for the energy is

_ 1

E(a) —W<¢|H\1f>2 ]
= fet (FI58 - 28 ) et (10.6)
72 Ze?

~ 2ma? a
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For later purposes it is useful to note that the first term is the expectation value
of the kinetic energy, and the second is the expectation value of the potential
energy. Minimizing with respect to a yields

dE(a) h? Ze? h? ag

da - ma3 a? - Zme? A

where ag is the Bohr radius. So the minimized energy is

E(a) = -4 = K

- 2(10

0=

This is actually identical to the exact result. The exactness of our result followed
from the lucky choice of the trial wave function.
EXAMPLE 3.—Problem: Estimate the first excited state and energy of the H-
atom, by considering a state with angular momentum [ = 1, e.g. ¥(r) =R(r) Y1o(F) =R(r)
cosf, where R(r) is a variational wavefunction.

10.3 Helium atom

Neglecting the motion of the nucleus, but taking into consideration the electron-
electron repulsion, the Hamiltonian of the Helium atom is written as follows
_pi P53 2% 27 e

p=2 /P ¢ & ¢
2m  2m  |ri] 2] |r1 —rof

If it were not for the repulsive term, this Hamiltonian would be equivalent to
the sum of two Hamiltonians for two hydrogen-like systems. In that case the
total eigenstate would be the direct product of two hydrogen-like eigenstates

Y(r,r2) = ¢nlelm1 (T1) Ynyeym, (T2) - (10.8)

This form neglects the intrinsic spin of the electron, to which we will return later.
To take into account the repulsion as well, we make the educated guess that each
electron will see an effective potential consisting of the Coulomb attraction of
the nucleus, but partially shielded by the other electron. In that case, the
trial wavefunction can be taken in the same form as 10.8, but with an effective
charge Z replacing the nuclear charge. This effective charge plays the role of
the variational parameter. Actually, for more accuracy, we may introduce two
parameters Z1, Z5 , one for each electron.

Before applying the variational method, let’s estimate the energy by adding
naively the energy of each electron in hydrogen-like orbits |¢p >~ |nilym; >
|nalamg >. We would then make the following naive guess for the ground state
energy

72 72
Fums =5+ 5 =~ (B4 2
ny N3
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where Ry ~ 13.6 eV. For the ground state, both electrons are in hydrogen-
like 1S states, |¢p >~ |1S > |1S > . If we take naively Z; = Zy = 2, and set
n? =n3 =1, we get

E() = -8 Ry

For the state |[1S > ®|2S5 > or higher ones |15 > ®|n2S >, we need to take into
account the screening effect of the 15-electron to obtain a fair estimate of the
energy the state. In general, for such excited states we have the naive estimate
Z1 =2, Zy =1, so that

=[G

The ionization energy is defined as the energy corresponding to the escape of
the second electron, i.e. ny = occ.

Ry‘a n2=2,3,4,-~~,oo

Eion ~ —4 Ry.
Consider also the case of two electrons excited to the second energy level, with
7y = Zy=2

4 4
E(25,25) = — {Z + Z] Ry =—2 Ry.

This energy is roughly twice as high as the ionization energy of one electron.
Collecting these estimates we compare the naive theory to experiment.

state naive theory experiment
|1S,1S> -8 Ry -5.8 Ry
|1S,2S> -4.25 Ry -... Ry
[1S,00S> -4 Ry -4 Ry
|2S,2S> -2 Ry —

We see roughly that it is more favorable to excite one of the electrons to arbitrary
levels rather than exciting both electrons to the second level.

The way at which we have looked at our problem up to this point is very
inaccurate indeed. We can do better if we introduce the parameters Z;, Z, as
variational parameters and minimize the energy. To find the energy of the |15 >
®|1S > state we can start from the trial wave function with Z; = Zy = Z.45
and using ag = h?/me?

Yo(r1,12) = @)
B(p) = SUH> [ [ dra ulrirs) H b(rx) (10.9)
T <pl> [ [ d3r1 d3r2 ¢(ri,rz) ¥(ri,ra)

Let us start from the norm in the denominator, which involves two indepen-
dent integrals, each one the same integral as (10.5) except for substituting
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a = ao/Zeff,

2
<l >= (;fg ) (10.10)
erf

For the numerator, the expectations of the kinetic and 1/r potential energy
terms also involve decoupled integrals that can be performed with the same
computations as (10.6) except for substituting a = ag/Z.;y,

2 3 2
<l >= < vlEhjw >= () (552

<[ - |r1\|w> <Yl - |r2\|w> (_%) (;3&3)2

0 eff

where we have used ag = h%/me?. The only new integral to be evaluated is the
expectation of the repulsive term

T 2 ks ks
/d3r1/d3rze Zess (gt 2)|r16—r2|6_ze”(%+%) (10.11)
The above integral is of the type
7ATlefB’r‘2 A2+B2+3AB
d? d? =2(4n) 10.12
/ “/ B T 24 Emiay By (10.12)

Here A= B = 22(1%, so that it becomes

2
5A%  5(4m)2e? 5¢2 Z mag
2 2 eff 0
24n)— = ————=| — —- | . 10.13
e” X ( 77) 8A7 4 A5 8 ao Zsff ( )
Putting everything together
E(Zes) =2x (ﬁu) +2 % (_ﬁm) + (5_e22_u>
2 )0 a0 & a0 (10.14)
= a (Zeff eff)
o« e o . BE o .
Minimizing the energy 5 Zo7 = 0 yields
27
Zepp = — = 1.6875. (10.15)
16
We see that the effective charge seen by each electron is less than Z = 2,

indicating that even when they are in the same orbit, they shield the nucleus
from each other to a certain extent. So the best estimate for the ground state

energy is
e? 27 27 (27
Ey(Z. = —2 — 10.1
oZurp) = o x((m) el (16)> (10.16)

2

[
_5.7—= —5.7 Ry. 10.17
e y ( )

Q
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Comparing this value with the experimental result of Ey(expt) = —5.8 Ry, we
see that the agreement is not bad, and certainly better than our first guess of
—8 Ry.

Similarly, the estimates for the higher excited states can be improved by us-
ing two effective charges Z1, Z, as variational parameters, and insuring that the
variational state is orthogonal to the ground state that we have just computed
above. The orthogonality may be imposed by putting the second electron in an
[ = 1 state. So, the variational state may be taken as

[1S,2P > — 4y59p(r1,T2) = 109(T1, Z1) Yo10(r2, Z2)  (10.18)
1/}100(1_1’21) _ 67217"1/1107 1/}210(1.2, ZQ) — e7227“2/2110 o Ylo(f'Q)-

where the second wavefunction is the |2P > state of a hydrogen-like atom with
an effective nuclear charge Z,. The presence of Yio(#2) = cos 03 /v/4m guaranties
orthogonality to the ground state independently of its detailed r-dependence.
It is also possible to take a |15, 25 > variational state, however since we do not
know the exact r-dependence of the ground state wavefunction there is no way
to choose the variational wavefunction orthogonal to it. The best we can do is
to make 11 go5(r1, r2) orthogonal to the approximate ground state wavefunction
(10.9) that we estimated above. Therefore it is expected that the errors in the
ground state estimate will propagate to the excited state. So one may take a
variational state of the form

V1525(r1,T2) = P100(T1, Z1) Pop0(r2; Z2)
Y1o0(r1, Z1) = e~ /a0, (10.19)
Va0 (T2, Z2,¢) = e~ 72ra/2a0 (% - C(ZZ)) )

where the constant ¢ (Z2) = 24Z5/(8Z2 + 27) is chosen so that the |25 > wave-
function with an unknown Z is orthogonal to the ground state |15 > that
has Z.;p = 27/16 (note that if Z, were equal to Z.ss then ¢ = 1 just like the
exact |25 > Hydrogen wavefunction). Then both Z; and Z; can be used as
variational parameters. According to physical intuition based on the screening
effects, we expect to find Z; ~ 2 and Z5 ~ 1 for both variational wavefunctions
suggested above. The computations for these variational wavefunctions are left
as exercises for the student (see problem (2)). However, there are additional
important physical effects that must be taken into account before attempting
to improve the variational computation. These have to do with the exclusion
principle and the spin states of the two electrons, as discussed below.

Nevertheless, if we ignore the exclusion principle, we find the following vari-
ational results (see problem 2). For the |1s2s > configuration the variational
calculation gives Z; = 1.9934, and Z; = 1.232 and

E1525 = E1 +E2 +1
= —4-0.81586 + 0.50736 (10.20)
—4.3087
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For the |1s2p > configuration the variational calculation gives Z; = 1.99828,
and Z5 = 1.0179 and
Ers0p = —4.252 (10.21)

Effectively, the 2s electron is not as well shielded as the 2p electron (compare
Zs for the two cases). This is reasonable since the 2s electron can penetrate
more easily the shielding cloud of the 1s electron and “see” more of the nucleus.
Because of this the 2s electron is more attracted to the nucleus relative to the
2p electron and its energy is lower Figs < Eis2p. The more careful analysis,
including the exclusion principle, is consistent with this picture as seen below.

10.4 Identical particles

Let us consider a two body wavefunction v, ,, (r1,r2) that describes the proba-
bility amplitude of two identical particles, where a1, as stand for a collection of
quantum numbers such as spin, charge, etc. quantum numbers. The probability
that these particles are found within some volume element at locations rq,rs is
V4,4, (r1,12)[*d*r1d®rs. If the particles are identical, an observer will measure
the same probability if the two particles are interchanged

|¢a1a2 (1‘1, 1'2)‘2(131'16131‘2 = |¢a2a1(1‘2,1‘1)|2d31‘1d3r2-

This implies that under the permutation of the two particles the wavefunctions
can differ at the most by a phase

walag (rl’ I'2) = €i¢(w)wa2a1 (r2a rl)'

We now argue that the phase €**(¥) should be the same for all wavefunctions
1) : The general state of the two particles can always be written in terms of
some basis states 1, ,. (r1,r2) = > A, w((l?zlg (r1,r2). Under the interchange of
the two particles each basis state can differ at the most by an overall phase

exp(i¢,,). Thus, one must have

Vara, (F112) = W, (ra, 1)
Z An w((zrllglz (rla 1‘2) = Z An ei(z)n 1%%211 (1‘2, I‘1>
—  ib(¥) ZA" %7;311 (ra,r1)
If the phases are different for each basis function it is impossible to satisfy
these relations. Therefore, the phase must be universal for all wavefunctions

(V) = ¢in = ¢ Furthermore, by permuting the two particles twice we
must return to the same wavefunction

¢a1a2 (r17 1‘2) = eiqbwagal (1‘27 1'1) = €i2¢wa1a2 (1‘1, r2)
Therefore we must have

29 =1, or €% =x=+1.
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Let us formally write this result by defining a permutation operator IT which
just interchanges all the attributes of the two particles (i.e. position, spin, etc.)

qu[}alag (rl’rQ) = djagal (r27r1)
= EPg,4,(r1,T2).

This implies that the operator is diagonal on the two particle wavefunction.
Furthermore, note that the Hamiltonian for two identical particles is symmetric
under their interchange

H(1,2)0 ' = H(2,1) = H(1,2),

By multiplying both sides of this equation by II from the right, we find that the
permutation operator commutes with the Hamiltonian,

IIH =HI — [II,H]=0.

This implies that II is a constant of motion, and that it can be diagonalized
simultaneously with the Hamiltonian. Thus, if we pick either the 4+1 or the —1
eigenvalue, it will remain fixed for all times.

It turns out that Nature has chosen a particular sign as follows:

e If the identical particles have integer spins, i.e. they are bosons, then the
wavefunction must be symmetric, i.e. II must have the 41 eigenvalue.

e If the identical particles have half-integral spins, i.e. they are fermions,
then the wavefunction must be anti-symmetric, i.e. IT must have the (—1)
eigenvalue.

Within non-relativistic quantum mechanics there is no fundamental explana-
tion of this fact. But in relativistic quantum field theory this rule is derived
from fundamental facts such as relativistic invariance, locality and causality. It
turns out that all bosons must satisfy Klein-Gordon type equations with the field
quantized with commutators, and all fermions must satisfy Dirac type equations
with the field quantized with anticommutators. This explains simultaneously
the symmetry or antisymmetry of the wavefunctions as well as the fact that
bosons satisfy Bose-Einstein statistics and fermions satisfy Fermi-Dirac statis-
tics. All this goes under the name of the “spin-statistics theorem” in relativistic
quantum field theory.

Returning now to the non-relativistic wavefunction, let us assume that we
have two identical fermions. Furthermore suppose that their motion is uncor-
related, so that the two particle wavefunction is to be constructed from the
product of single fermion wavefunctions v, (r1), @,,(r2). However, we must
impose antisymmetry, therefore

1
Yoy ay (r1,T2) = 7 (a, (r1) Gy, (r2) = Uy, (r2) by, (r1)) -
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Even if there is no interaction between the particles, the antisymmetry creates a
correlation whose effects will be clearly demonstrated below. The clearest sign
of a correlation is the fact that if the quantum numbers are the same then the
identical particles cannot be found at the same point r; = ry since then the
wavefunction vanishes. This is Pauli’s famous exclusion principle.

10.5 Helium and the exclusion principle

Let us now return to the variational wavefunctions for Helium. Even though the
Hamiltonian is independent of the spin of the electrons, the wavefunctions must
be labelled by their spin quantum numbers in addition to the orbital quantum
numbers ¢,(r) — w%:’“*(r) with my = +1 for each electron. In the present
case the space dependence of the wavefunction is the same whether the electron
spins up or down, and we may write it in the form of a 2-dimensional spinor
Yoty ms (€) =Upim, (€)X, » Where X, is the spinor (é) for spin up and ([1)) for
spin down. The antisymmetric variational state is

bt " (1) i (r2) = W™ (v) Ol (1) =
G () a7 () X, = 9 (k) il 672 () X,
(10.22)
When the two electrons are in the ground state (nilymy,) = (nalemy,) = (100),
this structure is necessarily symmetric under the interchange of the coordinates
and antisymmetric in the spin indices ms, , ms,

V1515(r1,T2) = V100(T1, Zegf) Yr00(T2, Zefs) Xg:?msz- (10.23)
The spin part is the antisymmetric 2x2 matrix
_ 0 1
Xiaoma, = ( 1o ) (10.24)
Mgy Msy

which has only one component, implying that the spins of the two electrons
must couple to total spin S = 0. The space part is the same as the one assumed
in a previous section, so that the estimates obtained for Z.;y = 27/16 and the
energy Fy = —5.7 Ry, are valid after taking into account the exclusion principle.

When one of the electrons is in the ground orbital and the other one is in an
excited orbital then it is possible to construct two independent antisymmetric
variational states from (10.22) as follows

S=0
Tsnt = —;Umi/gms (%oo(rlel) WSt (F2, Za) + 00(r2, Z1) Tﬂgr)n(rlvzz))
— Xfﬂilms - -
Ui = 5 (V100(r1, 1) Yl (v2, Z2) = 050 (02, 21) Y (11, Z2)

(10.25)
In the first one the spins are coupled to S = 0, therefore the orbital part must be
symmetrized. In the second one the spins are coupled to a symmetric matrix,
of which there are three possibilities that may be written in terms of Pauli
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matrices as Xfillmsg ~(020)m,, m.,, implying that S = 1. Therefore, the orbital

wavefunctions must be anti-symmetrized when S = 1.

We can now make a brief digression on the spectroscopic notation for multi-
electron atoms. The notation goes as follows; consider Stor, Jror and Lror,
and write the spectroscopic state, for the system as follows

(2STor+1) [

Lror]j,0r

using the letters

LTOT:SaP)D,F7G7"'

instead of the numbers Lyor = 0,1,2,3,4,--- . We notice that, in our case,
Stor = 0,1; the He atom thus has its electrons paired either in a singlet state
(2541 =1)or in a triplet state (25+1 = 3). Experimentally, the spectroscopic
lines for these two spin states are different. The spectroscopic lines belonging
to the triplet spin state are called orthohelium, and the ones with singlet spin
state are called parahelium.

Another digression for a technical remark is necessary. In order to satisfy the
second variational theorem for excited states, the variational wavefunctions must
be chosen orthogonal to all the lower energy level wavefunctions. Since we are
trying to keep Z1, Z5 as unknown variational parameters, orthogonality to the
lower energy orbitals, that have a different value of Z7, Zs, is not guaranteed by
the standard form of hydrogenic wavefunctions Ry,;(r, Z) Vi, (%), and therefore
appropriate modifications must be made to R,;(r,Z). For example, for the
|15,2S > case we must choose

_ =7 2 Zara
¢200(I‘7Z2,C:|:) =€ 2r2/200 ( 200 Cx

(10.26)

Cy = 24Z2/(8ZQ + 27), C_ = 3Z2/(2Z1 + ZQ)
similar to eq.(10.19), and then insert it in eq.(10.25). However, by virtue of
the orthogonality of spherical harmonics, for each new orbital, the highest an-
gular momentum state [ = n — 1 , i.e.e ¥, , 1 o(r) =Rnn1(7,Z) Yon(F), is
automatically guarantied to be orthogonal to all lower energy orbitals, with no
modifications to Ry, ,—1(r, Z). An example of this is the 15,4((r,Z2) function
used in eq.(10.18).

Using these methods an estimate of the excited states can be given. The
quantitative details are left as an exercise to the student (see problem (3)).
On physical grounds we are expecting that Z; should be fixed by the variation
around the value Z; ~ 2 and Zs ~ 1 (see problem). Here we discuss the
qualitative features for the variational states [152S > and [152P > of eq.(10.25).

The expectation value of the energy takes the form

Ei(Z1,72) = [e1(Z1) +en(Za) + Lu(Z1, Z2)| N5(Z1, Zo)
+ 28¢e,1(Z1, Z2) + Ju(Z1, Z2)) N5 (21, Zo).
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The norm factors of the state are defined by

<wit5nl|w?:5nl> = Nl(Zl) NH(ZQ) + |an(Zl7 Z2)|2
N\(Z1) =< 100, Z,|100, Z, >
Ny (Z3) =< nlm, Za|nlm, Zy >
an(Zl, ZQ) =< 100, Zl\nlm, ZQ >= 510Nn0(21, ZQ)

+ _ N1(Z1) Nn(Z2)
N"l(Zl’ZQ) - 1\’1(Z1)1\’TL(1Z2)1:|:5l0|N30(Zl,Z2)|2

Note that when [ # 0 the overall norm factor simplifies to Nfl(Zl, Z3) = 1. The
energies are

e1(Z1) =< 100, Z1|Ho[100, Z1 > /N1(Z1)
eni(Za) =< nlm, Zs|Ho|nlm, Zy > /Ny, (Z>)
Anl(Zl ZQ) —_ 6[0 <100,Z1‘HoanO,ZQ>Nn0(Z1,Z2)

Ny ng) Ny (Z2)
=+ e +
<wISnl [r{ —ro] wlSnl

N1(Z1) N, (Z2)

Inl + Jnl =

Hy is an H-like atom Hamiltonian with a nucleus charge of 2, Hy = p?/2m —
2¢? /r. Again, for [ # 0 the cross term is absent A,,;(Z1, Z2) = 0. The I,;(Z1, Z>)
and Jy,;(Z1, Z2) are called the direct and exchange integrals. They are given by

_ 2 3 33 1910001, Z0) P 1% (r2,22) 2
Inl =e€ ffd I‘1C(i Iro )ljti;)l(Zzl)Jan)(Zg)l éﬁimj ( )
_ 2 3 130 Y1001, Z0) Y01 (01, 22) %00 (P2, Z0) V10 (12,22
Ju = €2 [ [ dPrydPry ot Nf(Zl)an(Zzl)OD|r17r12| L )

These integrals can be performed by using the formula (10.12) and its derivatives
with respect to A or B.

+J@N) :
EQ0)+E@1)+21) P pard
@D %p,3pyPg  ortho
HRHOCOIN Iy para
(E(10)+E20)+1(20) ) N-
EC10)+E0)+1(20)
( w (2A20)+JQ0) N© 81 ortho

E(10)+E(10)+1(10)+J(10) lg, para

Fig. (10.2) - Qualitative plot of energy levels for helium.

It can be argued that (e11&, 4+ 2A00010), Tnims Jnim, NE,are all positive
quantities, therefore qualitatively we expect the splitting of the energy levels
given in Fig.(10.2). Using the procedure outlined in problem 3 we find the
variational results summarized below. The experimental measurements for the
excited levels of Helium E,; are included for comparison.
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Parahelium (S = 0) Orthohelium (S =1).

Z1=1.99 . 7y =
2P s, 2 P0) By

2 ooy 2 0. 02
2108 5 o ny 250§ B sy

Eupt = —4.290 Ry Eup = —4.345 Ry

7y = 7y =27/16
115,{ E=-56953 Ry
Eyp = —5.809 Ry

The quantitative estimates provided by the variational scheme above come
pretty close to the measured values.

The physical reason for the lower energy in the spin triplet S = 1 states (ei-
ther the 74,5 = 2Sior the ¥gop = 3Ps10) as compared to the corresponding
S = 0 states (either the ¢} g,q = Spor the /{g,p = 1 Py) is the antisymmetry
versus the symmetry of the wavefunction, as dictated by the Pauli exclusion
principle. In the antisymmetric state the probability amplitude vanishes when
the electrons get together ¢~ ( r1 = ro) = 0. This means that the contribution
from the positive repulsive energy to the integral < w_\mh/}_ > is less

important near r; = ro = r as compared to the integral < ’(/J+| |r1£r2‘ |’(/J+ > .
Therefore, the antisymmetric state has a lower energy.

Similarly, there is a physical reason for the |152S > state to be lower as
compared to the [152P > . One explanation was provided at the end of section
(10.3). Further physical arguments can be given as follows: The 25 electron is
on the average farther from the nucleus as compared to the 1.5 electron. Due to
the repulsion between the two electrons, the 1.5 electron is pushed a little closer
to the nucleus, so that its negative energy increases. This effect also happens in
the |152P > state, however it is more important in the 25 case, because a 2P
electron remains further away from the nucleus due to its angular momentum,
and thus it cannot push the 1S electron toward the nucleus as much as the 2.5
electron can. These physical effects are evident from the fact that the effective
charge Z; in the |152S > case is larger than the |152P > case.

10.6 Multi-electron atoms

10.6.1 Hund’s rules and their applications

The variational approach and the Pauli exclusion principles can be applied to
multi-electron atoms to get some quick estimates. The variational wavefunction
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is taken to be a product of H-like wavefunctions for each electron. The Pauli
exclusion principle, including spin, requires that each electron uccupies a differ-
ent state. Thus, in the 1s level there can be at the most two electrons, at the 2s
level also two, at the 2p level 6 electrons, an so on. The experimental ordering
and maximum occupation numbers of the levels are

(15)° (25)° (2)° (35)° (3p)° |(4)° (3)'°] (49)" | (55)° (40)"*] 510.28)
[(65)* (1) (5)'°] (6p)° |(75)° (51)"" (60)] -+

where the exponents are the maximum number of electrons allowed at that level.
Brackets are placed around those levels that are out of numerical or alphabetical
order. For example 4s is lower than 3d, etc. This ordering of levels can be easily
remembered through the following grid

s /7
28 2p S
3s 3p 3d
4s 4p 4d 4Af
55 5p 5d 5f 59 J (10.29)
6s 6p 6d 6f 6g 6h
Th Ti

7s Tp Td Tf Tg

By reading the grid along the minor diagonals, in the direction indicated by the
arrows, the correct physical ordering of levels emerge. The significance of this
observation is not understood. In this notation the electronic configuration of
various atoms are illustrated by the following examples

H = (1s)', H

, He=(1s)?, Li=(1s)?(2s)", Be=(1s)*(2s)%,
B = (15)7(25)°(2p)', C=(15)*(25)*(2p)*, N = (15)”(25)* (20)0.30)
0 = (157 (257 (2p)*, F=(15)*(25)*(2p)°, Ne=(1s)*(25)*(2p)°.

In these examples He, Be, Ne correspond to completely filled levels. Filled
levels always have total angular momentum zero. Because of this their interac-
tions with other atoms is weaker. This is related to the fact that in chemical
reactions they are less active than other atoms. To understand this fact as well
as the properties of other atoms, we consider a crude approximation: completely
filled levels will be considered as part of an effective core that behaves like an
effective nucleus of a given charge, and then try to understand the behavior
of the remaining outer electrons in unfilled levels. The wavefunctions of each
outer electrons 1 um L€ labelled with intrinsic spin p and orbital spin m labels,
such that p =+ and m = —I,—l+1,--- ;1 —1,1. The product of the electronic
wavefunctions wym X0 fiyms P ams have to be totally antisymmetrized due to
Pauli’s exclusion principle. For example if it is totally symmetric in the p quan-
tum numbers it must be totally anti-symmetric in the m quantum numbers, and
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vice versa. More generally the symmetry could be mixed for p, then m must
have exactly the opposite mixed symmetry. Young tableaux can be used as a
mathematical device to keep track of the symmetry. The symmetry properties
in p and m determine the total spin S and total orbital angular momentum L of
the state. The total angular momentum J is obtained by using addition of an-
gular momentum, thus |L — S| < J < (L + S). The values of S, L, J determine
also the energy level of the state E = FE(S, L, J). Under normal circumstances
the atom prefers to be in the lowest energy state. These quantum numbers of
the ground state determine the chemical properties of the atom.

Hund discovered that some general rules apply in trying to determine the
spin, orbital and total angular momentum quantum numbers of the ground
state. Hund’s rules are:

1. Combine the intrinsic spins of electrons such as to get the largest possible
total spin Sy, which is also consistent with the Pauli principle for the
overall atom.

2. Coose the maximum value of L consistent with the Pauli principle and
with rule #1.

3. If the shell is less than half full, choose the minimum J = |L — S|, and if
the shell is more than half full choose the maximum value of J = L + S.

We now apply Hund’s rules to find the ground states of various atoms, and
discuss some of their properties.

Helium: (1s)®, L = 0 since both electrons are in s states. This is symmetric
in L, therefore in spin it must be antisymmetric. Thus we must combine the
two spin 1/2 electrons to S=0. Then only J = 0 is possible. The spectroscopic
notation for this configuration is 'Sy where the superscript corresponds to the
number of spin spin states 2541 = 1, the subscript corresponds to total angular
monentum J = 0, and the letter S corresponds to L = 0. The ground state
energy was computed earlier in this chapter as E )2 = (—Ry) x 2 x ZI—; ~
—79eV with Z* = 27/16. Consider ionizing one electron, then the remaining
electron has energy E = (—Ry) X f—z = —b4.4eV. Therefore the ionization
energy is AE = (79 — 54.4) = 24.6¢eV.

Lithium: (ls)2 2s, S=1/2, L=0, therefore J=1/2. Spectroscopic notation:
281 /5. Last electron AE = (—Ry) x 22_22 Naively Z* = 3 — 2 = 1, but the
2s electron can penetrate the cloud, therefore really Z* ~ 1.26. Therefore,
ionization energy is AFE ~ 5.4eV.

Beryllium: (13)2 (23)2, S=0 antisymmetric, space symmetric L=0, therefore
J=0. The spectroscopic notation is *Sy. The last two electrons contribute AE =
(—Ry) x Z2—22 x 2 to the ground state energy. To estimate the effective charge Z*
one must take into account the fact that the (25)2 electrons can penetrate the
cloud of the (15)2 electrons, so that the effective charge of the core is Z = 4—2+-¢
where ¢ > 0. However, the (25)2 electrons also screen each other from the
nucleus, almost cancelling €. The net effect is an effective charge Z* ~ 2 (for a
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more careful estimate see problems 4 &5). Therefore AFE (Be) =~ —13.6% 3—2 X2
—27.2 eV. If one electron is ionized the remaining 2s electron sees the effective
charge of the core which is estimated 2+¢ ~ 2.3 in problems 4&5. The remaining
single electron has energy —13.6 x %ev ~ —17.9 eV. Then the estimate for
the ionization energy is

27.2¢V —17.9¢V = 9.3¢V, (10.31)

which experimentally correct. In fact, this number is used as an input to justify
€ ~ 0.3 above.

Boron: (1s)* (25)° 2p, S=1/2, L=1, therefore J=1/2,3/2. The ground state
has J=1/2 (Hund2). The spectroscopic notation is >P; /5. The ionization energy
is 8.3 V. It is smaller than that of Be since the 2p electron is somewhat higher
than the 2s electron (for an estimate compare He excited states 1s2s to 1s2p,
the average difference is about 1eV).

Carbon: (1s)? (25)* (2p)?, S=1 (Hundl) symmetric, L=1 antisymmetric,
J=0 (Hund2). Spectroscopic notation: 3P,. To estimate the ionization energy
we may give a quick and dirty argument similar to that of Beryllium. However,
since the mutual screening of the (2p)? electrons is not as important as that
of the (23)2 electrons of Beryllium, we must use a Z* somewhat larger than
2. Therefore the ionization energy is higher as compared to Beryllium. The
experimental number is approximately 11.3 eV.

Nitrogen: (1s)?(2s)” (2p)®, S=3/2 (Hundl) symmetric, L=1x1x1—0 an-
tisymmetric, J=3/2. Spectroscopic notation: 45’3/2. Tonization 14.5eV, Z* in-
creased because repulsion is less important.

Oxygen: (1s)° (25)2 (2p)4, think 2 holes (2p)2, S=1 (Hundl) symmetric,
L=1 antisymmetric, J=2 (Hund2, more than half full), Spectroscopic notation:
3 Py. The fourth electron occupies m; value already occupied, therefore repulsion
is more important, so ionization 13.6eV.

Fluorine: (1s)® (2s)? (2p)°, think 1 hole (2p)', S=1/2, L=1, J=3/2 (Hund,
more than half), Spectroscopic notation: %P3 /2- lonization 17.4eV

Neon: (1s)”(2s)”(2p)°, closed shell. S=0, L=0, J=0: »S,. Ionization
21.6eV.

The ionization keeps increasing since Z* keeps increasing (more electrons,
but shielding of nucleus not perfect). It was not monotonic from Beryllium
to Boron because the 2p electrons are higher than the 2s electrons. Also not
monotonic from Nitrogen to Oxygen because of the mixed symmetry.

Estimating some excited levels and their spectroscopic configurations.
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10.7 Problems

1.

Using the variational approach, estimate the energy and wavefunction of
the first excited state for a particle trapped in the one dimensional infinite
square well. Note that a good wavefunction would have the properties
that it will vanish at the walls and be an odd function so that it will be
orthogonal to the ground state.

. Consider two electrons moving around a core of charge Z (which may be

different than 2). The Hamiltonian is

goPL Pi_Z& Ze e (10.32)
2m 2m |I'1| |I‘2| |I‘1_I'2|

Use the variational principleto find the ground state energy of the system,

assuming that both electrons are in the (1s) Hydrogen-like orbitals. This

system could describe the (ls)2 core of the Li atom or the Be atom, etc..

What is the effective charge Z* seen by each electron as a function Z7

(recall that for He Z = 2, and the effective charge is Z* = 27/16).

If the second electron is ionized what is the ground state energy of the
remaining (1s) electron? By taking the difference of the energies find the
ionization energy of the second electron. Apply your results to the He
atom (Z = 2) and find the ionization energy (experiment is about 24.6
eV).

Repeat problem 2 by assuming that the two electrons are in (2s) states.
This could describe the 2s electrons in the atom Be ((1s)® (2s)%) with an
effective core of Z (estimate for Be Z = 4 — 2 + ¢, see next problem), or
some other system. What is the binding energy of the electrons and what
is the effective charge Z* as a function of Z7

Repeat problem 3 by ionizing a (2s) electron. This should provide an
estimate for the ionization energy of Be, with Z = 2+¢ (the (2s)® electrons
can penetrate the cloud of the (15)2 electrons, so the screening of the
nucleus from charge 4 to charge 2 is not perfect, therefore £ > 0). Given
that the experimental result is 9.3 eV, what is Z =7.

Apply the variational approach to solve for the ground state energies and
wavefunctions of the systems described in the problems at the end of
Chapter 1.

Using the [15,2S > and the |15, 2P > variational wavefunctions given in
the text in eqs.(10.19, 10.18), and neglecting for the moment the effects
of the Pauli exclusion principle, estimate the energy of the first excited
state. Compare your results to eq.(10.20,10.21).

. Using the variational wavefunctions |15,25 > and [1S5,2P >, and tak-

ing into account the Pauli exclusion principle, as in eqgs.(10.25), compute
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the necessary quantities defined in the text as functions of Z;, Z5. Then
minimize the energies E*(1525) and E*(152P) to obtain variational es-
timates of the energy levels of parahelium and orthohelium. Verify the
values of the effective charges and energies given in eq.(10.27)? Amplify
the qualitative physical arguments in the text by supporting them with
your quantitative computations.

9. Consider two distinguishable particles of spin % (e.g. electron and positron)
interacting via a spin dependent Hamiltonian of the form (with A, B pos-
itive)

H=ASY .3 4 B(s{ — 5§ (10.33)
Assume that they are spinning in opposite directions so that the total
third component of spin Sél) + 552) = 0, but the total intrinsic spin S may
be anything allowed.

(a) What are the exact states and energies that you expect in the limits
A — 0or B — 07 Give your answer in either the direct product basis
|71m1jama > or total angular momentum basis |j;j2jm > whichever
is most convenient. List all eigenstates, compute their energies and
indicate which one is the ground state in the appropriate limit.

(b) Find the estimated ground state energy and wavefuction as a function
of A, B using a variational approach. Show that your energy and
wavefunction tend to the expected limits as either A or B vanish.

10. Consider the atom 77 that has 22 electrons. Recall that atomic shells are
ordered as 1s, 2s, 2p, 3s, 3p, 4s,3d,4p, 5s,4d, - -+

(a) Give the electron configuration for this atom (e.g. He = (15)?, Li =
(1s)%(2s)!, etc.). Counting both spin and orbital angular momentum
states, how many states are available to the outer shell electrons after
you take into account the Pauli exclusion principle? (for example
(2p)? has 6 states for each electron and 6—55 = 15 states for both
electrons because of antisymmetrization). Among these states show
that the ground state has the spectroscopic configuration 3F, and
justify it with appropriate arguments.

(b) What are the S, L, J quantum numbers of all the other states available
to the outer shell electrons? If their energies were proportional only
to J(J+1)—L(L+1)—S(S+1) construct a diagram for the energy
levels, and give the number of states at each level, together with their
spectroscopic notation (the total number of states should match the
number of states in part (a) ). You may use the table provided for
symmetric (S) and antisymmetric (A) products of orbital angular
momentum wavefunctions.

11. The deuteron consists of a proton and a neutron which have masses 938
MeV/c? and 940 MeV/c?, respectively. It has a binding energy of 2.23
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12.

b) Express both k=% and p~
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MeV/c2. In order to obtain an estimate of its structure we can neglect
the spins, and treat the system non-relativistically. The Hamiltonian,
with the Yukawa potential is given by H = p?/2m — Vye #" /ur,where m
is the reduced mass, y = myc/h with the pion mass m, = 139 MeV/c?.
Consider its ground state with zero angular momentum. The radial wave-
function f(r) = rR(r) must behave asymptotically as f(r) — C exp(—kr).
As a variational state that is also well behaved at the origin we will take
f(r) = Cexp(—kr)[l — exp(—Ar)], with A > 0.

a) Compute x~! by analyzing the asymptotic behavior of the radial dif-

ferential equation.

1in centimeters and by comparing them

decide whether the deuteron is a tightly or loosely bound system.

c¢) Using A as a variational parameter estimate the ground state energy

in terms of the unknown V[ and then give the value of Vj that agrees
with the observed binding energy. From this value estimate the ratio
of the strong interactions to the electromagnetic interactions between
two protons at nuclear distances.

A particle of mass m is trapped in a 3-dimensional harmonic oscillator

type potential with a cutoff at » = b, namely V (r) :%1"29(17 —r)+
kaQQ(r —b) as plotted in the figure

0.87]

0.67

0.47]

0.2

0.2 0.4 06 0.8 1 1.2 1.4

V(r)/(3kb?) plotted versus r/b

The special degeneracies of the 3-dimensional harmonic oscillator are
not expected to survive when b < co. We would like to compute the
shifts of the energy levels relative to the b — oo case. Recall that
in the b — oo limit, V(r) :%7 the energies are E, = hw(n + 3/2)
where w = \/k/—m, with the angular momentum taking values | =
n,n—2,---,(0or1).

Use the variational approach to estimate the ground state energy.
Use some analysis of the Schrodinger equation to guide you in making
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an educated guess for the wavefunction. Propose your best educated
guesses for any angular momentum [, using one variational parame-
ter, and using two variational parameters. Explain your reasoning
for making those proposals. For the computations that follow use
the guess with a single parameter and concentrate only on the | =0
ground state. You can use Mathematica or other programs to com-
pute, plot and do numerical estimates. Give your answer in the form
E = hwe, where you estimate € for several values of b (it is better

to use the dimensionless combination o = m#’? ). Provide a table of
results for € (a) for a range of values of «. Is there a range of « (or
b) without any bound states? Test the validity of your estimate by
taking the limit b — oo, and comparing to the known exact result.
How close are you?

13. The Hamiltonian for a spinning top and a perturbation is given by
1
H= ﬁﬁ +aJ, + bJ,, (10.35)

where J are angular momentum operators. If b = 0 it is evident that the
states [jm > are exact energy eigenstates. Use a variational approach with
a states |0, jm >= exp (—i6J,) |jm >, where § is a variational parameter,
to estimate the new energy levels. Is this method correctly applicable for
all values of j, m?
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CHAPTER 10. VARIATIONAL METHOD

14. The Nuclear Shell Model is based on the 3-dimensional harmonic oscilla-

tor hamiltonian Hy with a perturbation of the form H; = - ?f(r)
where f is positive, and S is the spin of the proton or neutron moving
in the average harmonic oscillator potential. Use addition of angular mo-
mentum, as we did for the H-atom, to give a spectroscopic labelling of
the states (nL;) and show the splitting of the states (watch the sign of
the interaction). Now consider putting identical protons and/or neutrons
together in these levels to construct an estimate of the ground state of a
nucleus (as in the variational approach, but with nothing to vary). Ob-
serving the Pauli exclusion principle, find how many identical particles can
go on each level? Count the total number of particles that give you filled
shells. These numbers are the magic numbers of nuclear physics; when a
nucleus has that many protons or neutrons it is more stable. Show your
reasoning for how you obtain them.

Further splitting  Multiplicity

Quantum energy from spin-orhbit of states
states of potential effect ‘\ l
well including 4
angular momentum 7 g Ty 8
effects. \ E
fga———
L}
I‘.'.
\\
- 1
2p——————7 s, 6 Closed shells
i Clo
PP 4 indicated by
H— = ‘magic numbers”
- of nucleons,
—.
B 50
~ 1d,, 4
S 25 = P
T4, 6
— o, 2] [®
- ph 2
1p ——— 2
Py, 4 ;®
" - = (@)



Chapter 11

WKB APPROXIMATION

The Wentzel-Kramers-Brillouin (WKB) approximation is a semiclassical ap-
proximation based on an expansion in powers of i. Therefore it is expected to
work best for states with large quantum numbers (such as energy, angular mo-
mentum, etc.) in which one can evoke the correspondance principle between
quantum and classical physics. However, in certain cases the WKB method
works better than naively expected, and sometimes it may even yield the exact
result (such as the harmonic oscillator energy levels). In any case, one may
trust the WKB approximation for highly excited states and then try to push its
limits toward the low lying states with less confidence. In this sense it is com-
plementary to the variational method that works well near the ground state.
Together, these two techniques give quick but not very precise information for
low lying states and highly excited states.

11.1 Semiclassical expansion

We will discuss only the problem of a particle in a potential, or the interacting
two particle problem that can be reduced to the one particle problem in the
center of mass. Similar methods would apply to more complicated systems as
well. Thus, consider the Schrodinger equation with potential energy V(r)

h2
Without loss of generality one may write
B(rt) = Aexp (W (x,8)/h), (11.2)

as long as W(r,t) is a complex function. The normalization constant A could
be absorbed into W, but it is convenient to keep it separate, so that W may
be defined up to an additive complex constant. Substituting this form into the
Schrédinger equation one gets

1 2 ih o,
8tW+2m(VW) +V va W =0. (11.3)

371
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First consider the limit 2 =0
1
OWo + 5— (VIWo)* +V =0, (11.4)

and compare this form to the Hamilton-Jacobi equation for the principal func-
tion in classical mechanics

Wy + H(r,p) =0. (11.5)

It is evident that these two equations are the same for H = p?/2m + V(r),
provided we identify

p(t) = VWy(r,t). (11.6)
Thus, the solution of the Hamilton-Jacobi classical equations yield the function
Wo(r,t) from which one gets the classical particle trajectories p(t) as a function
of time. Another way of writing this classical result is the familiar form for the
current in quantum mechanics

ih —

p(t) == 5 (¥ V). (11.7)
where 1, = exp(iWy(r, t)/h), with real Wy. This means that, in the i = 0 limit,
the probability amplitude v, contains all the information about the classical
motion of the system. To go beyond classical mechanics consider an expansion

in powers of A
W =Wy +hWy + PWo 4+ B3Ws3 +--- . (11.8)

Replacing it in (11.3) and collecting powers of 7i, one gets a set of equations that
must be satisfied for each order of i

OWo + o= (VWo)? + V =0
OW1 + VW, - VIV — 55 V2, =0
OWo + VW, - VW, + ﬁ (VW1)2 _ V2W1 =0 (11.9)

m 2m

These equations may be solved in principle by feeding the solutions of the lower
orders into the higher orders. It is evident that W is a complex function. For
an energy eigenstate the exact eigenfunction has the form

PY(r,t) = hp(r)e PV = Aexp {%(S(r)—Et)] (11.10)
W = S(r)- Et, S= 8o+ hSy + h*Sy + - -

This implies that all the explicit time dependence is in Wy = Sp(r)—Et, while
all higher orders W,, = S, (r) have vanishing partial time derivatives 9;W; =
0¢Wo = --- = 0. Therefore the equations simplify to

= (VS +V =E
VS VS —4V2Sy =0
VSy- VS +1(V8))? —iv2is =0 (11.11)
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It is not easy to solve these equations in general, however they are quite simple
in one dimension. Therefore, consider either a genuine one dimensional prob-
lem, or a higher dimensional problem that can be reduced to an effective one
dimensional Schrédinger equation because of some symmetry. For example, the
central force problem in d—dimensions with a rotationally invariant potential
V(r) is reduced to the radial Schrodinger equation, which is equivalent to a one
dimensional problem in the effective potential (see chapter on the central force
problem)

Bla(ly+1
Veps(r) = V(T)+%

1
la = l+5(d=3), 1=012.

(11.12)

For any such one dimensional problem the Schrédinger wavefunction ¢ g(x) =
AexpiS(x)/k can be reconstructed from the solutions of the simplified equations
in one variable )

37 (80 +V =E

St — 45y =

S6Sy+ (81 — 481 =0 (11.13)

where the prime is the derivative S], = 0,5y, and « may be used as the symbol
for the radial variable r. It will be useful to consider separately two types of
domains of z, called “region I” or “region II”, as in Figs.11.1 to 11.5. In these
regions we define

{ E>V(x) region I: p(x)=+/2m(E—V(x))
E<V(x) region II:  p(z) =+/2m(V(z) — F)
The physical meaning of E — V (z) is the kinetic energy of the particle at the

point z. Therefore, one may interpret p(z) as the momentum of the particle at
the point z. Then

(11.14)

S, = =+ S’ziﬁ 11.15
0 2 1 2p7 ( )
3 /\2 1 /!
g = (202 1
8 pd 4p2

The solution of the first two equations in the corresponding regions are

[ = [Tda’ p(2)) [ 4lnp(x)
So(@) = {iz‘f”” dot plary O = {%ln;ﬁ(x) . (11.16)

The third equation is solved by

) (11.17)
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Therefore, to first order in A the wavefunction takes the form

Yve(x) = Aexp(iSo/h+1iS1+ O(h))

{ e T o)

V() (11.18)
A}tl ++ [T da’ p(a’)

Ypr) =

The contributions from Ss, S3,--- vanish as A — 0. Physical boundary condi-
tions must be considered in order to decide which combination of solutions are
valid in the different regions of type I , I1. Such considerations also determine
the constants Ali, A}tl in the appropriate regions.

11.2 Extrapolation through turning points

Before proceeding further, let us investigate the conditions under which the
approximation is valid. The obvious criterion is that all neglected terms must
be small. Formally, the higher order terms in A are small, however one must take
care that the coefficients that multiply these powers are not large. Therefore,
the correct criterion is

h|52| << ‘Sl| (1119)

It is clear from (11.17) that this condition cannot be met in the vicinity of
x ~ x;(E) where the local momentum vanishes p(z;) = p(x;) = 0, or

V(z;) = E. (11.20)

At these points the classical momentum changes sign, thus such points are the
classical “turning points”. Hence the expression for the wavefunction given
above is certainly not valid near the classical turning points. By examining the
expressions for 57,52 one notices that, as long as p(z),p(x) are not near zero,
and they are slowly varying functions, the condition is met in the domains of x
where o
p

—— <<1, (11.21)
and similarly for p(z). The physical meaning of this criterion is understood by
defining the local deBroglie wavelength A(z) = h/p(z) and writing

‘ << 1 (11.22)

The local rate of change of momentum is |p’dx/p| = |dp/p|. The rate of change
of momentum for one wavelength is approximately obtained by substituting
dx ~ A(z). Therefore, as long as the rate of change of momentum in the interval
of one wavelength is small, the approximation is good in that domain of x. These
conditions are met for a slowly varying potential V(z) in the domains that are
sufficiently far away from turning points. In such domains the expression for the
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wavefunction given above is a good approximation. Since there may be several
regions of type I, II for a given potential V(x) one must connect the solutions
in different regions to one another. To do so more information near the turning
points are needed. So, consider again the exact Schrédinger equation in the
form (no expansion in &)

(7202 + p*(2)] Yp(z) =0 (11.23)
and solve it near a classical turning point, for which
p*(z) ~ alz —z)" [1L+ O (z — ;)] . (11.24)

Normally n = 1, but it will be kept arbitrary in the present analysis. The
solution near the turning point = ~ x; can be written in the form

[2 p(a’) da’ z
AT\ e Je, (% Jo p() d$'>

FAT e L, (3 ) P da')

where Jy,(2), I+, (Z) are the standard Bessel functions with index v = n}m. The
two forms of the solution are analytic continuations of each other as (x — ;)
changes sign, hence the solution is valid on both sides of the turning point,
with the same overall constants A . Actually, (11.25) is valid for all values of
x strictly only for p?(z) = a(x — x;)". Now consider ( 11.25) in terms of the
general p?(x) that is not strictly equal to a(x — ;)™ but which merely behaves
like a(z — ;)™ near the turning point. Then, in an expansion near the turning
point, only the leading terms of the form above would be valid. The Schrodinger
equation is not expected to be satisfied by (11.25) away from the turning point.
What is then the advantage of writing the solution in terms of the general
p(z)? Here comes the crucial observation: remarkably, the asymptotic forms of
Ju(2),1,(2) for real z, 2

Tasl) = \[Zeos (7 5 - 3) [L+ O]
I (2) — \/?{ S+ o) +em e 110} (1120
I_,(2) = 1(2) — sin(wr)\/;e*z [14+0(1)]

(11.25)

I3

are such that, far away from the turning point, i.e. for large z = + f;i porz=
% f;’ p(z'), appropriate linear combinations of (11.25) agree with the asymptotic
forms (11.18). Therefore, even though one may not trust (11.25) at intermediate
points, it is reliable near the turning points as well as in regions asymptotically
far away from them. This allows one to use (11.25) to interpolate between
regions of type I, II and find the relation between the constants Ali, AIiI in all
asymptotic regions, for any given potential V(z).
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VO V()

X X X X

Fig. (11.1) - Regions I and II.

The result of this analysis is the following asymptotic connection formulas:
For a potential V(z) that is decreasing through the turning point, with region
IT on the left of region I, as in Fig. (11.1a), the useful connection formulas are
(see problem 1)

o arn) (e -8
— )
p(z) I11—1 p(z) sin 75

sing exp (3 [ da’ p(a’)) cos (f;i pda’p(a’) — § + ¢)

2¢/p(z) sin 1755 11 p(z)

b

where ¢ is an arbitrary phase that gives a linear combination of sines and cosines
in the asymptotic region I. Similarly, when the potential V(z) is increasing
through the turning point, with region I on the left of region I, as in Fig.
(11.1b), the connection formulas are

cos (£ [ da' p(a’) — F) _ exp (_?11 I, dﬂf/ﬁ(“”)) (11.28)
p(x) sin 57 f=11 p(z)
cos (1 [ da’ p(a') — F + ¢) . sing exp (% I dwlﬁ(xl))
p(z) I—=I1 2v/P(x) sin 75

In the connection formula I — IT the negligible decaying exponential exp(—2)
is dropped. Note that for n = 1, which is the usual case, one has sin oo = 3
For some potentials, such as square wells or barriers, there are special boundary
conditions at the turning points, since one cannot write p?(x) ~ (z—xz;)". Then
the above analysis should be modified. The asymptotic forms (11.18) are still
valid, but the interpolating wavefunctions (11.25) must be changed according
to the problem at hand. For example, for the infinite square well of the type
shown in Fig. (11.2) the wavefunction in region I must vanish at the wall. In
this case the connection formula is simply

sin (% f; d:r/p(x’))

N
ITe] ()

o

(11.29)
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More generally, for a finite square well or barrier, one may use a linear combi-
nation of the asymptotic forms, extrapolate it naively all the way to the barrier
from both sides, and fix the relative coefficients by requiring continuity of the
wavefunction and its derivative at the turning points.

V)
Il ﬂ

X, X

Fig. (11.2) - At infinite wall ¢(z1) = 0.

11.3 Applications

11.3.1 Bound states

Consider the potential well of Fig.(11.3). What are the eigenvalues and eigen-
states? Of course, for an arbitrary function V(z) it may not be possible to obtain
an exact answer. But the WKB method gives a quick approximate answer that
is accurate for sufficiently excited levels.

V(x)

Il I Il

X, X, X

Fig. (11.3) - Potential well.

There are two regions of type II. The physical boundary conditions require
that the wavefunction should decrease asymptotically. Therefore the asymptotic
solutions in the left and right regions are selected from those given in (11.18) as

iy = %exp<—%[1dﬂﬁ(m’)> (11.30)

He) = e~ [Car'it))
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The connection formulas can be applied from left as well as right in order to
obtain the solution in region I far away from the turning points. The two
expressions are

M:\
N———

1
cos (h 2, d2'p "p
Vp(z) sin 25— Tron
cos (3 [, da'p(a) = §)

p(z) sin 5= 4+2n

Yiz) = Ag

(11.31)

= AR

These should be the same function in the domain /. Using f;l dx' p(z') =
fm dz’ p(z') — [ da’ p(a’), and cos(f) = (—1)" cos(N7—0) one sees that these
two expressions are indeed the same provided A, = (—1)N Ar and f p(z') da’ =
hr (N + %) . Therefore there is a bound state provided the energy is quantlzed

as follows 2 .
/ V2m(E — V(x))dx = hr (N + 5) . (11.32)

Note that z1(F) and z2(E) also contain energy dependence. Solving for E(N)
one obtains the quantized energy levels.

As an example consider the harmonic oscillator V (x) = mT‘”sz, with z1(E) =

—1/2E/m and z3(E) = 1\/2E /m. The integral gives
1V/2E/m
/—%,/QE/m

Therefore E(N) = hw(N + 1/2). Although we only had the right to expect
an approximate result for the excited states, we have obtained an exact result
which works even for the ground state. This kind of exact result is an accident
(which can be explained!). For additional examples see the problems at the end
of the chapter.

Let us now consider a spherical potential in the | = 0 angular momentum
state, that has an infinite wall at = 0, as depicted in Fig. (11.4).

V(2mE — m2w?a?)dx = EL = (N + %) (11.33)
w

V(@)

Fig. (11.4) - Vg (r) = V(r) for { = 0.
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What are the eigenvalues? Near r = 0 the wavefunction behaves as rlet!,
and it has the following asymptotic form in region I on the right

7(r) = \/%GXp (—%/2 dr’ﬁ(r’)). (11.34)

The connection formula gives the wavefunction in region I away from the turning
point

cos (% f:z dr' p(r') — %)
p(r) sin T

According to (11.29) this wavefunction must vanish at the origin. This requires
the argument of the cosine to be (N + 1/2)xw. Therefore

P! (r) = Ag

(11.35)

/OTZ(E) dr\/Qm(E — Vegs(r)) = hr (N + %) ' —

For example, for the 3-dimensional harmonic oscillator we have Vey¢(r) =

2
mw
me_p

S 2 in the [ = 0 state. Doing the integrals we obtain

FEwkp = hw <2N + g) for [ =0. (1137)

Recall that the exact energy eigenvalues of the 3-dimensional harmonic oscillator
are F,, = hw(n+3/2), and the angular momentum is I = n, (n—2), (n—4),---,0
or 1. Zero angular momentum is possible only if n = 2N = even. Therefore, the
exact zero angular momentum states are

Eexact = hw <2N + g) for 1=0. (1138)

We see that the WKB approximation gives the correct behavior in the quantum
number N, as well as the correct value of the ground state. Thus, as expected,
the WKB approximation gives the correct answer for highly excited states, but
the fact that it is also exact for low lying states is an accident for the har-
monic oscillator. This latter feature is not expected to be true in general, and
for a better approximation for low lying states one should use the variational
approach.

As a further example consider the Hydrogen atom for any dimension, and
compute the energy eigenvalues using the WKB method. Using the effective
potential in the radial equation for any dimension (see Chapter 6), the WKB
quantization condition becomes

) 2 2 1/2
I = / dr (2mE 4 2mZze’ _ Wlalla+ 1)) (11.39)
T1 r

7“2
1
hm (N“r 5)
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where l; = 1 + (d — 3)/2. The solution for the turning points is (with E =
negative):

2
e2Z e2Z h2
L STy o \/(QEl) ~ Im[E] la(la + 1)

2
e e2
7‘2:2|EZ,|+\/(2EZ~|) 2m|E|l (ld"’ )

To do the integral it is useful to make a change of variables

(11.40)

uw=In(r), du=*%<
I=./2m|E] 11?:2 (ev —r1) (ry — e¥)du
= \/2m|E| g (’I"l +T272,/7‘1T2) (1141)

I= 2m|E|ﬂ(7Ef 2,/#@5'@(@“))

1=5 (2,2 —om/lla+ 1) = hr (N + 3)

Solving for the energy E one obtains the WKB approximation for the eigenvalues

2722 1 -2
Ewkp = _% {\/zd(zd+1)+N+§] (11.42)
ly = z+$ N,l=0,1,2,---

Comparing to the exact results of chapter 6

me? Z2a? { d— 3}

5 (N +1) + —— (11.43)

Eea:act = -

one sees that the WKB approximation is good for large quantum numbers N, [, d,
but not for small ones, as expected However, note that there would be exact

agreement if one replaces \/lg(lg + 1 la(la+1) + 4 =1g+1/2.

Repeating the same approach for the harmonic oscillator in d-dimensions
one finds (see problem 1)

Bwrp = hw(\/ld(ld+1)+2N+1) (11.44)

Fevoet = hw (l + 2N + g)

Again, the result is good for large quantum numbers N, [, d, but not for small

ones, as expected. But there would be exact agreement if one replaces y/l4(lg + 1) —

Viala+ 1)+ 3 =1la+1/2.

11.3.2 Tunneling

Consider a-decay, the process of a nucleus of charge (Z+2) splitting up into an «
particle of charge 2 and a smaller nucleus of charge Z. At small distances within
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the nucleus the « particle is attracted back to the center by the nuclear force
that is larger than the electrostatic repulsion between the charge Z fragment
and the . But its kinetic energy overcomes the attraction and it escapes. Once
it is outside of the range of the nuclear force R ~ 10~ '?cm, there remains only
the electrostatic repulsion and the angular momentum barrier. The effective
potential energy

2Ze?  RA(l+1
¢, UL+

‘/e = Vnuc ear 11.45
1 tear (1) + — 3 (11.45)
has the shape given in Fig.(11.5) for zero angular momentum.
V(@)
E I Il 1]
=R
! V=27&*/r
0
Vzvnuclecr
Fig. (11.5) - Barrier for a—decay.
At large distances in region III the 1/r Coulomb repulsion
27¢>
Ve 11.46
1) 2 (11.46)

dominates all other terms . What is the lifetime of the nucleus 7 =7 It is
inversely proportional to the decay probability P, which is given by the ratio of
the probabilities for finding the a-particle outside versus inside the nucleus.

2
B [0out)
=T N2
|4 (in)]
Since we want to avoid the details of the nuclear potential we will try to compute
P up to an overall constant and absorb some of the details of the nuclear po-

tential in a redefinition of 7¢. The asymptotic form of the wavefunction outside
of the nucleus must be an outgoing wave of the WKB form

T=19/P, (11.47)

/T dr' p(r') — % + 9| . (11.48)

ra

4 .
Yy plout) = ;é;) exp% [

The WKB connection formulas (for n = 1) gives the asymptotic expressions for
region II when r is far away from both ry and 79

) 1 Tzd !l
1r (’r‘) = AIII 61(47*71'/2) exp (h er r p(’/‘ )) (1149)

WKB /_p(r)
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Inside the nucleus ¥(in) must vanish at the origin » = 0. Feeding this informa-
tion to region /1 by using (11.25) gives (i.e. first write it in terms of .J; /3 and
then analytically continue through r; to region II)

=B ([ 582) 1 ([ 52] i

This form is valid near r = r; and far away from it, but is not valid near rs.
The asymptotic form of this expression away from 7y is

Ap exp (=3 [1 dr' p(r")
W) o k() = ' (’25(7“) ) (11.51)

This is connected to the asymptotic WKB form inside the nucleus

Yy plin) = A sin [l/ dr’p(r’)]. (11.52)
V() LhiJo

One sees that A; is a measure of the maximum amplitude inside the nucleus

and Ajr; is a similar measure for outside the nucleus. Therefore the decay

probability is proportional to the ratio |Assy /AI\Q. Matching the two forms

(11.49,11.51) of iy e p(r) at any r in the region 71 < r < 3 one finds the

ratio A[][/AI

Arrr _ e—i(¢—w/2)exp _l/ dr'ﬁ(r') . (11.53)
Ar b Jr,

Squaring it gives the decay probability up to an overall factor C that may be
considered a constant for slowly varying potentials

2 T’Q(E)
P =Cexp —ﬁ/ dr' p(r') ] . (11.54)

1(E)

The overall normalization is fixed to C' = 1 by requiring P = 1 at energies for
which 1 (E) = r9 (E) . Here 71 (FE),r2(F) are the turning points that solve the
equation Vs¢(r) = E, as shown in Fig.(11.5). A discussion of the details of the
nuclear potential is avoided by estimating that r; is of the order of the nuclear
radius

r ~ R~ 10""2cm. (11.55)

Similarly, ro (F) is estimated by using the asymptotic form of the effective po-
2Z¢e?
E

tential in (11.46) which is purely Coulomb, 79 ~ . Furthermore, the energy
FE is equal to the kinetic energy of the free « particle outside of the nucleus
E = %mav2, where the velocity v is measured by an observer. Here one must
use the reduced mass that appears in the radial equation

MaMZ

— s 11.
Mo AR (11.56)
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where M, My are the actual masses of the a and the remaining nuclear frag-
ment. Thus, both r; and 7y are pinned down approximately by experimental
quantities

47e?
r = R, To R

(11.57)

mev2’

The decay probability is then

9 42622
P =exp <_ﬁ /mw dr \/QmaVeff(r) — mgﬂﬂ) . (11.58)
R

In the region of integration one can ignore the short range nuclear potential.
Furthermore, specializing to the zero angular momentum state [ = 0, the inte-
gral can be easily performed, leading to the decay rate

472

2 [ ma? 47 e?
To exp [ﬁ/ dr\/% - mng] (11.59)
R

47e?
hv

7_(Z-§—2)—»Z-"-oz

S £ —)

where v < /2 is defined by

, mav?R /R
siny = 4(XZeQ “\'n <1, (11.60)

and 4Ze?/hv = mavry/h is an angular momentum just outside the nucleus, in
dimensionless units.

The decay rate computed above is a function of Z and v. It can be plotted
against these quantities and compared to experiment. The characteristic lifetime
is of order 79 ~ 10~2! sec. The exponential can be large. The fit is a reasonably
good one over a large range of lifetimes.

11.4 Problems

1. Compute the energy eigenvalues and eigenstates for the harmonic oscilla-
tor in d-dimensions in the WKB approximation.

2. Compute the energy levels for the 1-dimensional potential

Viz) = (M - ) Vol (a—|z|). (11.61)

a

in the WKB approximation. If %2&2 =9, how many bound states are
there?

3. Compute the energy levels for H = p?/2m + ~r in the WKB approxima-
tion.
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4. Derive the connection formulas (11.27,11.28) by using the properties of
Bessel functions.

5. Consider examples of one-dimensional potentials, of the type discussed
in the text and the problems in Chapter 4, for which the transmission
coefficient can be computed exactly. Then apply the WKB method to
the same problem to compute the probability of tunneling. Compare the
exact and WKB results.



Chapter 12

PERTURBATION
THEORY

Perturbation theory is a systematic expansion of the physical quantities of a
system in terms of a small parameter in the Hamiltonian. It provides accurate
results to the extent that the expansion parameter is small. Typically it arises
when the Hamiltonian has the form

H = Hy+ H', (12.1)

where H' is small as compared to Hy, within certain validity criteria that will
be discussed below. The underlying assumption is that the physical system
described by Hj is exactly solved, and that the system described by H = Hy+H'
is difficult to solve exactly. Then perturbation theory provides a series expansion
of all physical quantities (energies, states, matrix elements) in powers of H'. In
principle the expansion provides answers to any desired accuracy, but in practice
the approach is useful if one does not need to go beyond a few terms, usually
first order or second order perturbation theory.

In this chapter only time independent perturbation theory is discussed. The
time dependent cases will be covered in the next chapter. To begin, the exact
formal solution of the eigenstates and eigenvalues of the total system described
by H = Hy + H’ are given. This closed form may be computed exactly, if
possible for certain cases. Otherwise, it has a form that is convenient for an
expansion in powers of H’, so that perturbation theory appears as an ordinary
series expansion.

12.1 Diagonalization of H
One assumes that the quantum problem for Hy is already solved. That is, Hj has

been diagonalized, and if there are any additional operators {4}, i =1,2,---}
that commute with Hy, the complete set has been found and simultaneously

387
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diagonalized together with Hy. These eigenvalues and eigenstates define the
complete Hilbert space that we will refer to as the “zeroth order” or “perturba-
tive” Hilbert space. The eigenvalues of the operators may be used to label the

zeroth order states as |EQ, aj, ) :

H0|Egaa6m> = E?L|ana6m> (122)

n

AG B, i) = G| B, )

Similarly, in principle, there is an “exact” Hilbert space which is defined by the
eigenvalues of the total H and a complete set of operators {A?, i = 1,2,---}

that commute with it. The states of the exact Hilbert space |E,,a’,) satisfy
H|E,,a;,) = En|En,aj,) (12.3)
Ai‘Em a;n> = ain|En’ ain>

In general the set {A?, i=1,2,---} is different than the set {4}, i =1,2,---},
although, depending on the problem, some of the operators may overlap. Having
mentioned the existence of the operators A§ and A?, they will be suppressed
from the discussion from now on, and we will concentrate only on the eigenvalues
EY E,, as if they are the only labels of the states |EO),|E,). Both sets are
complete and orthonormal

oo [EnER =1, (ER|ED,)
Zn ‘En><En| =1, <En|Em> =

In the completeness relation the sum would be replaced by an integral for the
eigenvalues that are continuous. Similarly, in the orthogonality relations the
Kronecker delta §,,, would be replaced by the Dirac delta function for con-
tinuous eigenvalues. Keeping this in mind, for the sake of simplicity, we will
continue to use orthogonality and completeness relations as if all eigenvalues
are discrete. It is easy to make the appropriate modification when they are not
discrete.

One may expand any quantum state |1) in terms of either set. In particular
the exact eigenstates may be expressed as a linear combination of the zeroth
order states by multiplying with the identity operator

En) = > BN (E|En)
=Y |ENUL, (12.5)

U}, = (EY|E,)

Onm (12.4)

The matrix U is unitary as a consequence of the completeness and orthogonality
conditions

(UUY =S Unnr Ul
=5 (B ES, (B0 B (12.6)
= <En|En’> = 5nn’-

nn’
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One may construct a unitary operator U that maps the perturbative Hilbert
space to the exact Hilbert space and establishes a one-to-one correspondance
between the states

k k

where the second line follows from orthogonality. The matrix elements of UT
evaluated in the perturbative Hilbert space coincide with Ui,n as seen below

(En|UTER) = (B Ex)(EQ|E) (12.9)
k
= (E%|E,) =U],. (12.10)

Here we have used orthogonality and the definition of U], given in (12.5).
The aim is to find the eigenstates |E,), eigenvalues E,, and the operator
U as a function of H'. In the zeroth order Hilbert space |ED) it is assumed
that the matrix element of any operator may be computed. In particular one
assumes that the following computations have already been performed

Then the Hamiltonian operator may be expressed in either basis by using the
different forms of the identity operator

H=1H1
=Y [ENEL H |E))E

=Y |ED) [E) 6mn + H)p] (B (12.12)

nn’

= |En){(Em| H |Epy){Eny|

mm/

mm/

By using the relation |EQ) = > |Ey,)Upy between the two complete Hilbert
spaces the third line may be rewritten in a form that is comparable to the last
line

H=""1En) | > Unn (E}Snn + Hon) Ul | (B (12.13)

mm/ nn’

This shows that the matrix U which provides the map between the two Hilbert
spaces must be identified with the matrix that performs the diagonalization of
the Hamiltonian in matrix form

Uy (B0 + H' ) Unrins = S - (12.14)
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So, in principle this is a method for computing both the eigenvalues and eigen-
states.

The aim of this chapter is to develop an approximation technique for comput-
ing E,,|Ey), Unn, but before doing so we will first obtain some exact relations
that follow from the definitions given above. Furthermore, there are sufficiently
simple cases for which the diagonalization procedure can be carried out exactly.
It is useful to discuss these exact expressions before considering the perturbative
expansion.

12.2 Two level Hamiltonian

It is useful to solve the problem exactly in a simple case and use the result as a
guide for the perturbative expansion. The 2-level system is an important prob-
lem worth discussing exactly, since it has many practical physical applications
(lasers, magnetic resonance, K — K system in particle physics, etc.). This case
also serves as a simplified laboratory to illustrate the methods of approximation.
The Hamiltonian has the form

B , [ EY 0 ki h
H_H0+H—(O B )T n ok (12.15)

where we have used the basis

=(o). m=(7). (1216)

We seek a transformation U that diagonalizes the matrix and identify the eigen-
states. This problem was solved in Chapter 3, section 3.8, where the Hamil-
tonian was written as

B T4y y tanf e’
H= ( y tanf e T—y ’ (12.17)

with the definitions

1 1
T = §<E(1) + E3) + §(k1 + k2)

1 1
y=§(E(f—ES)+§(k1—k2) (12.18)

Al ey R

tanf = —, 2% = —,

an , e e

Then, the exact energy eigenvalues and eigenfunctions are conveniently given
by

Yy Y
E = E — —_
1=+ cosf ’ 27T sl
;0 g 0 ig
coS sinze
|E1> = < —Sin%iﬁﬁs ) s |E2> = ( cogg ) (12.19)
0 in 8 oid
_ cosg  singe
v < —sin%e‘ld’ COS 5 >
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The reader can verify directly that these expressions satisfy H|E;) = E;|E;),
and UHU' = E.

Perturbation theory corresponds to expanding in the small parameters k1, ks, h.
For the purpose of comparing to perturbation theory it will be useful to rewrite
this result in terms of the original parameters

1 1 1/2
By =35 (B + B + by + k) + 5 | (BY = BS +h —ka)” +4[h*] © (12:20)
1 1 1/2
By =5 (BY + B + by + ko) = 5 [(BY = B§ + k= kn)” +410P] © (1221)
,1/2 1/2
1 4hI?
g =g |1+ (1 - p (12.22)
2 2 (EY — E9 + k1 — ko)
~1/2
V2Ih| |1+ 4lh|? p(14 —nr i
. (B9 —ES+h—k2) (E9—E9+k1—ks)

(12.23)
A consistent expansion is obtained by rescaling the parameters by an overall
factor \k1, Ak2, Ah, and expanding in powers of A. The result is

2 2 2
B Rtk AP (ot bo)? 1)

Ep = E% + Mgy + 22 -
1 BY-BE (B - BY) (29— B)’
2 _ 2| ((=k+ k2)® = [B[
E2 — Eg —|—/\k2 _ AQ 0|h| 5 — )\3( kl +k2) |];| _ )\4 ( = ) _
EY — B3 (EY — E3) (EY — E3)
— 3|h2 +2 (k2 — k2
sin 2 :AEOIh\EO 7A2(k10 kz)o\hQI AR |h +0 ( 10 k 5)
2 12 (B} — E3) 2 (EY — Ey)
2 2
cosg =1-\? Jh‘ e + A3 (ks 0_ kz)(')h?‘) + (12.24)
2(E} — E3) (EY — E3)

At the end of this computation we set A = 1. This expansion should be compared
to the computation using perturbation theory in the following section.

12.3 Formal exact solution

We will now construct the exact solution in the general case. This will be
a formal solution in the sense that more work will be needed for a complete
answer. However, the form of the formal solution is useful because it will lend
itself to a systematic perturbative expansion in powers of H'.
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Consider the exact eigenvalue problem
(H — Ey)|En) =0, (12.25)

and rewrite it by using H = Ho + H' and E,, = EY + A, where A, is the
energy difference between the exact and the perturbative state. The equation
above becomes

(HO - E2)|En> = (An - H/) |En> (12~26)

If one takes a dot product with the bra (E?| the left hand side vanishes. This
shows that the state (A,, — H')|E,,) is orthogonal to |E2)

(Bnl (An — H')|Ey) = 0. (12.27)
From this equation we find a formula for the energy difference A,,

Ly | H'|Ey)
E, — E} :<"—”:An 12.2
(B = Bn) = g, 1229
Since the right hand side of (12.26) does not contain the state |EY) nothing
changes if it is multiplied by the projection operator (Q? = Q.,)

Qn=1-|ED(ER] =Y |EO(ED. (12.29)
k#n

Next eq.(12.26) is rewritten by multiplying it with the inverse (Hy — E9)~! on
both sides

|E,) = (Ho — ES)'Qn (A, — H') |E,) + Z, 2| EY). (12.30)

The inverse (Hy — E2)~1 is well defined on the right hand side since the state
|EY) is absent in the first term, and this is emphasized by the insertion of the
projector @Q,. Hence (Hy — E9)~1Q, must be understood as the inverse of
Hy — EY in the subspace of the Hilbert space excluding the state |[E2). On the
right hand side of (12.30) one is free to add an arbitrary term proportional to
|EY) with proportionality constant Z,, Y 2, because if one applies (Hy — E2) on
both sides of (12.30) the original equation (12.26) is recovered for any Z~1/2.
Thus the two equations (12.26) and (12.30) are equivalent.

The exact state |E,) can now be obtained in terms of the perturbative state
by solving (12.30) formally

Bu) = 2742 [1— (Ho — B2 7' Qu (A, — H')] 7 |ED). (12.31)

The meaning of Z~!/2 is now understood as a normalization constant. It can
be computed in two ways. The first is by dotting eq.(12.30) with (E2| on both
sides and using the norm (E°|E%) = 1

Z71? = (EV\E,). (12.32)
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The second is by imposing (E,|E,) = 1 for the |E,) given in Eq.(12.31). We
can now construct the operator U through its definition (12.7)

Ot =" 2,2 (1= (Hy — B) 7' Qu (A — H)] EONES].  (12.33)

Its matrix elements are given by
Ul = (B [1 — (Ho — E9)7'Q (A, — H')) 7 |EQ) 2,712 (12.34)

This exact expression for U}l,,, involves only matrix elements in the perturbative
Hilbert space |ES). Note that since (E3|Q,, = 0, the diagonal entries U}, are
given by the normalization factor Ul = Z, /2 The exact Hilbert space |E,)
is obtained either in the form of Eq.(12.30) or by inserting the U, above the
sum of Eq.(12.5)
Bu) =D [En) Ui (12.35)
m
In summary, the equations (12.28,12.31,77,12.33) provide exact expressions
for E,,|E,),U" in terms of the original Hilbert space |E°) and the matrix
elements of the operators Hy, H'. This is a formal solution because A,, appears
non-linearly in |E,) and Z,,, and satisfies the non-linear equation (12.28), from
which it remains to be solved. This non-linear equation for A,, is equivalent to
the secular equation for the eigenvalues

det (H — E) — A,,) =0. (12.36)

If the secular equation is solved, the above formulas provide the eigenstates
|E,) and the unitary operator U. When it cannot be solved exactly we need
the perturbative expansion discussed in the next section.

12.3.1 2-level problem revisited

In order to appreciate the general exact formulas of this section it is useful to
apply them to the exactly solvable 2-level problem of the previous section, and
rederive the same exact results using the general formalism given above. So, if
we take EY + ki = x +y, ES + ky = x — y, with

1 0
B =(o). m-(7). (12.37)
we have the setup

[ x+y O ; 0 ytan @ e'®
Ho = ( 0 z-—y )’ = ( ytanf e '? 0 - (12:38)

The projection operators are

0 0 1 0
QIZ(O 1)7 QQZ(O 0)7
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We then find

1
R R B & ]

Y

and

[1—(Ho— E))'Qy (A — HN] ™

- 0 0 Ay ytan 6 e'® -
B 0 }23; ytanGe‘i¢ Aq

( 1 0 )1 ( 1 0 )
= 1 i 1 = tanf 2 :
—gtanfe ™ 1+ A Sra " mrm

Therefore, the eigenstate follows from (12.31)
12 1 0 1 “1/2 L
|E1> = Z1 ytan@ e—i® 9_U 0 = Zl ytanfe '® .
2y+A1 2y+Aq 2y+Aq

The normalization follows from (E1|E;) = 1,

ytan6 >2

Z =14 (227
! <2y—|—A1

and the equation for the energy difference A; from (12.28)

Ay = 2B |H'|Ey)

0 ytanf e'® 1
:( 1 0 ) ( ytanfe ¢ 0 > ( ytanfe '?

2y+A1
24,2
y* tan® 0
_ _ 12.39
Ar+2y ( )
Similarly, for the second state one gets
L 1 2y ytan6 ei(z)
[1—(Ho— E3)'Qa (A2 — H')] = ( A672y Ariy ) ,
and
ytange™® 2tan26 2tan6
B =22 A2y |z =14+ LY A, =YL T 940
[F2) =2 1 ’ 2y—00)% 7T Ay -2y (12:40)

The solutions of the quadratic equations for Ay, Ag (12.39,12.40) are (the choice
of roots is consistent with the limit £y 5 — E?, while § — 0)

Y
cos’

Ay =-y+ Ay =y —

cosf’
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This leads to 0
Zl_l/2 :Z2_1/2:cos§.

This exact result is in full agreement with the exact solution of the previous
section, using £, = E% + A,
Y

_ Yy —
FEi=x+ cosf’ Ey==x 050’ (1241)

Furthermore, the exact states |E,,) are also in agreement

0 0 ik
E1>:< co83 ) |E2>=<Sm2§ > (12.42)

—gin & e—i® 9
sin g e cos 5

12.4 Perturbative expansion (non-degenerate)

If H' is small compared to Hy we can approximate the exact solution by using
an expansion in powers of H'. In order to do this systematically we multiply H’
with the parameter A\, and expand in powers of A. For this purpose it is useful to
work with the unnormalized state |E,) = z *|E,) and write the exact results
of the previous section as follows

B3} = [1 = (Ho = ES) 7' Qu{An (V) = AH'}] " |BY) (1243)
A (N) = (ESIAH' [1 = (Ho — ES)T'Qu{An (\) = XH'Y] ' |EY)  (12.44)
Zy (A) = (B, MEn, A) (12.45)
|En, A) = [En, NV 272 () (12.46)

The systematic expansion in A is

|En, ) = |EQ) + M E)Y + 22 |E)® + X E,)® 4 ... (12.47)
An(N) =04+ MWL £ X2AD L N3SAG) L NIAW 4 (12.48)
Zn(A\) =14+ 220 4+ X223 £ 3323 4 \1Zz@ .. (12.49)

This is plugged into the equations above and powers of A" are compared on
both sides. It is useful to do the expansion in two steps. In the first step one
expands the inverse [1 — - - ~]_1 formally as a power series

(1= (Ho— EQ) ' Qu{An (\) = AH'}] ™' = 1+ (Hy — E2)'Qu {A, (A) — AH'}
+ (Ho— Ep) ' Qu{An (\) = AH'} (Ho — Ep) ' Qu{An (A) = AH'} + -

The terms that involve the A,, (A) in bold can be dropped since the whole ex-
pression is applied on |E2) and we obtain A,, (A\) Q,|ES) = 0 for each such term
of the expansion. In the second step substitute A, (A) = O—i—)\Ag}) +)\2A,(12) 4.
for the remaining A,, (A)’s and re-expand in powers of A\. By collecting powers
of A consistently the various terms in the expansion are obtained (the details
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are srtaightforward and left as an exercise for the student). Next use the pro-
jector @, in the form @, = >, |EQ)(EY| as given in (12.29) and evaluate
the operator Hy on its own eigenstates wherever it occurs. At the end of this
procedure one sets A = 1.

The results are as follows. The un-normalized state | F;,) up to second power
in H' is

H H, H,.
| ‘EO + Z ‘Ek kn Z ‘ _"kn""nn :
kAn kAn ( - EY)?
H, H
+ > |Ek . (12.50)
k#n,l#n Ek) (En - El )

The energy eigenvalue up to third power in H’ is

/ H/ H/ H/
_ 0 / nk kn / nk’"kn
k;ﬁn k#n n k

o, H!
+ Z ’“ BLn (12.51)
bt ( E)) (B}, — EY)

The normalization can be shown to satisfy Z,' = 0F,/OES. We need the
lowest terms in the expansion for Z~1/2, which is obtained by taking the square
root and then expanding in powers of H’

1/2 |Hk .
Z -3 Z n (12.52)
k:;ﬁn

Finally, the normalized state is obtained by multiplying Z, v 2|En> and re-
expanding in powers of H’

\H’
|En) = ED) [ 15 Z —— |+ ) oty (12.53)
k;ﬁn n E k#n
H, H,H
_ |Ek kn + |Eg> kl""in 4
2 T kg;m (BT — ) (B — B)

The U}, = (E9 |E,) are then, up to second order given by

T |Hkn
Ul = ) Z + (12.54)
k;én ES — E))
H! H' H! H' H/
+ (1 _ 5mn) mn _ mniinn Z ml~"in 4.

B - B, () - BY) | & (B - BY) (B BY)

l#n
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In these formulas EY — E,g appear in the denominator. The expansion is
valid for level n provided the energy differences ’Eg — E,2| with all other energy
levels k # n are not small. Typically, the approximation is valid for a given
level n if for that level

|H},| < |EY — Ep (12.55)

is satisfied. If this is the case, this expansion is called non-degenerate perturba-
tion theory for level n. If the contrary is true for some levels, either because of
degenerate or nearly degenerate states for which EY —Eg = 0 or small, one needs
to reconsider the expansion carefully for those levels and apply the methods of
degenerate perturbation theory that is discussed next.

12.5 Degenerate perturbation theory

In the previous discussion of perturbation theory we assumed that there was
a one to one correspondence between the set of eigenvectors {|E%)} and the
corresponding set of eigenvalues {E°}; that is, we have postulated no degen-
eracy in our energy eigenvalues. We also mentioned that if such degeneracy is
present we cannot use the non-degenerate perturbation theory because of the
appearance of zeroes in the denominator of the expressions of the E,’s or |E,)
in eqs.(12.51,12.53).

There would also be a problem even if no degeneracy is present, but the
condition (12.57) is violated. Then the ratio

| H, |

— Nkl _ 12.56
B~ B (12.56)

is not small for some of the terms in the sums in eqgs.(12.51,12.53), and the per-
turbative expansion is no longer a good approximation. It must be emphasized
that these problems will depend on the specific eigenvalue E9. The pertubative
expansion continues to hold for the states labelled by E® that satisfy

\Hyl < |Ep — EQ| all k#n (12.57)

The problem occurs only for the states F,, which violate this condition.

The cure to the problem is to perform an exact (or almost exact) partial
diagonalization of the matrix H,,, = HY, + H},, in the blocks of degenerate
or almost degenerate states. If necessary, one can relabel the states so that the
degenerate or almost degenerate states appear in blocks in the form

EY a # #* # #
a* B} +er # i #* #
# 7* Ej b c #
H=1 # # b* EY 4y d # |- (12.58)
# # c* d* ES+¢ey, #
# # # # #
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The entries indicated by # are assumed not to create a problem. In the first
2x2 block there would be a problem if |a| > e1, including the degenerate limit
g1 = 0. Similarly in the 3x3 block there would be a problem if |b] > 9, or
le| > € or |d| > |e2 — €b], including the degenerate limit €5 = &}, = 0. One must
then diagonalize these blocks exactly or approximately “by hand”, or without
the perturbative expansion, as discussed in the previous sections. This defines

a new basis {|E‘n>} and new eigenvalues through the transformation U,,,, that
performs the partial diagonalization. U has a block diagonal form

vy v o 0 0
vl ud 0 0 0
o o vy Uy Uy
0 Uy Uy Uy
0 U Uy Uy
0o 0 0 0

(12.59)

o O O O o

o o O

Each block is determined as the matrix that diagonalizes the corresponding
block of the Hamiltonian, i.e.

Bov % % % %

44977 El j’ 51 # # # #

~ # E2 440” “o” #

T — = - H N 7
U HU =H= # # 44077 E2 + g.2 ) 44077 # (1260)

# # uow 44077 E2 + 512 #

# # # # #

The entries labelled by “0” are 0, unless U is chosen differently as discussed
below. The off diagonal blocks are also transformed to new values labelled by
#, and the states are transformed to the new basis

B)) = |EDUL,. (12.61)
k

Now, the matrix H corresponds to the original Hamiltonian computed in the
new basis, and it may again be split into two parts

Hppn = (Ey|H|E,) = HY,,, + H),,.. (12.62)
As long as the condition

|1

<<‘En—Ek‘ all k#n (12.63)

is satisfied in the new basis (for a given En), one may apply perturbation theory
from this point on for the level F,, as in the previous section.
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If the partial diagonalization is actually accomplished, the entries labelled
by “0” are 0. For small enough matrices, of course one can perform the diag-
onalization exactly. If this step is too difficult technically, one may resort to
finding a U that gives small enough numbers for the entries labelled by “0”,
because then perturbation theory would also be applicable.

12.5.1 More on degeneracy

There is one more step to discuss if the eigenvalues in the same block are still
exactly degenerate after the partial diagonalization. For example, suppose in the
first block &; = 0, while “0”=0. This degeneracy continues to create a problem
as follows. For simplicity consider a 3-level problem whose Hamiltonian matrix
has the form

A 0 C
H=|0 A D (12.64)
c* D* B
So that we identify
A0 O 0 0 C
Hy=1 0 A 0 , H=(0 0 D (12.65)
0 0 B c* D* 0
The basis is given by
(BY|=(100), (E3|=(010), (E5|=(001) (12.66)

and the initial energies are EY = A, ES = A, EY = B. There is a problem
in the perturbation series due to the degeneracy EY = EY = A if C or D is
non-zero, as follows. The expansion of (12.51) up to second order is

HiyHy  HiyH, 0, [cf

E, =EY 127721 137931 4 g 2 192.

=R e e t5ta 5T (12.67)
Hy H|,  HbH; 0 |D]?

B, — E° 211712 237132 g2 12.68

=Bt gty t5ta gt (12.68)
Hy H|,  HbyH} lelk |D|?

E :EO 31713 3223 ...— B I~ = 12.69

YR 0 TR _my tpoatpoat 1269

The % is undetermined, and one must find its meaning. To do so, we apply

a unitary transformation in such a way as to create a fully isolated 1x1 block
with all off diagonals zeros

UTHU =

*

# 0 0
0 # # (12.70)
0 # #
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This is easy to accomplish because any unitary transformation of the 2x2 block

form
# # 0
U=| # # 0 |, (12.71)
0 0 1

leaves Hy unchanged UtHoU = Hy since the 2x2 block of Hy is proportional to
the matrix 1. Then U can be chosen to rotate the row vector ( c* ,D* ) and
the corresponding column vector to point in only the second direction. Since a
unitary transformation cannot change the length of the vector the result takes

the form ( 0 ,\/|C]*+|DJ? ) The transformation is easy to find

A 0 0
vtHU = | 0 A VICP+ID* | =/ (12.72)
0 +/|C]* + |D|? B
D —C 0
. \/Ing\D\z \/\Clgj\D\z
Ut = . 12.73
VICP+IDI2  /ICI?+|D|? 0 ( )
0 1
The new basis is given by (E,| = Dok <E0|U,1
—C
0
=(7 |cw +|D|27 v ©) (12.74)
-
( |C\2+|D|2’ VICP DR 0) (12.75)
=(0, 1) (12.76)
In this new basis we have
40 o 0 0 0
HAo=| 0 4 o |, @=|o0 0 VICP + D
0 0 B

0 +/|C]?+|D? 0
(12.77)
Since the first 1x1 block is fully isolated in the form (12.70), the exact eigenvalue
is B; = A, and the exact eigenstate is (E;| = ()| as given above. For the
remaining 2x2 block perturbation theory may be applied without any problem
to get the eigenvalues

Ei—4 (12.78)
J2 (1 IC]* + D

By = Fy 4 =237732 4TI 12.79

2 = I B — I A_B ( )
i, i IC|* +|DJ

Fy=F,+=32728 o _p Il 712 12.80

2 = L3 B — I B_ A ( )
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We see that the 0/0 problem of eqs.(12.67,12.68) is resolved, and the correct
answer obtained.

We can verify that this is the correct answer by computing the exact eigen-
values for this problem. The secular equation for the exact diagonalization of
the original Hamiltonian is

A=) 0 C
det 0 A-Xx D =0 (12.81)
Cc*  D* B-A\

This gives the cubic equation

(A— )\)( AA+B)+AB—|C — |D|2> =0 (12.82)
which has three solutions
A=FE =A (12.83)
A= FEp = (A+B)——\/(A+B) +4(|C|2+|D|2) (12.84)
2 2 2
/\:E3:§(A+B)+§\/(A+B) +4(|C| +|D|) (12.85)
Assuming (A + B)? (|C’| +|D| ) one may expand the square root and

compare the result to the perturbative computation above, and verify that it is
the same expansion.

In summary, in the degenerate or nearly degenerate case, one must use other
means to resolve the degeneracy so that for the remaining problem perturbation
theory would be applicable. In some cases one may use the symmetries of the
problem to find a “good” basis that would be appropriate for the perturbative
computations.

12.6 Fine structure of Hydrogen

In a previous chapter, the Hydrogen-like atom with Hamiltonian Hy = QL e?
was discussed, and its eigenvalues and eigenstates were completely determlned
In this section we will consider two corrections to Hy, namely the relativistic
correction due to the fast motion of the electron, and the spin-orbit coupling
correction due to the spin of the electron. These two corrections are of the same
order of magnitude and therefore they must be treated simultaneously. Together
they correspond to the “fine structure” of the Hydrogen atom for 7 = 1.

12.6.1 Relativistic correction

The energy of a relativistic free particle is given by E = \/c2p? +m2c*. The
kinetic energy K is obtained after subtracting the rest energy Ey = mc?, thus

K = \/c2p? + m2ct — mc*. (12.86)
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The velocity of the particle is given by

y_pe___ PC (12.87)

¢ FE /2p2 + m2ct
and it cannot exceed the velocity of light as seen from the formula. Small
velocities occur when the mass term is much larger than the momentum term.
In this case one may use the expansion of the square root v/1+ 22 =1+ %xQ —
fat + .- with 2% = (¢?p?) / (m?c*), to write the kinetic energy in the form

2

2
szcQ(\/H——xQ—l)—p——l(pz) T (12.88)

T 2m 8 m3e2

The first term is the non-relativistic kinetic energy already included in Hy, and
the second term is the relativistic correction which takes the form

1 2\?
H,, = (p > . (12.89)

“2me \2m
2
For later convenience it will be useful to write £~ = Hy + Ze?/r and insert it
in Hye

2262} (12.90)

1 1 1
Hyo = —5— |Hi + Ze* | Ho= + —H
l 2mc2{0+ 6(0T+T 0)+ 2
where the orders of operators are respected.

We may now compare the size of H,e to that of Hy for a generic state

2
of the atom, with Z = 1. We had computed before (£-) ~ (;—i) ~ (Hp) with
(Hp) ~ %chaQ, where a = €2 /hic ~ 1/137. Using these for orders of magnitude
we may estimate
<Hrel> ~ <H0>2 1

~ =Za?~13x107°. 12.91
(Ho) ~ 2mc*(Hg) 4" . ( )

This shows that the relativistic correction is fairly small, and that perturbation
theory at first order would provide an adequate approximation.

12.6.2 Spin-orbit coupling

We begin with a classical argument to motivate the additional energy due to
the spin-orbit coupling. From the point of view of the nucleus the electron goes
around it, say counterclockwise. However, from the point of view of the electron
the nucleus goes around it in a circle in the opposite direction, say clockwise.
The moving charged nucleus creates an electric current, which in turn produces
a magnetic field B at the center of the circle where the electron is located. The
magnetic moment of the spinning electron p interacts with the magnetic field
and this produces an additional interaction term in the Hamiltonian

1
Hys=-5p-B (12.92)
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The extra factor of % is explained by the “Thomas precession”. A more direct
explanation is provided by the Dirac equation in the non-relativistic approxi-
mation. This additional energy must be added to the total Hamiltonian of the
Hydrogen atom. As we will see, it is proportional to the dot product of the
orbital angular momentum and the spin of the electron L - S, and this is why it
is called the “spin-orbit coupling”.

Every spinning particle has a magnetic moment proportional to its spin and
inversely proportional to its mass

geS
==— 12.93
py (12.93)
where g is the gyro-magnetic ratio. For the electron we have g = 2 as explained
by the Dirac equation. The induced magnetic field at the center of the circle is
given in terms of the velocity tangential to the circle v = p/m, and the electric

field E (r)
1
B~ ——(vxE).

The electric field is computed in terms of the scalar potential, which is the
Coulomb potential (there is no time dependent vector potential in this problem)

E=-Vd=_-V (_Z€> - _fer
r r
Therefore 7 7
e p e
B = —(— = —
crs (m xr) mer3

where L is the angular momentum. So now we have the energy

1 (28 A 1 Ze? 2023 S-L
HL.S_—<L>-( 6L> 2¢ g.L=22% (12.94)

2 \ 2me merd T om2est T 2a9 T3 h?
where we have used the relations for the fine structure constant o = e%/he and
the Bohr radius ay = h?/ (meQ) that we had learned in the study of the H-
atom. We may again estimate the size of this correction for Z = 1 by using
(Ho) ~ 4mc?a?. Then, we find

<Z§O§> ~a? (12.95)

which is of similar order of magnitude to the relativistic correction. Therefore
Hp.s and H,. must be taken into account simultaneously as corrections of the
same order.

12.6.3 First order pertubation
The total Hamiltonian is
H=Hy,+H (12.96)
p?  Ze?

Hy=———, H = H,oi+Hyp.g (1297)
2m T
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Since we have argued that H’ is about 10~* smaller than H, we may apply first
order perturbation theory to obtain the fine structure correction.

The basis of states must now include the information about the spin and the
angular momentum of the electron. Therefore, the unperturbed states may be
labelled as |EQ) ~ |nlmy; sm,). This means that every state of the H-atom
we had discussed before without spin, is now doubled due to the two possible
states of the spin m, = :I:%. However, due to the spin-orbit coupling it is more
convenient to work in the total angular momentum basis |E2) = |nls;jm;),
where J =L + S, and the eigenvalues |jm;) correspond to the operators J* —
h%j(j +1) and J3 — fim; when applied on the states. With this choice of basis
vectors, Hy and H' are diagonal as far as spin is concerned, since we may express
LS as follows :

LS:%[(L+S)2 LQ—SQ] :%(JQ—LQ—SQ)
. 3
) J(J+1)—l(l+1)—z on states.

When j takes the values j = [ +
— (I 4 1) respectively.

The lowest lying H-atom levels are labelled as follows. For n = 1 the orbital
angular momentum is [ = 0 and the electron spin is s = %, therefore the total
spin is j = % and m; = j:%. In atomic physicists’s notation these two states
are labelled as [1sy/3) where the m; label is suppressed. Before H' is included,

the two n = 1 levels are degenerate and have energy EY = —%chaQ = i =

—13.6 eV. Similarly for n = 2, the orbital angular momentum isl =0, 1 and ‘the
electron spin is s = 2, therefore the total spin is j = 5 Ll1=0)orj= 5, 5 3 (1=
1). In atomic physicists’s notation these eight states are labelled as [2s;/2) or
12p1/2), |2p3/2), where again the m;; labels are suppressed. Before H’ is included
the eight level n=2 states are degenerate and have energy EY = —46720 = 3.
4 eV. We can go on in this way to define to define the zeroth order basis, and
then construct the matrix elements of Hy + H’ in this basis as follows (the m;
labels are suppressed)

1 the quantity in paranhesis becomes [ or

1519 2512 2p1/2 2p3so -
181/2 Ei) + k1s hi2 0 0 ---
281/2 hikz Eg + ]’CQS 0 0
(HO + H/)nm = 2p1/2 0 0 E(QJ + kal 0 ---
2p32 | 0 0 0 ES + kop, -

Let us first explain the zero entries.

(12.98)

These are due to angular momentum

conservation. Since Hy+ H' is invariant under rotations J (including rotation of
the spin S) it commutes with the total generator of rotations J. Since Hy+ H' is
a scalar under rotations its the matrix elements between different values of 7, m;
vanish. Furthermore Hy + H' commutes also with L2, and therefore its matrix
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elements between different values of [ also must vanish. The matrix element
h12 does not vanish since the total spin j and orbital quantum number [ of the
states 1s1/,2s1/2 are the same. However, off diagonal elements, such as hia,
contribute only to second order in perturbation theory (see Eqs.(12.51,12.53)).
Therefore the effects of off diagonal terms will be negligible compared to the
diagonal elements ki, Kos, kop, , k2p, that contribute in first order.

The general matrix element of H' is computed in the zeroth order basis as
follows

Hyy oy = (nlj| H'|0'1j) (12.99)

where |nlj) are the Hy eigenstates with the quantum numbers s = % and m;

suppressed. Note the same values of [,j in the bra and ket because of the

conservation laws mentioned above. The matrix elements of H,.; and Hy g given

in Egs.(12.90,12.94)) are computed as follows, where we use Hy|nlj) = E|nlj),
1 2 2 e? 136 oy

: 0 _ _ - _ _
with E, = Saz M " = — 55 e

1
2mc?

Hln'l) = — 0)? 0 4 159 St 2ty + ol %D
(nlj|Hye|n'lj) = (E2) 6y + (Ep + En,) —(nl|—=|n'l) + = (nl|—|n'l)

ap r ag ' 2
2.2 3

. na_ea’l o _ 3 ag,
(s Hislo't) = G5 (3G + 1 = 1004 1) - 3) Gl 2y

The matrix elements of powers of r are given by
[ee] oo
(nllr{n'l) = / dr > * (nl|r) (r|n'l) = / dr > Ry (r) Rt (1)
0 0

where R, (r) are the radial wavefunctions studied earlier in the chapter on the
H-atom. Using these functions we evaluate the integrals and obtain

1 11 1 1 2
=) = ——, (nl]—|nl) = — ———
<n|T|n> ag n?’ <n|r2|n> a2 nd(20+1)’
1 2

(nl| =5 nl) = —
P g3 204+ )+ 1)1

Combining these results we find the diagonal elements of H’ which we define as
knij = (nlj|H'[nlj)

034\ Gen-raiy-:
Fni = Epa [(_4_712+n(l+1/2)>_ n@+1)E+1)!

3 1
=% = 4+ - 12.1
ne ( 4n2+n<j+1/2>) (12.100)

where the equivalence of the the two expressions can be verified for j =1 + %
Note that the result depends only on j rather than j and [ independently. Using
these results forn = 1,2 and [ = 0,1 we get the matrix elements of (Ho + H'),,,.,
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in the lowest states of the H-atom. These come out as follows

2 /0 2 q 5
E‘f+k15—e—<1+—a2), ES +kyy =~ <1+—a2>

2a0 4 2aq 22 16

ez 1 5 ez 1 1
ES 4 ko =———= (14+—=0%), EQ+koyp, =———=(1+-—=0
2 T h2py = =5 - 22< +160‘)’ 2t Rops = g mos \ M

The terms of order o2, namely the k’s, are the corrections to the energy levels
in first order perturbation theory, as see from Eqs.(?7,77).

The off diagonal term hi2 can be computed in a similar way, and it is found
to be of similar order of magnitude to the k’s above. hjs contributes to the
correction of the energy levels or the states in second order perturbation theory
through Egs.(12.51,12.53). Since the term |hys|* / (EY — E9) is much smaller
compared to the k’s by a a factor of a® ~ 10~%, the second order perturbation
correction can safely be neglected in this level of approximation to the H-atom.
Note that the 2s;,,, and 2p;/, states are still degenerate at this level of accu-
racy. In the real world there is a tiny splitting called the Lamb shift, whose
measurement by Lamb was the source of a Nobel prize. The shifts of the energy
levels due to all corrections are shown in the diagram.

3s,3p,3d
2s,2p
20(3/2
P(3/2) 2p(3/2)
2502 20(02),—— 20(12)
25(1/2
1s Lambshift 00

\ 15(1/2)

Fig.12.1. Hyperfine structure and Lamb shift.

There are further small corrections due to additional physical effects. One
of them is the vacuum quantum fluctuations of the electromagnetic field and
pair creation of electrons and positrons out of the vacuum. This is understood
in detail in quantum electrodynamics, and explains the Lamb shift to 12 deci-
mal places in agreement with experiment. Another small physical effect is the
the non-zero size of the nucleus which leads to a potential energy V (r) for a
charge distribution in the vicinity of the nucleus as opposed to the point charge
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approximation of V = —e?/r. These corrections are treated in the problems at
the end of this chapter.

12.7 H-atom in an external magnetic field

When an electron of charge —e is placed in an external electromagnetic field, its
kinetic energy must be modified by replacing the momentum with the covariant
momentum and by adding the energy due to the interaction with the external
scalar potential. Furthermore the magnetic moment of the electron interacts
with the magnetic field and produces additional energy. Hence, including the
interaction with a potential V (r), the total Hamiltonian is

H—i( —EA)Q—eA +u-B+V(r) (12.101)
~om P - 0T H .

The magnetic moment is proportional to the spin of the particle o =g, S where
1o is called the Bohr magneton, and g is gyromagnetic ratio. For the electron,

the Dirac equation explains that g = 2 (there are also extremely small quantum
corrections) and p, has the value

h
2~ 0.6 x 1078 Gauss. (12.102)

Ho = 2me

In quantum mechanics, with p — — tAV, we have

1 /. e \2 h? _, he . he e?

2
A 0 ()
where the first parenthesis is a differential operator while the last one can be
regarded an additional contribution to the potential. In the Coulomb gauge one
may take V - A =0.

Now consider a constant external magnetic field B, and no external electric
field. This implies Ag = 0 and A :%r x B, which satisfies V x A = B. Then
we note that the term

. he . he e

ZchA v =ig— (rxB)-V _QmCB' (r x p)=p,B-L (12.103)
produces an interaction between the magnetic field and the orbital angular mo-
mentum proportional to the Bohr magneton j,. Combined with the magnetic
moment interaction these two terms give the energy poB- (L+gS).

Now consider the Hydrogen atom with the potential V' (r) that includes the
relativistic and spin-orbit corrections, and then place it in an external magnetic
field. The Hamiltonian is H = Hy + H’ where

2 7 2
Hy=2 — 2% \H.+Hps, H =p,B(Js+58s). (12.104)

2m T
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where we assume that B points in the z direction, and used L3+ 253 = J3+ 53.
We recall H,..;+ Hy.g are of order 10~%eV. Using the value of o we estimate H’
is of order (IO_SeV) X % Therefore H' is small compared to H,.; + Hy,.g
for B < 10* Gauss which is an extremely large field.

The energy levels of Hy were computed in the previous section in the basis

|nljm). We recall the diagonal elements

(nljm|Hp|nljm) = E 1 14 o2 _i+ 1
J 0 J - Hny — 2(10”2 4n2 n(]+1/2)

We now compute the matrix elements of H' in the same basis

<TLljm‘H"n/l/j/m/> = NOB (méﬂl + <S3)jj’) Ormm 011 Ormem? (12105)
where 1 1
(83);5 = Z <jm|lml§ms>ms<lml§ms|j/m> (12.106)

lymg,ms

Here m; = m F ms, ms = £1/2 and j = | + 1/2. Using the Clebsch-Gordan
coefficients, we compute

P = 1/2: (Sy). = 12.1
fo/r ] ] / (S3)j] 2l+1’ ( 07)
. , (1+1/2)* —m?
for j=1%£1/2 and j'=1F1/2: (S3),;;, = — ST (12.108)
With this information we can setup the matrix for the total Hamiltonian
1251 2 2512 2p1/2 2p3/e -
e 1.2
240 (1+307) Rio 0 0 ---
+2mpyB
e’ 5
R, ~Bao (1+7507) 0 0 ---
+2mpyB
2 5
0 0 — 5 (1+50%) _mB [o_ a5
+%m/’LOB Ve ml 2
e 1
0 0 — L2 G =m0 4 o (13607
. : 2 +3mpyB

This matrix is easily diagonalized. In the first block Ao ~ %

2

is neglected

since its contribution to the eigenvalue in second order perturbation theory is

of order (|h12\2/%>

€
2a

~ —20a4. Therefore, the eigenvalues in the first block

are approximately the diagonal entries in the matrix above. Similarly, for the
2p3 /2, M = £3/2 states, the matrix is already diagonal. For the second block
that describes the 2p 9, 2ps/9 states with m = 41/2, the exact eigenvalues are

16

° 3 2 2 1 2 1

1/2
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For non-zero magnetic field all degeneracies have been broken, and every state
has a different eigenvalue. We examine the splitting of the states for various
values of m as the value of B increases from zero toward large values.

The behavior of the energy levels as a function of B is shown in Figure
(12.2) which is not to scale, and exagerated, to illustrate the effects. The ver-
tical axis is energy and the horizontal axis is the magnetic field. Before the
hyperfine splitting the two lowest levels of the H-atom are shown (at zero B).
The bottom one is the 1s;/o and the top one corresponds to the degenerate
251 /2,2p1/2,2p3 /2 states. After the hyperfine splitting one sees three levels (still
at zero BB). The bottom one is the 1s; 5, the middle one is the degenerate states
251 /2,2p1 /2 (except for the Lamb shift, not shown) and the top one is the 2p3 /5.
In the presence of the magnetic field all remaining degeneracies due to rotational
symmetry are broken as shown (non-zero B). As B increases the splitting gets
larger, as shown by the diverging lines. Note that there are critical values of
the magnetic field at which there is level crossing which can occur for many
levels. These are experimentally observed and analysed, and are found to be in
agreement with the computations.

B

Fig.12.2 - bottom ls%, middle 28%,2])%, top Qp%

For small of uyB first and second order perturbation theory is sufficient
to describe the splitting. This splitting of levels is called the Zeeman effect.
This amounts to the expansion of the expressions above up to the second
power in (uoB). Of course, for the (151/27m = :i:l/2) , (251/27m = :i:l/2) and
(2p3 J2,m = :l:3/2) there is only the first power, so that for various values of
m’s the splitting is linear in (u,B) . For the E2ip (m),m = £1/2 eigenvalues the
expansion includes the second and higher powers as well which follows from the
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Taylor expansion

~ e? 5 5\ 1 (1oB)* 2a0 (1 m2
2 2 2
L e 1, 1 (1gB) 2a0 (1 m

This amounts to second order perturbation theory. From first order pertur-
bation theory we see that the splitting is proportional to m (uyB), therefore
for positive m the level goes up and for negative values it goes down. Thus
the splitting of the four levels of 2p3/5 is such that they appear in the order
m = 3/2,1/2,-1/2,-3/2 from top to bottom. For the degenerate 2s; /2, 2p; /2
levels the slope of the splitting is smaller for the 2p; /o states. Therefore the in-
ner two lines that emanate from the middle level in the figure are the m = £1/2
levels of the 2p;/, states, while the outer lines are the m = £1/2 levels of the
2519 states.

For large values of B the splitting of the levels increases linearly only for some
every levels, while it tends to some constant values for others. This is called the
Paschen-Bach effect. The linear nature is evident for the (151 s2,m==%1/ 2) ,
(231/2, m = :|:1/2) and (2p3/2, m= :t3/2) , while for the 2p; /2, 2p3 /2 states with
m = +1/2, the behavior is seen by computing the asymptotic expansion of
ES; (m). We find

2

2
The neglected terms vanish as B — oo, and have the form + (i — %) (%) atx

~1
((32)2 (NOB)) . As seen in the figure, the energies of the 2p; /5, m = 1/2 state

and 2p3/,m = —1/2 state approach the constant values E;; (—%) s By, (%)
respectively for large values of B as computed above.

12.8 H-atom in an external electric field

We recall the Hamiltonian in the presence of an electromagnetic field

1 e \2
H—% (p—f'EA) —€A() —[L'B+V(T)
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For a constant external electric field the gauge potential is given by A =0 and
Ay = —E -r, so that E = —V Ay is verified. We choose the electric field in the
z direction, hence Ay = —Ez = Ercosf. Therefore the Hamiltonian takes the
form

H = Hy+eErcosf (12.109)

where Hy is the Hydrogen atom Hamiltonian. We compute the matrix elements
in |nljm;) basis. Of course Hy is diagonal as in the previous sections. The
perturbation has the following matrix elements

(nljmleEr cos 0|n'l'j'm') = e By (nl|r|n’l'){ljm]| cos 0|l j'm)

We will concentrate on a given level n, such as n = n’ = 2 as an illustration.
The orbital angular momentum [, I’ must differ by one unit because the operator
cos @ or r has odd parity while the states have parity (—l)l. Therefore we take
the values [ = 0 and [ = 1. Thus we need to calculate (2s; /2|eEr cos 0|2p; 23/2)

1 1
(251/2,m|€E7” cos 9|2p1/273/2,m> = eE(2s|r|2p) <31/2, i§| 0059\171/2,3/2,15)

First we compute
* a
(2s|r|2p) = / drr3 Rog (r) Ray (r) = _3\/§70
0

Next we compute the matrix elements of cos § by transforming into the |lm;, sm)
states by using Clebsch-Gordan coefficients (j, m|lm;, sms). Furthermore we
write cos @ in terms of the spherical harmonics cos = /47 /3Y1 (0)

1 1 1
(8172, m|cosO|py/2,3/2,m) = <§,m|0,0, §,m> (0,0[cos 01,0) (1,0, §,m|p1/2,3/27m>

On the left side only I = 0 contributes since we start with the [ = 0 state sy /.
This also fixes m; = 0. Similarly on the right hand side we must have [ = 1.
Since cos § = /4w /3Y1¢ also has m = 0 on the right hand side we must also have
my = 0. The Clebsch-Gordan are obtained from a table (1,0,3,+3|1, +1) =

s 9919
F4/1/3, and (1,0,%,:|:%|%,i%) = 4/2/3, while

(0,0] cos 01,0) = \/477/3/dQYooY10Y10 =/1/3

Therefore we have the matrix elements

1 1 ao V3
(3172, £3[eBr cosOlpy o, £3) = cE (—3\/57) (;x/l/?) 1/3) = +"cEag
1 1 ao V6
<81/2, i§|€ETCOSG|p3/2, i§> =ck (—3\/57) (\/ 2/3 1/3) = —7€Ea0
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This provides the necessary information to construct the matrix H

2812 2p12 2p32
251/2 | —3am (1+Za?) - % + v/3eEaq —v6eEaq
2p12 | +V3eEag _% (1+2a?) + 2 0 ...
2]93/2 _\/geE(lO 0 _;TO (1_’_%60[2)

(12.110)
The Lamb shift A is also included.
If we diagonalize the 2 x 2 sector of the 2sq/5,2p, /5 states exactly, we find

the eigenvalues
Ey = < 1+3a2 + 1 /a2 + 12e2E2a (12.111)
Rao 16 2 0 '

For small electric field this has the expansion

2 5 A 3 2E2 2
eBag < A: By = 78%0 <1+Ea2> 5 % o (12112)

This is second order perturbation theory. For large electric field we have another
expansion

e? 5 V3A2
E A: By =—— (1+—a? ) £ V3eFEag + - (12.113
eEay > + Sac ( +16a> V3eEag 24@Ea0+ ( )

In the new basis the difference between eigenvalues E, — F_ ~ 2v/3eEaq is com-
parable to the off diagonal elements that mix with the 2p3/, states. Therefore,
one must apply the nearly degenerate perturbation theory methods to include
the effects of the remaining off diagonal terms. The situation is somewhat sim-
ilar to the one discussed in Eqs.(12.64-12.85), now with a matrix of the form

A—a 0 a
0 A+a a (12.114)
a a B

The solution of the complete problem is left as an exercise for the student in a
homework problem.
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12.9 Problems

1. Apply the general formulas for the formal exact solution for E,, |E,), Z,, U,

3.

to the 2-level problem, and show that you obtain the same exact results
as the standard matrix diagonalization methods.

. Consider two distinguishable particles of spin % (e.g. electron and positron)

interacting via a spin dependent Hamiltonian of the form

Assuming that B <« A, compute the the energy to second order and the

normalized wavefunction to first order? (note that this is a 4 x 4 matrix
problem).

Finite size nucleus.

The usual non-relativistic treatment of the hydrogen atom makes use of many
physical idealizations. One of these consists of assuming that the proton
is a peoint charge. In fact, the charge of the proton is distributed over a

very small spatial region and is described by a spherically symmetrical
charge density p(r).

a) Compute the change in the potential from a pure Coulomb potential

aver) = v (r)  [distributed charge]
=V(r) [point charge]

which arises from an arbitrary charge distribution p(r), with, of course,
the total charge fixed.

b) Compute approximately the first order energy shift in an S-state of
hydrogen which results from this perturbation, That is, compute the first
order energy shift to lowest order in IZo., [Hint: AV 1is concentrated
in a very small spatial region so that, to lowest order in Za, the wave
function can be replaced by its value at the erigin,

1 2 ,3/2
Pl B ) '
ns f.’? Lﬂﬂ.ﬂ
Your answer should invelve only the mean square radius of the charge

distribution.]

¢) What is the order of magnitude in . eV =-of this energy shift? What
is the order of magnitude of the shift for P states? Compare®the fine
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4. Lamb shift.

The Lamb Shift - A crude estimate of the Lamb shift can be obtained through
the following considerations: The dynamics of a normal mode of the electro-
magnetic field is equivalent to that of a harmonic oscillator (see class
notes). Therefore, upon quantization each mode acquires a zero point energy
of 0w/2 (vacuum energy). It can be checked that although the average E.M.
field strength is zero in vacuum, the mean-square value of the field is
non-zero. (This follows from (0/al0? = 0, but (0|aa®|0) # 0.) This
vacuum fluctuation of the E.M. field gives an extra interaction with any
charged particle. Now, in the H-atom this causes a jiggling of the electron
about its average position. This mean square fluctuation can be estimated
to be (for a nucleus of charpe 1)
2, 20 b2 o1

((Gr} Yz ? [E) In a
Therefore, the electron "sees" a different E.M. potential at its various
points about the average position. This leads then to an additional
average energy

0 2

) 1 a’v
(V(E+ [SE] - V{E}) = (‘55' ?V 2 '2-'51'151'3 s—::;g;—:-*
3.
(6r2iy boe 7y - oyr 0 ()
=g (BT 4+ s 7 b= 4T

where V is the Coulomb potential.
Calculate in lst order perturbation theory the energy shift due to this

interaction for any state |[n...}. In particular calculate the energy

splitting for the 25]/2,2}11/2 states (i.e, the Lamb Shift). How does

your result compare with experiment? (etrzrrwtw’f“: los7 MH&J

Apply the methods of Eqs.(12.64-12.85), or any of the other methods dis-
cussed in class, to find the eigenvalues and eigenstates of the Hamiltonian
in Bq.(12.110)



Chapter 13

TIME DEPENDENT
PROBLEMS

We now turn our attention to time dependent problems. We consider a Hamil-
tonian of the form H = Hy+ H' (t) where we assume that all the eigenvalues and
eigenstates of Hy are known, and that the complete set of states are labelled
as |E,). When H'(t) is zero, the time dependence of these states is simply
e~ /M E Y = |E,)e""Fn/" implying that the energy eigenstate changes at
most by a phase, and does not make a transition to another state. However,
when H’ (t) is not zero, eigenstates of Hy are no longer stationary in time. A
common question is: what is the probability amplitude that the system will
make a transition from some initial energy eigenstate |E,) to some other final
energy eigenstate |E,,) when the time dependent interaction is turned on?

More generally the system may be in some general initial state |i) which may
or may not be an energy eigenstate of Hy, and we would like to compute the
probability amplitude for making a transition to some general final state |f).
To answer the question we need to compute the time development of the state
|i) which is governed by the Schrodinger equation. As long as H' (t) is zero we
have already learned in past chapters that the time development of any state
will be given by the time translation operator |1, t) = e~*Ho/"|¢)). Now we will
imagine that H’ (t) remains zero up to some time g, or that H' (¢) it is turned
on very slowly so that it starts to become appreciable around the time t = tg,
and compute the subsequent time development of the state. This will be given
by the time translation operator which we will call U (¢, o), so that

li,t)T = U (t,t0) |i, to)- (13.1)

The superscript + is to remind us that the evolution of this state is determined
by the full Hamiltonian H = Hy + H'(t). Our first task is to compute the
operator U (¢,t9) and then compute the transition amplitude.

While the initial state of the system develops in time, our measuring appara-
tus also develops in time. We will assume that our measuring apparatus is not

423
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subject to the interactions described by H’ (¢) and that its time development
is governed by Hj. To find out if the system described by state |i) will make a
transition to some final state |f) we must prepare a detector described by the
state |f). Up to the time ¢t = ¢g, the time development of both states |i), | f) are
governed by Hy,

[i,to) = e~ 1Mo/ G), | f,t0) = e Moo/ M| f). (13.2)

But for ¢ > ty the detector is still governed by Hy while the system is governed
by the total Hamiltonian H = Hy + H'(t). Therefore for ¢t > ¢y the time
dependence of the detector is given by

|f,t) = e (mtol o/l £ 40y (13.3)

The transition amplitude Ay, (f) measured at time ¢ is simply the overlap be-
tween the system and the detector at time ¢, and is given by

Ay (t,t0) = (f,t]i, t)F = (f, to|e!TOHIY (1, 10) |i, to). (13.4)
By substituting |, to), | f, to) this can be further developed to the form
Ay (t,to) = (fle" /MU (8, 8) e~ 0o/ i), (13.5)

where the states [i),|f) are the initial and final states well before the inter-
action was turned on. Note that on the left ¢ appears while on the right ¢y
appears. The time dependence of the transition amplitude will be determined
by understanding the time translation operator U (¢, %g) in more detail.

There are many possible physical circumstances in Nature to which this
setup is applied. In some cases, such as the turning on of some external electro-
magnetic field at time ¢ is controlled by the experimentalist in the laboratory,
then t( is some fixed time and ¢ is some subsequent time. In other cases, such as
the scattering of two free particles by short range forces, the interaction H’ (¢)
is turned on very slowly as the particles approach each other as a function of
the distance between them; it becomes appreciable only for a very short time
period, and it becomes negligible again as the particles fly apart after scatter-
ing. For such circumstances we will be interested in taking the limits tg — —oo
and ¢ — oo, and then |i), |f) are interpreted as the initial and final states that
describe free particles. In the latter case Ay; (00, —00) is called the S-matrix, or
the scattering matrix, which we will study in more detail in the next chapter.

Before we deal with the problem of a general time dependent H' (¢), let us
consider the case of a perturbation H’ which turns on at ¢ = ¢y, but remains
constant as a function of time after that point. Then we already know the time
translation operator

i

U (t, to) = exp ( 7 (t—to) (Ho + H/)> iff 9,H' = 0. (13.6)

which leads to the transition amplitude

Afz (t,to) — <f‘€itH0/ﬁ€—i(t—tU)<H0+H’)/ﬁ67it0H0/ﬁ‘Z->’ iff atH/ =0. (137)
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In this expression the time dependence of the process has been made quite
explicit. Note that in general Hy, H' are operators that do not commute with
each other, and therefore the exponentials cannot be combined naively. Beyond
this point the computation depends on the details of the operators Hy, H'. We
will return to this expression later when we consider some examples.

13.1 Interaction picture

To compute the time development operator for the general case H' (t), we will
distinguish between different formalisms that deal with time dependent prob-
lems in quantum mechanics. These are called the Schrédinger picture, the
interaction picture and the Heisenberg picture.

The Schrodinger picture is the one we discussed above. In this case operators
such as r,p or their functions O (r,p) are all taken at time zero in the Hamil-
tonian formalism. The time dependence is all in the states and is governed by
the Schrodinger equation

The Heisenberg picture is the opposite, where operators such as r (), p (t) or
their functions O (r (¢),p (¢)) are taken as dynamical observables that develop
in time while the states are all time independent. To distinguish the Heisenberg
states from the Schrodinger states we will append an extra H as a subscript.
When the Hamiltonian is independent of time the Heisenberg states are related
to the Schrodinger states, which have no subscript, as

[, t) = e MYy g o )y = Mo 1), (13.9)

while the Heisenberg operators Op are related to the Schrodinger operators O
by
Oy (t) = e H/hQe=itH/h, (13.10)

The interaction picture is somewhere in between the Heisenberg and Schrodinger
pictures. It is defined by

[, t) = e oM 1)y s |y, 1) = e o/ 1) (13.11)

itHo/h itH/h

where, compared to the Heisenberg picture, e appears instead of e
The equation of motion for the interaction picture state [, t); is derived by
computing its time derivative as follows

ih |, ) = ihdy (e H0/M |y 1)) = e Ho/M (idy|ap, t)) — Hoe™ o/ o), 1)
= ot/ (Hy + H' () [y, t)—Ho |, t); = (etHo/MH (t)e=Ho/l) |op, ) .

Define now the interaction picture Hamiltonian

Hi(t) = eo/h|J (t)e o/, (13.12)
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Then we see that the time development of the interaction picture state is gov-
erned just by Hj(t)

RO, t)r = Hy ()i, 1) . (13.13)

The solution of this equation may be written as

[, t)r = Ur (t,41) |9, t1)1 (13.14)

where Uy (t,t1) is the time translation operator in the interaction picture, and
t; is some intial time. If the original perturbation H'(t) were zero, then the
interaction picture Hamiltonian would be zero, and the inteaction picture state
|1, t); would be time independent. Indeed, in the interaction picture the initial
and final states up to the point ¢ = tg are just the original states |), | f) as seen
below

t<to: |i,t)y = et/ t) = eitHo/heg=itHo/h 5y — |y, (13.15)

and similarly for |f,¢); = |f). This makes sense since during the time period
t < to both H' (¢t) and Hj}(¢) vanish. Therefore, in the interaction picture
|i,t0)7 = |¢) and the time development of the initial state at times later than g
is given by

t>to: [ist) = Up (t,to) |i). (13.16)

We compare this to the result in Eq.(13.1) obtained in the Schrédinger picture
by using Eq.(13.11) which relates the two pictures

li, ) = U (t,t0) |i, to) = U (t, o) e~ HoHo/h|) (13.17)
= e /My by p = MO (8, 10) ) (13.18)

From the last expressions in the two lines we extract the relation between the
time translation operators in the two pictures. Noting that the relation is in-
dependent of the state |i), or that it must be true for all states, we can write
the following equation that relates the time translation operators in the two
pictures

U (t,to) = e Mo/ Uy (¢, 1) e Ho/M | Uy (t,t9) = e Ho/MU (¢, 1) e~ o Ho/h
(13.19)
Inserting this in the transition amplitude given in Eq.(13.5) we find

Ayi (t,to) = (fIUI (t,%0) |i).- (13.20)

So the transition amplitude can be computed directly in the interaction picture
as the matrix element of the time translation operator Up (t,tp) sandwiched
between the time independent states |i), |f). All the time dependence is now in
U; (t,tg) which remains to be computed.
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13.2 Integral equations

We have already seen that the time translation operator in the interaction pic-
ture Uy (t,to) satisfies an integral equation that represents the solution to the
Schrodiger equation and incorporates also the initial condition Uy (totg) = 1

.t
Ur(t to) = 1 — %/ dt' Hi (Uit t). (13.21)

to

The formal solution was given in the previous section in the form of the Dyson
series.

This integral equation implies also an integral equation for the time transla-
tion operator in the Schrodinger picture. By inserting Eq.(13.19) in Eq.(13.21)
we obtain

. t
eitHo/hU(t,tO)e_itoHo/ﬁ =1— %/ dt/ Hl<t/)eitlHU/ﬁU(t/7to)e—itoHo/ﬁ
to

Furthermore by replacing Hy(t') = e Ho/t H' (') e~ Ho/l and re-arranging the
factors we obtain

. t
Ult,to) = e~i(t=to)Ho/h _ %/ dt e )V /M (U ). (13.22)

to

By applying both sides of this equation on the state |i,tg) and using Eq.(13.1)
we derive an integral equation for the state |i, )™

.
i, t)+ = \i,t>f%/ dt’ e~ (=) Ho/h (|, /) +. (13.23)

to

The state [i,t) without the superscript 4+ implies that its time evolution is
determined by Hy, not by the full H. The integral equation is a formal solution
to the full Schrodinger equation 1hd|i, t)™ = (Ho + H' (t)) |i,t)" and satisfies
the boundary condition. We will return to the investigation of this integral
equation in later section.

13.3 Dyson series

Now we compute Uy (,to) formally for the general time dependent Hamiltonian
H'(t). First we derive a differential equation for U (¢,to) by taking the deriv-
ative of Eq.(13.16) and using Eq.(13.13)

ihdy Y, t)r = Hy (t) [, t)r — ihdy (Ur (t.to) [¥0) = Hy (t) Ur (t,to) [¢)

Since this equation must be satisfied for every |¢) it must be true as an operator
equation
ihoyUp (t,to) = Hy (t) Up (t,to) - (13.24)
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This can be converted to the following integral equation that satisfies not only
the differential equation, but also the initial condition Uy (¢otp) = 1

.t
Ur(t,to) =1 — %/ dt’ Hy (Ut to). (13.25)
to

A solution for Uj(t,tp) can now be obtained by recursively substituting the
expression for Us(t, tg) into the right hand side, so that

Uprlt.to) =1~ £ [ dtyHi(t) [1 —if dtQH](tQ)U](tQto)]
= 1-1/h [} daH(t) + (=2)° [} dtsH,(t1) [ dts Hi(t2)Us(tato)
=1— ¢ [¢ Hi(t)dtr+ (—£)" [} dtrH, (1) [ dtaHi(t)
+(=2)° [L dt Hy(t) [ s Hy(t) 12 dbsHo(ts) + -

In this way we obtain the infinite series

UL (4, o) :i <—%)n/tdt1 /tl dtg---/tnl dty [Hi(tr) - Hy(t)] .
n=0 to to to

(13.26)
Note that the Hj (tj) are time ordered, with the later times to the left side. This
order could not be altered since the Hy (tx) gererally do not commute with each
other at different times. Following this observation we define a time ordering
operator 1" which is applied on a product of operators that depends on various
instances of time. It instructs to write the operator with the larger time to the
left side of the operator with the smaller time. It is given by the definition

T{A(t1)B(t2)} = A(t1)B(t2)0(t1 — o) + B(t2) A(t)0(ts — t1).  (13.27)

Inside the time ordering operator T the order of the operators could be switched,
even if the operators A(t;), B(t2) do not commute, since the result is still the
same after the definition of T is used

T{A(t1)B(t2)} = T{B(t2)A(t1)} - (13.28)

Therefore, inside the T ordering operator any set of operators A (t), B (t') com-
mute at arbitrary times. Extending the definition of time ordering to the prod-
uct of any number of operators, we can write the time ordered product

Hi(t) - Hy(tn) = T (Hy(t) - Hr(ty)), (13.29)

and inside the time ordering operator T the orders of the Hy (¢x) can be switched
arbitrarily. Thus inside the time ordering, the products (Hy(t1)--- Hr(t,)) can

be regarded as a completely symmetric function of the times ¢1,ts, -+ ,t, as if
the Hy (tx) commute at any t.
It can be argued that for a symmetric function f(t1,...,t,), nested integrals

can be rewritten as integrations in the full range as follows

t tn—1 1 t t
/ dtl"'/ dtnf(tly"'tn):_|/ dtl"'/ dtnf(tla"'tn)-
to to e Jie to
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This is easily verified for n = 2. First one can see that by renaming ¢; < to and
using the symmetry f (t1,t2) = f (t2,t1), it follows that f:o dt, fttol dty f(t1,t2)

= ftto dty t? dt1 f(t1,t2). This says that integrating f(¢1,¢2) in the two different
regions that are indicated gives the same result. Then one can show, just by
looking at a diagram of the integration region in the (¢1,%2) plane, that the
integral in the second region can also be written in a different order of nesting the
integrals ftto dts ttoz dty f(t1,t2) = f;; dt, fttl dty f(t1,t2). Now one can write the
original nested integral as half the sum of the integrations in the two equivalent
regions ftto dt, ftzl dty f(t1,t2) and ftto dtq fttl dty f(t1,t2). But this is precisely

% J. tto dty f:ﬂ dts f(t1,t2). The general proof for any n can be given with a similar
reasoning.

Having established this result, we can write U;(t, ) in the following way by
pulling out the time ordering operator in front of the sum

Us (. to) —2(%>n/t:dt1 /tt dtgm/t:nldtnT(HI(tl)mHI(tn))
_Ti(%)n%/t:dtl/t:dtz--'/t:dtn(HI(tl)--'Hz(tn))

n=0
.t
= Texp <—%/ HI(t’)dt’> (13.30)
to

In the last step the series is formally summed to what is called a “time ordered
exponential". The last expression is a definition. It cannot be computed di-
rectly; its meaning and computation follows from the Dyson series form that
appears in the second line or the first line of Eq.(13.30). Note that if the H;(ty)
commute at different times then there is no need for time ordering and the
result becomes a usual exponential that solves the differential equation or the
integral equation in Eqgs.(13.24,13.25). In any case, the Dyson series is very
useful for perturbative approximations to time dependent problems since the
series is given in powers of the perturbation for any H' (¢).

13.3.1 Time dependent perturbation theory

Time dependent perturbation theory is now well defined. The perturbative
approximation to the transition amplitude Ay; (¢,t0) = (f|Ur (t,t0) |¢) is given
by computing the matrix elements

Ayi(t,to) = <f\i>f%/ dty (f|Hp (t1) |4) (13.31)

to

+ (g) / dty / db (1 (02) Hy (82) i) + -

Recall that H (t) = e®o/h Hy(t)e~Ho/" TInserting the energy eigenstates as
a complete set of states 1 = Y |EY)(EY|, and assuming also that [i), |f) are
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energy eigenstates (not so in general), we obtain

. t
Ay (t,to) = 5 — %/ dty e Er B (1) (13.32)

to
LN 2 t t
+ (_%) Z/ dtleih(Ef—En)/ﬁH}n (tl)/ ' dt2eit2(En,—Ez‘)/ﬁH7’ﬂ (t2) W
n to to

The time integrals cannot be done until the time dependence of H' (t) is speci-
fied.

Of course, if H’ (t) is time independent, then the integrations are straight-
forward. In that case we expect agreement with the computation of Eq.(13.7)
which should correspond to the full sum of the Dyson series

Afz (t, tO) — <f|e7;tH0/hefy_l:(t*tO)(HO‘FH/)e*itOHO/ﬁ|7:>’ i atH/ =0
_ eitEf/ﬁeitoEi/h<f|e—i(t—t0)(Ho+H’)/h,|i>’ (13.33)

After performing the integrals in Eq.(13.32) the series in powers of H’ should
match at each order. Therefore, the sum of the series should become the ex-
pression given above. The direct proof by perfornming the integrals is left as an
exercise in problem 2. A more clever proof is the general discussion in the next
section.

13.3.2 Summing up the Dyson series

There are a few special cases in which it is actually possible to sum up the infinite
Dyson series. In this section we will discuss the case of a time independent H’,
and the case of a time dependence of the form

Hy + H' (t) = etth/h fye=itHi/h (13.34)

where both Hi, Hs are time independent arbitrary operators. We will also
discuss a general property of the Dyson series that is useful for transformations
from one picture to another, including Schrédinger, interaction and more general
pictures, and then give the most general form of H’ (¢) for which the Dyson series
can be summed up.

First we deal with the case of a time independent H’. For this special
case the time translation operator in the Schrédinger representation U (¢, 1) is
already computed in Eq.(13.6). The time translation operator in the interaction
representation follows from Eq.(13.19) and can now be written in the form

.t
Ur (t,tg) = Texp (%/ Hl(t’)dt/> = eMHo/hT (¢ 4g) e itoHo/h - (13.35)
to

This allows us to rewrite the relation above as

.t
T exp (%/ dt’ eit'Ho/ﬁH’e“'Ho/ﬁ> (13.36)

to

= o/l exp <_% (t —to) (Ho + H/)> e oo/t it 5 H' =0,
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Next we turn to the highly interesting less trivial case in Eq.(13.34) which
has several very important applications discussed in the next section. For this
case it is useful to define a third picture which we will call the “stationary
picture". We define the stationary picture states |¢,t)s as

‘¢7t>s — e_itHl/h"’g[J,t>+ — e_itHl/ﬁeitHU/hWJ,t)[ (13_37)

in analogy to the interaction picture or the Heisenberg picture. This form is
inspired by the fact that the original Schrodinger wavefunction |¢, )T satisfies
the equation

ihdy ), t) T = (eitHl/ﬁﬂge—“Hl/ﬁ) o, 1), (13.38)

Using this equation to compute the derivative of |1, t) one finds the simple
equation
ihOglp, t), = (Hy + Ha) |9, 1), (13.39)

which can be integrated
1), = e T/, 1) (13.40)
From this we obtain the solution in the Schriodinger picture
|¢7 t>+ — eitHl/hefi(Hl%*HQ)(t*to)/hefitoHl/ﬁ |w, t0> (1341)
This gives the time translation operators in the Schrodinger picture and the
interaction picture as follows
U (t, t[)) — eitHl/he_i(Hl"FHz)(t_tO)/he_itDHl/hr (1342)

UI (t, tO) — eitHo/ﬁeitHl/ﬁefi(Hl%»Hg)(tfto)/ﬁefitoHl/ﬁefitoHo/ﬁ (1343)

The combination of the time translations eitfo/hgitH1/h

time translation V (t) given by
V (t) = eltHo/heit/h, (13.44)

is equivalent to a single

V (t) = ¢9® through the Baker-Campbell-Housedorff theorem discussed in
Eq.(closel),

2 3 3

Q) = t (Ho+ Hy) + % (Ho, Hy) + % (Ho, [Ho, )] + 15 [H, (Hy, Holl + -+

(13.45)
In some cases the series terminates, while in some other cases it is possible
to use properties of Lie groups to compute the product of the exponentials
directly and obtain @ (¢) fully. In particular, this shows how to sum up the

Dyson series T exp (—% tto dt'Hy (t’)) = Us(t,t0) when Hj (t) has the form
H () = eitHo/h (ez’tHl/hH2e—itH1/h — Hy) e—itHo/h
A more general property of the time ordered product is

Texp <% /tt it A(t’)) — V() Texp <% /tt dt A(t')) V=l (to) (13.46)



432 CHAPTER 13. TIME DEPENDENT PROBLEMS

where
A=V YYA YV )=V L) ihopV ('), (13.47)

This relation is satisfied for any A (¢t) and any V (t) that has a well defined
inverse. In particular, if A is hermitian and V is unitary then A is also hermitian.
One can verify Eq.(13.46) by noting that it is correct at ¢t = ¢o, and that the time
derivatives 0; of both sides are equal. The rule for taking the time derivative of
a time ordered exponential is given in Eq.(13.24). This relation can be used to
make transformations to arbitrary pictures. Thus, if A (¢') is the Hamiltonian
in the interaction picture, and one makes a transformation from the interaction
picture to another pictute by applying the operator V (¢), then the Hamiltonian
in the new picture is A (t') . We see that the transformations discussed above
V)= etHo/l hetween the interaction and Schrodinger pictures is a special case
of this more general transformation with a general V (¢). The transformation
V (t) is analogous to a local gauge transformation is a gauge theory!.

Observe that if one can find a V (¢') that gives a constant A for some given
A (t'), then the integral on the right hand side can be performed T exp (—% f:o dt’ fl) =

e~ilt—to)A/ " and hence the Dyson series can be summed up explicitly

T exp (—% /t; dt’ A(t’)) =V (t) exp (—% (t — to)[l) Vl(te). (13.48)

Turning this observation around we can show that any A (¢) that has this prop-
erty must be of the form

A(t) =V () AV7L(t) =V (£)ihd V1 (1) (13.49)

where A is time independent and V (t) is arbitrary.

The special forms of the Hamiltonians discussed above for which the Dyson
series was summed up are special applications of this observation since they
correspond to some specific form of V' (¢) and A (t) . We can now state that the
most general Hamiltonian for which we can sum up the Dyson series is of the
form H = Hy + H' (t) with

Ho+ H' (t) =V () HV "1 (t) = V (t)ihd, VL () . (13.50)

where H is any time independent operator and V (t) is any unitary operator
with any time dependence. This can be verified by retracing the discussion
above backwards, and is left as an exercise for the student.

13.4 Two level system

Consider a physical system that, under certain circumstances and for certain
phenomena, can be approximated by two quantum levels. It turns out that

L This relation can be recognized in the context of gauge theories as a local gauge transfor-
mation U(t) of a gauge potential A (¢) and its effect on the corresponding Wilson line integral
constructed from A (t).
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this kind of approximation is indeed valid for several important phenomena in
Nature, including spin or nuclear magnetic resonance, masers, and the K°—K©°
elementary particle system.

In the stable configuration the system is described by the two level Hamil-
tonian Hy given by

F 0 o
Hy = ( 01 E, ) =FEyx1 +hw1273 (13.51)

where we parametrized Fy = % (E1 4 E3) and wip = %(El — E») and introduced
the Pauli matrix o3. Now consider disturbing the system by a time dependent
perturbation of the form

, _ 0 h,yefiwt
70 = (e " (1352

In a physical setting this could represent the turning on of an external electro-
magnetic field. Note that Hy 4+ H' (t) is of the form of Eq.(13.34) which we
studied above. Explicitly we have

e*iwt/Q 0 E h eiwt/Q 0
Hy+H'(t) = < 0 ciwt/2 ) ( h,yl* Ez ) ( 0 o—iwt/2 ) (13.53)

which identifies

hw
— 0 g3
= 2 - — —_—
)28 ( ¢k > ho (13.54)
B, h o3
Hy = ( f‘wl* EZ ) = By x 1+ hwiz— + hmon + o (13.55)

where v = 7, — i775. Therefore we expect to solve this problem exactly by using
the methods of the previous section.
The interaction picture Hamiltonian Hy(t) = e*o/" [’(t)e~"Ho/" becomes

0 efi(wfwlg)t
Hp(t) = < o eilo—wna)t ! 0 > : (13.56)

The Schrédinger equation in the interaction picture ihds|v, t)r = Hy (t) [v,t) s
is now a matrix differential equation with two unknown functions ;(u,t| =
(] (t),35 (t)) . This can be solved by coupled differential equation methods.
But we can also apply our general solution of the previous section to this
matrix problem, and give directly the solution in the form of Eq.(13.43) with
eitHo/hgitHi/h — ¢iQ() Tp the present case the Baker-Campbell-Housedorff for-
mula Eq.(13.45) is simple because [Hy, H1] = 0 and we have Q (t) = (Ho + H1) t.
The solution [¢),t), = et(HotH1)/he=ilt=to)(Hi+Hz)/he=ito(Hot H1)/h ) can be
written in matrix form. The part of Hy and H> proportional to Ej cancels out
since it is proportional to the identity, and we obtain

|,¢7 t>[ _ eit(wlgfw)%ie—i(t—to)((w12—w)323-+7101+’y202)67it0(w127w)523 |,(/J> (1357)
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where |¢) is a general initial state. The exponential of the Pauli matrices is
computed with the methods we discussed before when we studied rotations
exp (iv- o) = cosv + iV - osinv. In this case the components of the vector v
are v1 = — (t —tg) vy, v2 = — (t —to) 79 and v3 = — (¢t — tp) (w12 — w) /2, and
the length of the vector is

1 1/2
—a(-w), 0= (b4 pen-w) . 035)
while the quantity V- =0 -v/v is
1 .
V.o =9 ((wm —w) % + 7,01+ 7202) . (13.59)

We can now compute transition amplitudes. If the initial state is |i) is
the first energy eigenstate |i) =|F;) and the final state is the second energy
eigenstate |f) =|Fs) then the transition amplitude is

A21() <E2|ezt(w12 w) G —1(t to)((wlz w)—&-‘r’ylo'l-‘r’yzo'z)e—lto(le w) |E>

(13.60)

=e ét(wm*w) (efi(tfto)((wlsz)%i+’Y1U1+’YzU2)) eféto(wlsz) (1361)
21

— e 3twiz—w) (cosv+ iV - osinv), e ~3to(wiz—w) (13.62)

_ Z% Sin (Q (t _ to)) 67§(t+t0)(w127W) (1363)

By squaring it we obtain the probability for making this transition

| 421 (1)? = ‘QV—| sin? (Q (t —tg)) . (13.64)

Similarly we can compute the probablity for staying in the same state, which
is |A11(¢)|?. Since the probabilty for all transitions must sum up to 1, we must
have |A11(t)|? + |A21(¢t)|* = 1. Indeed we can prove generally that the sum of
all probabilities for transitions to all states starting from some initial state must
sum up to 1 as follows

3 nl® = 32 A = 36 U (1) ) 0lU (1) ) = (1) = 1

(13.65)
Note that the sum over n includes the initial state ¢. Therefore, the probability

for staying in the same state |A11(t)|? is
/?
|A11(t)|2 =1- W sin (Q (t - to)) . (1366)

If we have a more general initial and final states, they are generally normalized
states of the form [i) = cos 0;|E) + sin6,|E») and | f) = —sin6¢|E1) + cos 6 [ E).
The transition amplitude is then

Ay (t) = —sinfy cosb; Arq (t)+cosbycost; Az (t)—sinbysinf; A1o (£)+cos O sinb; Agg (1) .
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Let us plot the probabilities | A2 (£)|* and |A;1(t)|? as a function of time as
in Fig.13.1.

N ~ ~ /\
\ // \ // \ [\
I ;o\ ;o\ /I \
08] \ [ [\ I\
\ / \ / \ / \
1\ \ \ \
y
041 \/ \/ \/ (O
0.27]
0 1 2t 3 4 5

Fig. 13.1 - |A11(¢)|? dash, |A;1(¢)]? solid

We see that the system keeps making transitions between the two states.
At time t = tg = 0 the system starts out 100% in state 1 as seen from the
figure (dashed curve at 1, solid curve at 0). As time goes on the state 1 gets
depleted (decreasing dashed curve) while state 2 gets populated (increasing
solid curve). But the state 2 does not get populated 100%; instead it reaches

2
a maximum amplitude given by lgz_|2 < 1. At this point it begins to lose its

population while state 1 begins to absorb it. This process of emission and

absorbtion oscillates over time and goes on indefinitely as shown in the figure.

2
The maximum transition probability is %—‘2 which is reached periodically at

certain times. This quantity is given by

bt _ ol (13.67)
P P+ L (e —w)?

In Fig.13.2 we plot it as a function of the frequency of the external field w

0.57

0 2 4 6 8 10

Fig.13.2 - Amplitude peaks at w = wqs.
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It a bell-shaped curve that peaks at w = w12, at which point lgz_lj = 1. Thus,
when the external field is adjusted to the critical frequency w1z then state 2 can
get populated 100% and the system can make a full transition from state 1 to
state 2. This frequency is called the resonance frequency since the effect is the
maximum possible. At the resonance frequency both curves at Fig.13.1 have
the maximum amplitude and oscillate as a function of time between 0 and 1.

One can perform experiments in which the system is observed and the curves
in Figures 13.1 and 13.2 are plotted. From the location of the peak of the curve
one reads off w = wio and from this learns the energy difference between the
two levels

Ey — FEy = hwis. (13.68)

Then one measures the width of the curve when the amplitude is half of its
2

maximum |;72—|2 = % Lets call the measured width ¢g. The half width is given by

a value of the frquency w. that satisfies w. — w12 = ¢/2. Inserting this in the

2
relation ‘32—‘2 = % we can extract the quantity ||

[y 1 a
——— =5 — = (13.69)
WP+3(3)° 2 4
This value of || is a measure of the strength of the interaction between the ex-

ternal field and the system. This measurement is used to extracts some relevant
property of the system as we will see in the next section.

13.4.1 Spin magnetic resonance

An example of the two-level problem discussed before is given by the spin mag-
netic resonance of a set of nuclei at rest. In fact, if we apply to such system a
constant magnetic field 50 in the z direction By = By 2, and a “small” oscil-
lating field in the « — y plane, B, (t) = by coswt and By(t) = bg sinwt. We can
write the Hamiltonian

H({t)=—un-B(t). (13.70)

The magnetic moment is proportinal to the spin operator g =uS of the nucleus
, then

H (t) = —pu(BoS. + by coswt S, + by sinwt Sy) (13.71)
or
H=Hy+ H'(t) (13.72)
with
Hy = —uByS., H'(t) = —p(bgcoswt Sy + by sinwt Sy) (13.73)
We can write ' .
H/(t) — e—zthz/h, (_MbOS:v) ezwtsz/h (1374)

Therefore, this is of the form H'(t) = e®*1/" Hye=#*H1/l which we can solve
exactly, with Hy = wS, and Hy = —ubyS,.
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The states of Hy are angular momentum states |jm) for a fixed j, and has
eigenvalues E,, = —uBom. The transitions will be between different rotation
states and can be computed for any j in terms of the D-functions for rotation
matrices. The general case is left as an exercise for the student. Here we discuss
the case of spin 7 = 1/2. For that case the spin operator is represented by Pauli
matrices S = ho /2. Therefore the Hamiltonian takes the 2 X 2 matrix form

—LhuB 0 0 hrye—it
H H. H' — 2 0 + )
= 119 (t) ( 0 %h BO ) ( h,_y*e+zwt 0 ) ’ (1375>

with 1
7l = 5ubo. (13.76)

This is precisely the problem we studied in the previous section. By making
the measurments of the resonance frequency w and of the width of the curve g
indicated in the previous section we learn
1 q
uBy =w, =pby=-. (13.77)
2 4
Since an experimentalist has control of the external fields By, by and can vary
them, these measurements allow us to extract the value of the magnetic moment.
The setup can also be used in reverse to make instruments for which g is
known, and use it to measure electromagnetic properties of systems.

13.4.2 Maser

An Ammonia molecule (N Hs) has two opposite parity eigenstates |A) and |S).
The energy of the state |A) is slightly higher than the energy of the state |S).
Suppose now we apply an electric field in a given direction oscillating at a
frequency

w~ (Eas—Eg)/h . (13.78)

In this case we reproduce the same situation as we have discussed before, where
the transition probability |x421(t)|2 has a maximum peak of value 1. Suppose
now we construct the following apparatus.

The molecular beam of N H3 containing both |A) and |S) states goes through
a filter. The emerging beam now contains only the |A) state. Then the beam
goes through a microwave cavity that has an oscillating electric field. The
excited |A) state now makes transitions to the lower |S) state and the beam
oscillates between the two states as it continues its journey through the cavity.
The amount of time it takes for one cycle of full transition from |A) to |S) at
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resonance frequency, when 0 = ||, is At = ﬁ If one now chooses the length

of the cavity L in such a way that the outgoing beam of N Hj3 is completely
in the |S) state just when it exits the cavity, then one expects that the energy
inside the cavity would rise, as it happens in practice. This excess energy is
given up to the time dependent potential inside the cavity, so that the radiation
field grows in magnitude. This is the MASER = Microwave Amplification by
Stimulated Emission of Radiation.

13.5 Time independent interaction.

Consider once again the probability amplitude Ay;(t) = (ft|it)" and recall the
integral equation 13.23

t

|it) T = |it) —i/h/ dt' e Ho/ME=E) F7 |47y + (13.79)
to

We recall that the above expression for |it)* is a formal solution for a state at

any time ¢t. So now

t

(ft|it)T= (ft|it>—i/h/ dt' e Es /M=) eyt | 7Y (¢ |t )+ (13.80)
to

We see the structure )

)

Ty 13.81
w1 ( )

(ftlity*= 05—

where we have defined

t t
Ty = / dt' (ft'|H'(t')]it') + = / dt'et/M B =t) (ol Y (#)]it') T (13.82)
to tO

Suppose now H' does not depend on time and that we are looking for a

perturbative approximation by inserting |it)™ = |it) on the right hand side,
then

Tps = J, A/ 21010 | He /1))
= Ji dt/<ft0|H/|ito>€ﬂ/ﬁ(EﬁEf)(t ~to) (13.83)
= (fto|H'|ito)276 ((E; — Ey) /h)

where in the last step we took the limit {9 — —oo and t — oo. The result
shows that when the Hamiltonian does not depend on the time explicitly the
energy is conserved. The integral equation can be solved by continuing the
iteration and one finds that at each order of the perturbative expansion the
delta function appears. We can thus write generally the following form for the
transition amplitude when H' is time independent

Ayi(t) = (ftlityt =64 —i2n6(Ep — Ei)Tys (13.84)

Because of energy conservation we are now forced to choose eigenstates |it)+
and |it) such that Hl|i,t)T= E;|i,t)", and Hyli,t) = F;|i,t). This matching of
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the energies is easily satisfied when both Hy, H have continuous energy eigenval-
ues. Because of this, the time dependence of these states can be made explicit

i, t)*= e~ i/"Et|E)T | i t) = e~¥/"Eit| E;). Then the integral equation becomes

. t
|E;)T = |E;) — %/ dt e~ i/M(Ho=E)(t=t) f7| .y + (13.85)

to

Similarly the transition amplitude becomes

.ot

Ap; = (Ef|E;) — ;_L/ dt' /M Er =) (B H | Bt (13.86)
to

Taking the limits tg — —oco and ¢t — oo we recover the delta function. Ay; in

this limit is called the S-matrix, so we can write the form

where we identify
Tyi = (Ef|H'|E)*. (13.88)

This is the transition amplitude when f # ¢ which we would like to compute.
In the limits considered it is called the T-matrix.

We would now like to take the limit {; — oo more carefully. Before we do
this we must first give a prescription; namely, first replace F; with E; + ic (e
infinitesimal but positive) and then set g = —oo. Since H' is time-independent,
we can readily perform the integration on t’, to obtain

(13.89)

1 — eti/M(Bitie—H,)(t—to)
|&W=w»+( )Hum+

E,—H, + ic

We see that the “ie-presciption” is related to the boundary condition that | E;)°
is an eigenstate in the remote past. It also represents a way to define a green’s
function for the operator (E; — Hy). If we now take the limit tg — —oo, we have

1

ENT = |E. S

H'|E)* (13.90)
This equation is called Lipmann-Schwinger equation. We could arrive at the
same equation by a time independent approach as follows

H|E) = Ei|E)", — (Ho+ H')|E;)"= E|E)", — (Ei — Ho)|E;) "= H'|E;)™

(13.91)
The solution of the last relation is exactly given by the Lippmann-Schwinger
equation. In fact, we can verify that the Lippmann-Schwinger equation satisfies
the last equation

LE; — Hy

E; — H)|E)Nt=(E; — H))|E;))? + =————
(Bi = Ho)| B:) = (Es = Ho) |Ei)° + p—F——

H'|E)* = 0+ H'|E)*
£—
(13.92)
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We see that in the time independent derivation the inverse of (E; — Hp) needs
to be given some meaning. As we saw above the ic prescription derived through
the time dependent formalism provides the meaning and it implies causality.

The Lippmann Schwinger equation can be solved formally for |E;)" in terms
of |E;) as follows

Byt = {1 - !

-1
—— H| |E), 13.93
Ei — Ho + iE) :| ‘ > ( )

By inserting this in the expression above we obtain the following expression for
the transition amplitude

Ty = (Ef|H'|Ei)T = (B4 |T (E;) | Ei) (13.94)
T(E)=H' {1 — (B — Hy + is)_lH’} B (13.95)
- [1 — H'(E; — Ho + z‘e)*l} T (13.96)

If we expand T (F;) in powers as a geometric series and insert the identity in
the form of intermediate states we obtain the series form

(H/)fkl (H/)klkz o (H/)kn,li

T ;= -1 n—1 2 2
d ;h%&l( B B 7By — B+ 9By, Bk

——

(13.97)
We will return to study this expression in more detail.

13.6 Cross section for scattering

We will now compute the cross section of a scattering process which is propor-
tional to |S¢;|%. In fact, writing

for f #4 |Sp|? =2m8(0)276(Ef — E;)|Ty;|* writing

/ d' e~/ EFBOY _ onhs(B; — E,) (13.99)
we see that -
27h5(0) = / di’ = lim ¢ (13.100)

Define now the transition probability per unit time by dividing out this infinite
time factor. Indeed in an measurement an observation takes a certain amount
time, not an infinite amount of time, and one may report the average probability
per unit time by dividing by the length of time it takes for the observation.
Therefore we obtain

A | S fi ‘2 21

Py = =10 = Zo5(E, — E)| T2 13.101
f A - (Ey Tyl ( )
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Next we take into account the limitation of instruments that, rather than mea-
suring the transition to a single energy eigenstate, they actually measure the
transition to a collection of states in the same energy neighborhood as E'¢ within
some resolution dEy. So the transition rate must be multiplied by the number
of states in the energy interval determined by the resolution of the instrument.
We represent the number of states as p(Ey¢)dEy where p(Ey) is the number den-
sity per unit energy interval, per unit volume (in space), in the vicinity of E.
We will later see how to compute p (F) in some examples. Thus, the measured
probability per unit time of the transition from the initial state to a group of
final states is dW ¢;

AWy = Py; p(Ef)dE; (13.102)

for the energy range Ef:t%dEf. For the complete energy range, we have the
integral

. 2w
Wy = /Pﬁ p(Ef)dE; = 7/5(Ef — BTy p(Ey)dEy (13.103)

2m
= S |Tyil*p(Ey) (13.104)
E;=E;
13.6.1 Fermi’s golden rule
If we evaluate |T;|? in the first approximation, then we use
TV = (H) 4 (13.105)
fi — fi :
27
Wi = S I(H") i p(Ey) (13.106)
Ef:Ei

This is such a simple and useful formula that it has acquired the name “Fermi’s
Golden Rule”.

13.6.2 First order, time dependent perturbation
Ayi(+) = (ftlit)y* = (f,t|U(t, toli, to)r (13.107)
For  U(t,to) = 1 — (i/h) [} Hi(¢')dt' + O(H,?), we have
Agi(t) = 8gi —i/h f,, dt’ {f|Hili)
=6 — Z/hﬁi dr’ <ft0|efngto/he+iHot//hHlefiHot /ﬁe+iHoto/h|i’to>+
=6y; — i/l [}, dt'e/ME=EIC =) (f 10| H'|i o)

(13.108)
Consider now the perturbation due to a radiation field (photons)

H'(t) = Ae™! 4 ATe 1, (13.109)
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where A is some operator. Then

(s tol i, to) fi eH(Br B+ gy
+(f, to\AT|i,t0> «fttg Cil(Ep—Ei)=hwlt' /h gyt
(13.110)
If we send ¢ty — —oo and ¢ — oo, we obtain delta functions §(E; — E; + fw),
which indicate energy emission or absorbtion, and certainly not energy conser-
vation. This is called stimulated emission or absorbtion under the influence of
an external radiation field. Evidently one of the terms must vanish if the other
does not. In computing the probability |Af;|? we apply the same reasoning as
the previous section, and divide out the by the factor 2776 (0) . Then for f # i,
we obtain the transition probability per unit time in the form

aano/a=2 0 SE G D e} as

This must again be multiplied by the density of final states as discussed in the
previous section. A transition is possible only if By — E; = +hw.

Api(t) = 5fr%ei(Ef*Ei)t°/ﬁ

13.6.3 Ionization of a Hydrogen atom by a radiation field

Consider the H-atom in a time dependent oscillating electric field which is spa-
cially constant. The scalar potential is Ay = —r - E (¢) and the electron interacts
with the electric field via the term —eAq in the Hamiltonian. Therefore, for an
electric fiels in the z direction the perturbation is

H (t)=er-E(t) =eE(t) r-E. (13.112)
\ZVe will take F (t) = Ey (ei‘“t + e_i“’t) , and choose later a convenient direction
E for the electric field. Then
H' (t) = Ae™! + Afe™™! A = eFor- B (13.113)
Following the computation in the previous section we have

d 27 §(Ey — E; + hw)|(f|Ali)?
aanor =T S TR G | e

For the ionization of Hydrogen, we take the initial state to be the ground state,
while the final state is a free particle state with mometum p. Therefore we need
to compute

(f|Ali) = eEo(plr - E[100)r’ (13.115)
:eEo/d3r’ (p|r’) & E (r'|100) (13.116)
1 7 N 67"“//‘10
— 3 / /N
= eEO/d r (L)S/Qexp (ﬁpr) o p_ (13.117)

€E 7 ~l B —1r'/a
= \/E(T(:))?’/Q/dgr/ exp (—ﬁpl") B e/ (13.118)
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We have used the plane wave expression (p|r’) :(L);Wz,exp (—£p-r’) for a par-
ticle in a box of size L. It is now convenient to choose p in the z direction, and
let E be in the z-x plane, with an angle 6 relative to the z plane. The vector r’
points in a general direction with angles (9’, ¢’) and makes the angle §” with

the direction E. Thus
P = (sin@' cos @', sin®'sing’,cosf’) (13.119)
p=(0,0,1), E =(sinh,0,cosb) (13.120)

So we can derive the relation between the angles

BE-# = cos6 cosf + sinOsin 6 cos ¢, p-# = cost’ (13.121)

The integrals can now be performed

32meEy (p/h) ag cos O

VrL3a3 (14 h%p%%)?).

The transition probability per unit time to a group of final states with ap-
proximately the same energy E is given by

IRIDES

(13.122)

2
AW = / [(F1AJi)[? x %5(Ef — Ei + hw) x p(Ef)dEs x L (13.123)

where the number of states available to the emitted particle in the box is
p(Ef)dE; x L*. Thus, we also need to discuss the density of final states. For a
free particle in a box the momentum is quantized p; = 2nhn;/L. The number of
states in the range dpidpodps is dnidnedng = (L/ 27rh)3 dp1dpadps. The density
of states per unit volume is obtained by dividing by the volume (dnidnadns) /L3 =
d3p/(27h)3. This is identified with the number of states in some energy interval
p(Ey)dEy, where p(Ey) is the density of states per unit energy. Therefore the
density of states for the free particle emitted by the atom is given by

d3p

p(Ek)dEk = (271_71)3 .

(13.124)

Writing dp = dQQdep and using E = p?/2m to convert dE = %pdp, we find
_ pmdS)

1

E)dE = d*Qp*dp = ————=dE. 13.125
p(E) o W = G ( )

The result is 05602 B2 a T’
AW;; = iﬁe 0RO cos? 0d%Q0. (13.126)

whS(1 + 5zp%af)

From conservation of energy we have

p?/2m = —me*/2h% + hw (13.127)

We solve for p and substitute to get a final expression in terms of the frequency
of the external field w.
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13.7 Problems

1. Prove that for a symmetric function f(t1,...,t,), ordered integrals can be
rewritten as integrations in the full range as follows.

t t1 tn—1 1 t t t
/dtl/ dtQ---/ dtnf(tl,tQ---tn)z—'/ dtl/ dtg"'/ At f(te o, -+ L)
to to to n: to to to

2. Perform the integrals in Eq.(13.32) for order n, and show that the series
sums up to the expression in Eq.(13.7).

3. Prove that the Dyson series satisfies the relation
. t .
T exp <—%/ dt' A (t’)) =V (t)exp <—% (t —to) A) V1 (to)
to

with A#) =V ) AWE)V (') = V(') ihdyV (t'), for any A (') and
any V (t) . This can be shown that proving that both sides satisfy the same
boundary condition and that their derivatives are equal.

4. Consider a time dependent Hamiltonian H = Hy + H' (t) of the form
Hy+H' )=V () HV' (t) =V (t)ihd, VT (t).

where H is any time independent operator and V (¢) is any unitary oper-
ator with any time dependence. Obtain the solution of the Schrédinger
equation |i,t)T for ¢ > to if the initial state at very early times is a state
|#) in the Hilbert space owhose time dependence is governed by Hj.

5. Consider now the general spin magnetic resonance problem for arbitrary
spin j. The Hamiltonian is H = Hy + H', with Hy = ﬁo — QJy and
H' = —)\Q(J; coswt — Jysinwt). The part Hy has eigenvalues Fy(7) that
are rotationally symmetric. Q = uB is the Larmor frequency. Suppose
you have an initial state at t = ¢y which is an eigenstate of Hy and labelled
as [jm). The interaction H'(¢) is turned on at ¢t = to. Find the probability
amplitude for observing a final state of Hy, |jm') at times ¢t > tg ? You
can solve this problem easily by using the methods discussed in the text
for transforming to a new basis in which the Hamiltonian becomes time
independent. Then you should be able to give an exact result in terms of
rotation D-functions. Compare your result to the one obtained in the text
when you specialize to j = 1/2.

6. Consider a system that is described by H; for t < ty and by Hs for ¢ > tg.
Both H; and Hs are time independent. Let us label the respective Hilbert
spaces with indices as |x,t)1, |*,t)2 during the appropriate time intervals.

a) What are the time development operators before and after ¢y ? If
we have an initial state labelled as |i,¢1)1 for t; < to give its time
dependence |i,¢)T for ¢t > to in terms of these time development
operators.
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10.

b) What is the probability amplitude for making a transition from an
initial eigenstate of Hy, |E1)1, to a final eigenstate of Hy, |Es)2 ?
Give the time dependence of the transition amplidude, if any.

Consider a H-like atom whose nuclear charge undergoes a sudden change
7 — Z +1 (example via beta decay). If the atom is initially in its ground
state, what is the probability that it will be excited to the 2s level 7
Give an exact answer using the known Hydrogen-like atom eigenstates
(with arbitrary nuclear charge). Hint: use the formalism of the previous
problem.

. Consider again the physical process of the previous problem. Formulate

the problem as a small change of the potential and apply perturbation
theory when Z is large. How does your result compare to the result of the
previous problem?

. Consider a Hamiltonian H = Hy + Hg, where Hg is time independent.

This was discussed in class. Now, you will complete some of the steps as
an exercise, starting with the S-matrix the form

S5 = U101 (0,0, Ur(o0,=00) =T |ex (3 [ ari(e)) |

—00

Perform all the time ordered integrals for each term of the series expansion
by using the ic prescription, and show that you obtain

Sfi = (5]% — i2775(Ef — Ei)Tfi

o0

1
Ty = S (fIHy e HY - —————— HYji
! s el = momresh

n=0
1 -1
= 1-Hy————— Hgli
|1 - trsg—g| o

in agreement with the methods presented in class.

Consider a l-dimensional harmonic oscillator described by

2

_py 1o 2
H—2m+2mw (t)z

where the frequency w (t) is time dependent
w (t) = wo + wy cos (bt) .

and w; < wq. Use perturbation theory to calculate the probability that a
transition occurs from the ground state, as a function of time, given that
the system is initially at the ground state. To which state(s) is the main
transition ?



Chapter 14

SCATTERING THEORY

14.1 Lippmann-Schwinger equation

We are now ready to attack a typical scattering problem of an incoming free
particle of momentum p =hk interacting with a time independent potential
V(r). This process is time dependent even though the Hamiltonian does not
explicitly depend on time. The Hamiltonian is

’ p2
H=Hy+H =— .
o+ 2m+V(r)

The goal is to determine the probability amplitude Wy (r) for finding an outgo-
ing particle at a position r after the scattering of the incoming particle. This
information can be obtained by solving the Schrédinger equation with the ap-
propriate initial conditions. Omne approach is to derive an integral equation,
called the Lippmann-Schwinger equation, that is equivalent to the Schrodinger
equation and which incorporates the boundary conditions.

Because of the time independent Hamiltonian, energy is conserved during
the scattering process, so we must match the energy eigenvalues of Hy and H
as we learned in the previous chapter. Since Hy governs the incoming state
|E), while H governs the state |E)™ during the scattering process, we write the
eigenvalue equations with the same F

H|E)* = E|EY*, Hy|E)= E|E).

As we have learned in the previous chapter, the Lippmann-Schwinger equation
describes the evolution of the initial state |E) into the state |E)™ as a result of
the interaction ,
|E\T = |E) 4 (E — Hy +i¢) "H |E)*.

Recall that the +ie prescription takes into account causality in the time evolu-
tion of the system.

The energy eigenstate of Hy = p?/2m is the free particle state |E) = |k)

2

with definite momentum p|k) = fik|k), and F zﬁ;—f;. We can define the energy

451



452 CHAPTER 14. SCATTERING THEORY

eigenstate of the total H as |E)™ = |k)* where the superscript + indicates that
the state corresponds the evolution of the initial free particle state |k). The
direction of the vector k still indicates the direction of the incoming particle.
So we can write the Schrodinger equation with the total Hamiltonian as

2 27,2
(5 v ) 19 = ol

Rescaling with the overall factor 2m/h? and re-arranging terms we have
(k2 — p2/h2) k)t =v(r) k)T, v(r)==V(r).
The Lippmann-Schwinger equation takes the following form in our case
)™ = k) + (K —p?/h* +-ie) " w () k)

We can now dot this expression on the left by the position bra (r| and insert
identity in the form 1 = [ d®r [r')(r'| to obtain

(rlk)™ = (r|k) + /d?’r/ (r| (k2 —p?/h* + ia)i1 [ty (' |v (r) |k) .

The quantity (r|k)™ is the wavefunction Wy (r) = (r|k)™ which represents the
probability amplitude that an incoming particle of momentum Ak will be found
at position r after scattering. Similarly, (r|k) = et™/(27)3/2 is the plane wave
for the incoming free particle. The quantity

G:(r,r/) = (r| (k2—p2/h2+i€)_1 )

is the Green function for inverting the operator (k2 —p?/ h2) with appropriate
boundary conditions imposed at ¢ — —oo (remote past). So now, we can write
the Lippmann-Schwinger equation in the form

) = [ 6 e ol ()
k\r) = (271_)3/2 Ir k I‘7I‘ vir k(r ).

It is easy to see that the Green function satisfies the differential equation
(V2 + kQ)G,(€+)(r,rl) = 63)(r —r'), namely

! d? 1 4ige(r—r
(V2 + )G (rr)= /(2733 (—® + k2)(K? + ¢* + i) eTia(r—r)

ddq iq- rfr/ !
:/ e G P

We can compute the Green function by inserting identity in momentum space



14.2. SCATTERING AMPLITUDE, S-MATRIX, T-MATRIX 453
1= [d®q|q) {(q|, with p|q) = |q)hq, and using the plane wave for (r|q)
/ . —1 /
G ()= [ @'a ala) (al (k-9 /1 +ie) )

43 etar o, -1 eiar’
_/ q—(27r)3/2 (k* —q* +ic) OEE
1

—_ dS +iq»(r—r,) k2— 2 .
(%)3/ qe ( q° +ie)

The integration [d*q is performed as follows

-1

1 o'} B 27 1 ) ,
G,(:r): 3 / ¢*dq (k’2 — ¢+ ie) 1/ d¢/ d(cos 9)6""‘”"“r |cos®
(2m)3 Jo 0 -1
1 e -1 oog ; ! ; !
= d 2 k‘2 2 . +iglr—r | _ _—iglr—r |
2n)? /O aC k- Fie) e (¢ ¢ )

q —iglr—r
e—talr—r |

_;/“d _a
e ) gt

The remaining integral can be performed by complex integration. We can write
k? — ¢* +ie = (k — q+ic)(k + q + i) since k is positive and € — 0. This shows
that there are two poles in the complex ¢ plane at ¢ = + (k + i) . Since |r —r'|
is always positive we can close the contour clockwise in the lower complex ¢
plane, and pick up the residue of the pole at ¢ = —k — ie. Therefore

i (—2mi) Res{q=—k—ic} i(m)eiklrfr/\

G\ = -
k (2m)2|r—r’| (2m)2|r—r’|
eik\rfrl\
T dxe—r|
Finally we can write
etikr 3 eik\r—r/| , ,

v =———— [ d&’r —— v 14.1

1) = g = [ € W) (141)

This integral equation determines the probability amplitude Wy(r) of finding
the outgoing particle at a position r after the scattering of the incoming free
particle of momentum p =hk.

14.2 Scattering amplitude, S-Matrix, T-matrix

In general, the observation point r is located at a distance much greater than
the scattering center. So it is appropriate to take the limiting value of the
above integral equation for |r| — oco. The first term on the right hand side will
not be affected by the limit, since it represents an oscillating plane wave. The
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integral in the second term has a term eik‘r*r/ | |r—r/ |71. Assuming a reasonably
short range potential, the r’ integration will get its main contribution for small
values of r’ close to the center. Therefore the denominator of this term will be
approximated by |r—r'| ~|r| for large values |r|. However, in the exponential
we perform the following expansion

r—r | =12 —2r -1/ + 72~ — 1 + O 2/r)

so that for large r we have

eJrik-r eikr

_ 3. —ikir o '
Uy (r) = T /d re v(r )Wy(r).

We define
k =kt

and interpret this vector as the momentum of the outgoing particle. This is jus-
tified since r is the location of a detector where the scattered particle is detected,
and therefore ¥ is the direction of the scattered particle. Furthermore, since the
particle is a free particle after the scattering takes place, and since energy is
conserved, its momentum must have absolute value ik so that the energy is
E = h2k? /2m. Therefore, we have now an expression for the wavefunction that
depends on the incoming and outgoing momenta (k,k’)

€+ik~r ez’kr 3 'kl , , ,
_ —ik T
Uy (r) e @R I /d re v(r )Py(r)
S S PR e f(k, k) (14.2)
- (2m)3/2 r ’ '

where

4
=—27%(K'|v (r) [k) " (14.3)

)3 efik'~r' ,
f(k,k’):—(2 ) /d3r’ - v(r )W(r")

The last line is verified by inserting identity in the form 1 = [ d3r'[v') (r'|. We
may notice that the term (2;)—];;% is a spherical wave that originates at the scat-
tering center, weighted by a function f(k,k’). Therefore, f(k,k’) represents the
probability amplitude for an incoming particle of momentum k to be scattered
into the direction # with momentum k' = kf.

Recall that that (k'|k)™ is the transition amplitude Ay; (00, —o0), which is
the S-matrix. Analysing this quantity directly through the Lippmann-Schwinger

equation, [k)* = |k) + (k*—p?/h? +ig) v (r) |k)*, we obtain

KK+ = 6@ (K — k) + (Ko () k)" (k2 kg ie)_l
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As long as k' is not in the forward direction we may drop the delta func-
, -1

tion, and the remaining term (k’|v|k)™ (k2 —k?+ is) is identified as the

T-matrix. From this expression we recognize the scattering amplitude f(k,k’)

as the residue of the pole in the momentum wave function (k’|k)™, multiplied

by the factor (—272), as given in Eq.(14.3).

Thus there are two ways of computing the scattering amplitude f(k,k’). The
first is by examining the asymptotic behavior of the wavefunction ¥y(r), where
Uk (r) is the scattering solution of the Schrodinger equation

R, Rk’
- \% v = Py (r).
(<3 7+ V) ) wit) = o)

Since the asymptotic behavior has the form of Eq.(14.2), f(k,k’) is obtained by

taking the ratio of the coefficients for the incoming plane wave e™%'* and the out-
kr

ei
T

going spherical wave . A second approach for computing f(k,k’) is to exam-

, -1
ine the T-matrix in momentum space. The residue of the pole (k2 —k2+ is)

times the factor (—272) is the scattering amplitude f(k,k’).

The discussion above was given in three space dimensions, but it can be
repeated for any dimension. In particular the transmission and reflection coef-
ficients that one learns to compute by solving the Schrodinger equation in one
dimension correspond to the scattering amplitude. The student should develop
experience for computing f(k,k’) by solving some of the problems at the end
of the chapter.

14.3 Differential and total cross section

The differential cross section is defined as follows

d number of particles scattered into solid angle df2 per unit time
G— =

number of incident particles per unit time per unit area

Thus an experimentalist simply counts particles in the incident beam and in
the detector that captures the scattered particles, and reports the ratio de-
scribed above. The mathematical expression for what he sees is computed as
follows. The denominator is just the probability current of the incident particles
%% =|k-J inl, Where the current is to be computed from the incident wave-
function far away from the interaction region. The numerator can be expressed
as the area of an infinitesimal detector times the number of radially scattered
particles per unit area per unit time. This amounts to the probablity current
of the outgoing particles %ﬂﬁ = |¢-J,,;| times the area element r2dQ that
represents an infinitesimal detector located at some solid angle. The current is
to be computed from the outgoing wavefunction far away from the interaction
region. Therefore one should compare the experimentalist measurements to the
expression

|£-J, ] r2dQ
oO=—F=
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Recall that the probability current for any wavefunction W is given by
J=—i—(U"VU - IVI*)=Re | —0* (—ihV) T
2m m

We can thus compute J;,, and J,,; by using the asymptotic form of the wave-
function given in Eq.(14.2)

- ez’kr ,
U, (r) = et™ W, (r) = " f(k k).
We do not need to worry about the overall normalization since we are interested
only in the ratio. Hence for the incident current we have [k-J,. :%, and for

the scattered current we have

£ Jout| = ‘Re (-%*3\1/)
m or

SNLRPIRLE

T—00 m’r2

Therefore the differential cross section is
do = |f(k,K')[2dQ.
In real life the detector has a finite size and the experimentalist counts all

the particles that reach the finite size detector. His measurement correspond to
integrating the differential cross section over the size of the detector

o= / | f (&, k)|?dy (14.4)
det ector

The total cross section corresponds experimentally to setting up detectors
everywhere around the scattering center and capturing all scattered particles.
This amounts to integrating the differentail cross section over all angles

Croi— / (0, X) 29,
tot

The cross section has unit of area. It can be pictured as a small effective disk
of area o which deflects the beam from its initial path. The larger/smaller the
cross section the larger/smaller the disk.

14.4 Optical theorem

We will first discuss the implications of the conservation of probability in scat-
tering theory. Consider the Schrédinger equation for any potential energy V (r)

2
ihO, = (—h—VQ + V(r)) .
2m
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The divergence of the probability current J = —i (h/2m) (¥*VIU — UV T*) is
computed by substituting V2¥ from the Schrodinger equation. The potential
terms cancel and one finds

hi
—i—V - (U*VV — UVT*) = -9, |¥|%
2m

The right hand side is the time derivative of the probability density p = |¥|?.
Hence this equation is nothing more than the continuity equation for the prob-

ability current
dp
V.-J+—=0.
"o
For energy eigenstates Wp(r,t) = e *F¥/"¥(r) the probability density is time
independent % [VE(rt)Uh(r,t)] = % [¢(r)y*(r)] = 0, and therefore the current
has vanishing divergence V -J =0. Its integral on a spherical volume reduces to

a surface integral on the spherical shell by using Stoke’s theorem

0:/ d3rV-J:/ dQr?(# - J)
sphere shell

We let the volume go to infinity, r — oo, and compute this integral for the as-
ymptotic form of the scattering wavefunction Wi (r,t) — (2m)~%/2 [e’*T + f(k,k')e*" /r]
as follows. We compute

P25 J P2kt | £k, K Tm [i (k + £ - k) €75 £k K')] }

s {
-~ m(2r)3
where we used that # -V is just the radial derivative 9/9r, and dropped non-

leading terms that become negligible as 7 — oco. Then the integral of the first
term vanishes [ dQ # -k =0, and the rest give

0= /dQ [k|f(k,k’)|2+k:r1m{f(k, k') (z+zrk) e““"—ik'r}] = kowor + 1

(14.5)
The first term is proportional to the total cross section as defined in the pre-
vious section [ dQk |f(k,K)|> = koo (k). In the second integral I we recall
that the direction of k’ is the same as the direction of r, therefore we write
f(k, k') = f (k,0) to indicate the angle dependence of the scattering amplitude.
The integration over ¢ in the solid angle integral d$2 = d¢d (cos 0) is performed
trivially [ d¢ = 2m. The remaining integral over 0

1
I = lim 27T/<:r1m{/ d(cos@) eikri=cos?) (i+i0059)f(k779)}

T—00 1

is to be performed for r — oo. Due to the rapid fluctuations of the phase,
we use the saddle point method. The phase is stationary at 8 = 0, since this
is the solution of Jg (1 — cos#) = sinf = 0. Expanding the integrand around
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0 = 0, and then rotating the contour along the steepest descent direction in the

complex plane 6 = %7 we obtain

I= lim 27rkr1m{2i f (k,0) / 6“”92/2d92/2}

=1Im {—47rf (k,0) /OO e"”da:} = —4nIm f (k,0)
0

Therefore Eq.(14.5) reduces to the “optical theorem”

T (F (5,0)) = =01 (F) (14.6)

This theorem relates the total cross section to the imaginary part of the scatter-
ing amplitude in the forward direction, and is a direct consequence of the fact
that the total probability density is conserved.

14.4.1 Generalized optical theorem

There is a more general statement that applies to the scattering amplitude
f(k, k') for any potential V (r) . Consider two solutions of the Schrodinger equa-
tion U (r,t) = e F4/"Wy (r), and Vg (v,t) = e~ F1/MTy, (r) with the same en-
ergy but with the momenta ki, ko pointing in two arbitrary directions although
they have the same magnitude

k1| = |ko| = &, (14.7)

and therefore the same energy E = h?k?/2m. Using the Schrodinger equation
with any potential V' (r) one can easily prove the identity

T (r) V2, (r) — 5, (r) V2, (r) =0.
This can be written in the form of a divergenceless current
V-J=0, J=Uy (r) VU, (r) — ¥y, (r) VI, (r).

Integrating it over a large sphere, and applying Stoke’s theorem we derive an
equation similar to Eq.(14.5)

0:/ d3rV-J:/ dQr?(& - J)
sphere shell

. . 0 . 0
— i [ a0 g, ) 5 () - Wi, 1) 57 ).
The wavefunctions have the form Wy, , (r) — (27)7%/2 [e™k12 + f(ky 5,k )e?" /7]
at 7 — oo, with k/ = kf. To evaluate the surface integral we expand the plane
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waves e*¥1.2 in terms of outgoing and incoming spherical waves e**" /7 for
large r,

exp (ir-kio) = 2w 1) (ka — QT) (14.8)

T™—00

e+ikr e*ikr
{ 0 (s =) = 5

where we have used Eq.(14.7). This relation is derived as outlined in a problem
at the end of this chapter. It is now straightforward to take the radial derivatives
and evaluate the surface integral. After a rearrangement of the terms the result
can be written as

1 * k *
5 (Pl ke) = 1 (ko) = 4 [ a9 (ke ) Fl k). (149)
The optical theorem discussed in the previous section is a special limit of this
more general relation. Indeed for the case of k; = ko = k, Eq.(14.9) reduces to
Eq.(14.6).

14.5 Scattering of identical particles

Consider two identical particles that are scattered by a finite range potential
V(r). The total wavefunction ¥(ry,ry) can be written in terms of the cen-
ter of mass and relative coordinates R and r respectively. In this basis the
wavefunction is separable

U(ry,r2) = U(R,r) = Uy, (R)T,q(r)

Since ¥, (R) is trivial we concentrate on W, (r) and for simplicity rename it
U(r).

Allowing for spin degrees of freedom, each wavefunction has an additional
spin index to represent an appropriate spinning wavefunction. Therefore the
two particle wavefunction has a pair of spin indices, and is denoted as ¥y, ,(r).
Under the interchange of two identical particles this wavefunction must satisfy
quantum statistics.

First we consider spinless bosons. There are no spin indices and the wave-
function must be even under the interchange of the positions of the two particles.
For the relative wavefunction this amounts to

Spinless bosons: ¥(r) = ¥(—r)

Hence the wave function for scattered particles must have the form

eikr
W) = sy | (€54 ) S () + S0 )|
= G (€ e+ S (8.0) + (B - 0)]
= G e e , T

where we have used f(k,#) = f(F,0).
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Next we consider spin 1/2 fermions. The wavefunction must be odd un-
der the interchange of the positions and of the spins of the two particles. We
may rewrite the wavefunction in terms of total spin 0,1 components by using the
Clebsch-Gordan coefficients X9, ,, = (3,015 3,02/0,0) and x5 ,, = (3,015 3021, 5)
where s = 0,+£1

0 s
WUIUZ (r) = Xglaz\yk(r) + Xz'lo'z\llk<r)'

Under the interchange of the two spins the spin 0 channel is antisymmetric

XSIUQ =— ngo_ﬂ while the spin 1 channel is symmetric x5, ,, = + X5,,,- Lhere-
fore W) (r) must be symmetric while ¥j (r) must be antisymmetric so that the
overall wavefunction is antisymmetric ¥, 4, (r) = —Usy,q, (—1)

Spin 1/2 fermions: W (r) = U (-r), ¥i(r) = —¥i(-r).

Thus we can write the following forms

Y _ Co ik-r —ik-r eikr

k() = G [(e + e+ — (fo(E,0) + fo(B,m = 0)
s CS ik-r —ik-r eikr

\Ilk(r): (271_)3/2 |:(€ —€ )+ r (fl(E39)_f1(E37r_9)):|

From these expressions we derive some general observable consequences of
quantum statistics, independent of the details of the forces, as follows. Consider
the differential cross section observed by an experimentalist. In the case of
spinless bosons we have

Spinless bosons: <d—0> = |f(0)+ f(m —0)% (14.10)
Q) g

In the case of spin 1/2 fermions, if the final spin is observed to be spin zero we
have

d 1
Spin 1/2 fermions, total spin 0: 9 = —1£o(0) + fo(m — )
a ), 4
where the factor of 1/4 comes from spin averaging over the initial spins of the
fermions, with a factor of 1/2 for each fermions (1/2)* = 1/4. If the final total
spin is observed to be 1 but the orientation is not observed, we get

Spin 1/2 fermions, total spin 1: (d—g) = §|fl(9) — fi(m —0))?
aaj, 4

where the factor of 1/4 is explained above, while the factor of 3 is due to the fact
that there are 3 spin states but the probablities are summed over the 3 states.
In general, if the initial or final spins are not observed, then the differential cross
section includes factors that correspond to averaging over the initial spins and
summing over the final spins.

Note that at § = 7/2 the differential cross section (g—g)l vanishes, which
means that in the spin 1 channel an experimentalist should see no particles
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scattered at 90° from the direction of the beam. This is in clear distinction to
both (g—g) p and (g—g)o which do not vanish. This is a rather general property
that follows only from quantum statistics, independent of any details of the
scattering system.

There is an even easier test under further assumptions. If the total spin of
the scattered fermions is not observed either, then the differential cross section
is is obtained by summing over all spin components in the final state. Assuming
that the scattering force is independent of spin we use fy(0) = f1(0) = f(0) and
obtain

Fermions: (%)F _ ime) + = 0) + %f(@) S —0)P.  (14.11)

Comparing boson versus fermion scattering at § = 7/2, we have

do do
— | —yned 2)1%, <—> —gm 2)|? 14.12
() —r-en 2P (5F) —omplf/2P 112

We notice an enhancement for bosons relative to fermions. This is due to the
constructive interference for bosons at @ = 7/2, and the destructive interference
for fermions in the spin 1 channel.

14.6 Born approximation

We have seen that the differential cross section do is directly proportional to
|f(k,k)|%, which, in turn, was expressed as f(k, k') = —272(k'|v (r) |k)*. Scat-
tering experiments then give us a possibility to discover the matrix elements of
V (r) in momentum space thus revealing the properties of the interaction V' (r) .

This property is particularly evident in the First Born Approximation de-
noted as f(M)(k,k’), which corresponds to approximating the state |k)* with
the free particle state |k). We will later investigate the conditions under which
the approximation is valid. In this case indeed f() (k,k') is proportional to the
matrix elements of V (r) in the free particle Hilbert space (k’|V (r) |k) which is
given by representing the states with plane waves as in Eq.(14.3)

—ik’-r ik-r
W Ke—9r2 [ PBpl 2Zmy oy €7
FHK k)=—2r /d I‘(27T)3/2 2 (r) o)

This is just a Fourier transform of the potential using the momentum transfer
h(k' —k)
WK —Kk) = " 3 —i(K —k)-

fY% —-k) = 572 d’rV(r)e™ T (14.13)
For a rotationally invariant potential this is a function of only |k’ — k| = 2ksin (6/2) .
Thus, from the scattering amplitude one can extract the details of the potential
V (r) through the inverse Fourier transform. One can thus probe the scatterer
by bombarding it with a beam of known particles and extract the nature of the
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forces between beam and target by measuring the energy and angle dependence
of the differential cross section.

To justify the approximation we start from the general expression of the scat-
tering amplitude f(k,k’) = —27%(k'|v(r) |k)*, and the Lippmann-Schwinger
equation [k)™ = |k) + Gulk)*, where G = (k? — p?/h* + ia)_l is the opera-
tor version of the Green function. We solve formally for |k)* and substitute it
in f(k, k) to get the exact expressions

K)* = (1—Go) ' K), fkK)= 22K v (r) (1 - Go)~lk).  (14.14)

If the incoming energy E = h%k?/2m is sufficiently large compared to the po-
tential energy V (r), then Gu is roughly of order v/k? = V (r) /E and is small.
This will be examined in more detail below. Under such circumstances we can
approximate the expressions for [k)T or f(k,k’) by expanding in a power series
and obtain

f(K k) = =272 (K'|v + vGv 4+ vGvGv + - - - |k). (14.15)
The n* Born approximation is defined by keeping the first n terms in this ex-
pansion. Thus, the first Born approximation is f(")(k’, k) as given above, while
the second Born approximation is given by f(k’,k) = fM (k' k) + f@ (K k)
with f(®) (k' k) given by

P k) = =27 (K [vGolk),

and so on.

14.6.1 Scattering from the Yukawa Potential

As an example consider the Yukawa potential

e—r/ro

V(r)=Vo——
() Oy

where r( is the distance scale that determines the range of the potential. As-
suming a sufficiently high incoming energy compared to the potential strength
Vo we can approximate the scattering amplitude by using the first Born ap-
proximation. This amounts to the Fourier transform of the Yukawa potential
as given in Eq.(14.13)

2 o —r/ro 21 1 ‘ )
f(l) (k,k/) = m / 7’2d7’ VO e / d¢/ d(COS 0)e+2|k7k [(cos 0)r
0 0 1

4mh? r/To

m 0o ) e*T/To e+i|k7k'\r _ efi\kfk'\r
= — 75 redr VO ;

2 J, r/To ik —K'|r

After cancelling the r? factors in the numerator and denominator, the remaining
integral is easily performed and we obtain

(2mVorg/n?) (2mVord /h?)

D(kK)=— =— .
Fkk) (K=k)*r§+1  4k*2sin® (6/2) +1

(14.16)
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From this expression we obtain the differential cross section due to the
Yukawa potential as a function of incoming energy E = Rk /2m and scat-
tering angle 6

da_( (2mVorg /h?) )2

dQ  \ 4k%2sin” (0/2) +1

The results of experiments can be plotted as a function of k and 6 for differ-
ent ranges of these experimentally adjustable parameters and compared to the
calculated expression above.

1 theta 2 3

Fig.14.1 - Plots of do/d) versus 6

In Fig.14.1 the theoretical differential cross section is plotted for 0 < 6 <«
for three different values of the energy. The vertical axis is normalized by
dividing by the value of the forward scattering cross section, (do/dS?) (§ = 0) =
(2mVord/ h2)2, which is independent of both k,f. The dotted line is at some
low energy, the thin line is at a higher energy, and the thick line is at an even
higher energy. We see that the forward peak (small ) is sharper for higher
energies, which indicates that more and more particles tend to be scattered in
the forward direction as the incoming energy is increased. It is clear that by
obtaining such curves experimentally and comparing to the predicted shapes
one can extract the range of the potential ry and the strength of the potential
Vo, thus reconstructing the potential V (r).

It is useful to compare this result to the equivalent computation via a Feyn-
man graph in first order perturbation theory in relativistic quantum field theory.
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p1 p1

N

p1’- p13 p2- p2’

VAN

p2 p2
Fig.14.2 - Particle exchange

The Feynman diagram in Fig.14.2 describes two particles of initial 4-momenta
py and ph interacting by exchanging another particle (dotted line) and coming
out with 4-momenta p}* and pJ'. The strength of the interaction at each ver-
tex is represented by a constant g. The exchanged particle propagates from
one interaction point in space-time to the other by carrying the 4-momentum
transfer

P =pt =l =1k -
This is written in two forms due to momentum and energy conservation p} +ph =
pl* + pg'. The scattering amplitude in lowest order perturbation theory for this
process is given by the mathematical expression for this Feynman graph, which
is

O =gG(p)g.

Here G (p) is the Feynman propagator G (p) = (p*c* — m?c* + is)_l , where m
is the mass of the exchanged particle and p?> = p-p = (p0)2 —p? is the relativistic
dot product which takes the form p? = (p} — p1)* = (E}, — E1)* — (p}, — p1)°.
The ic in the propagator can be set to zero as long the Feynman graph has no
loops.

In the case of elastic scattering off a heavy (static) target, as in our case
of scattering off a potential V' (r), the energy is conserved at each vertex Efj =
E, or Ef = E;. Therefore the Feynman propagator depends only on the 3-
A

momentum transfer G (p) = — ((p’1 —p1)° A +m? . To compare to our

notation in potential scattering, we take p; = fik and p} = hk’. Then we find
that the Feynman amplitude gG (p) g takes an identical form to the first Born
approximation for the Yukawa potential as in Eq.(14.16)

FO(K) = -9 _ (9/mc2)2
’ (hk' — hK)? ¢ + m2c? (h/me)® (K'—K)2 + 1

By comparing these expressions for f m(k,k’) we also learn that the range 7
and strength V{ of the Yukawa potential are determined by the mass m and the
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coupling constant g of the exchanged particle respectively

h _ g°
me’ 0T 2he

This expression for rg is just the Compton wavelength of the exchanged particle.

This point was the crucial observation in Yukawa’s proposal for the pion. He
suggested that pion exchange was the underlying process that gives rise to the
strong interactions among nucleons. By using hc = 197 MeV fm, and the known
range of the nuclear interaction, rg ~ 1 to 2 fm, he predicted the existence and
the mass of the pion m,c? = 140 MeV, although at that time he thought he
was describing the muon.

As we know it today, the underlying force in strong interactions is the color
interactions among quarks via gluon exchange, and these give rise to an effective
interaction that is described mainly as pion exchange among nucleons. The
effective interaction description is valid as long as the energy of the scattering
is not much larger than a few hundred MeV, as is the case in the nucleus and
in low energy particle physics. But when the scattering energies go well above
a few GeV the details of the quark-gluon structure become evident through the
form of the scattering cross section in its dependence on energy and angle.

The weak force is mediated by the exchange of the W+ and Z° particles
whose masses are myc® = 80.4 GeV and mzc® = 91.2 GeV. These large
masses explain the very short range of the weak interaction

he 197 MeV x fm
mwe2  80.4 GeV

ro = (14.17)

~25x 1071 m (14.18)

(T(])weak ~

Similarly, the electromagnetic force is mediated by the exchange of massless
photons, therefore the range of the electromagnetic force is infinite.

14.6.2 Scattering from the Coulomb Potential

The Coulomb potential is obtained from the Yukawa potential in the large rg
limit, provided that roVy = ¢1¢2 is held fixed as rg — oo. Then the Yukawa
potential reduces to the Coulomb potential V(r) = ¢1q2/r. We can apply the
same reasoning to every step of the computation of the scattering amplitude
and cross section for the Yukawa potential and therefore obtain the correspond-
ing results for the Coulomb potential by the limiting procedure. Thus, from
Eq.(14.16) we obtain the first Born approximation for Coulomb scattering

2
do _ 9142
Q) 4Esin?60/2)
where we have replaced E = h%k?/2m. Since h does not appear in this expres-
sion we may conclude that this must be the same as the classical result for the
differential cross section. Indeed this should be expected on the basis of the cor-

respondance principle at high energies, which is when the Born approximation
is valid.



466 CHAPTER 14. SCATTERING THEORY

This formula was derived by Rutherford to describe the scattering of «-
particles from thin foils. From this expression that fitted his experiments he
concluded that the o« particles were scattered by a charged pointlike heavy
center which resided inside the atoms that made up the thin foil. This followed
from the fact that this formula was derived under the assumption of a pointlike
positively charged heavy target as described by the Coulomb potential. If this
assumption is replaced by another one in which the positive charge is distributed
throughout the atom, then the energy and angular dependence of the differential
cross section is quite different. These observations led Rutherford to propose
the structure of the atom, namely that the atom must contain a small point-like
heavy charged nucleus, much smaller than the size of the atom.

14.6.3 Validity of the Born approximation

The exact scattering amplitude which was given in Eq.(14.3) can be written as

f(k,k’):—% / Pr =T (r) (20)32 Wy (r).

where Wy (r) satisfies the integral equation in Eq.(14.1)

r , eik\r—r/| , ,
) 2(e) = et = [ ) ) )

The first Born approximation f(k,k’) ~ f()(k,k’) was obtained by keeping only

the first term in (27)%/2Wy (r) = e’¥ T+ Ay (r) where

L[
47 |r—r’|

Ax(r) = (r) (2m)* 2 Wy (x).

Hence in f(k,k’) we have neglected a term of the form
1 e
AFOCK) =~ / Pr e T u(r) Ag(r).
77

We would like to estimate the error we make by neglecting the term A f(kk’).
Since the integrals in these equations involve a potential v(r) with a finite range,
we may approximate Ak(r) &~ Ag(r = 0) in the formula for Af(kk’). Thus,
Af (k' k) is proportional to Ak (r = 0). This will be negligible compared to the
the first Born approximation f()(kk’), as long as near r = 0 the Ay (0) part
of the wavefunction (27)3/2Wy (0) = 14+Ay(0) is negligible compared to 1. Thus
we must check under what conditions we obtain

validity: |Ak(0)] < 1 (14.19)

This condition takes the following form when we approximate (27)3/2¥y (r') by
the plane wave consistently with the Born approximation

1 eikr’

~ | 3. N ik-r’
Ak(0)] ~ 47r/dr —o(r)e | <1 (14.20)
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The angular integrals are easily performed for a rotationally invariant potential
and the condition becomes

L[ : ikr C
Ak(O)f:—/ dr sin(kr)e* v(r) =— (14.21)
kJo k

where C is a constant determined by the potential. This shows that Ay (0)
decreases as the incoming energy increases. Therefore for sufficiently large in-
coming energies as compared to the strength of the potential we see that the
Born approximation is valid.

However, the criterion |[Ax(0)] < 1 could be satisfied for some potentials
even if the incoming energies are not very high. In particular, consider the low
incoming energy limit given by k& — 0. In this limit Ay (0) becomes

lim Ay (0) = / dr'r'o(r') < 1. (14.22)
- 0

As long as this quantity is much smaller than 1, the Born approximation can
be applied even at low energies.
Validity for the spherical square well

We now check the criterion to the spherical square well V (r) = =Vp0 (a — 7).
For any energy we compute

_12ml, mVoa® sinak ;.5

- ¢ : ikr _
Ak(O)_k = /Osm(kr)e dr Zh2(ka) (1 ¢ )

For large k this vanishes as an inverse power, Ak(O)z%a‘”k—j, and therefore

|Ak(0)] < 1 can always be satisfied for sufficiently large incoming energies.
For validity of the First Born approximation at low energies we require

om|Vo| [ Vol a2
|AK(0)] < 1 ﬁ%/ dﬂﬂ:%«l. (14.23)
0

This relation can also be derived by an intuitive type of reasoning as follows.
For sufficiently low energies the particle could be trapped in the spherical well.
If that occurs, then the particle is located within a distance Ax ~ a, therefore

by the uncertainty principle it has momentum p ~ fi/a. Its kinetic energy is
estimated as Ej;, ~ p*/2m = 2;”22m. For scattering to happen, we must require
that the particle is not trapped in the well, which would be the case when the

kinetic energy is larger than the depth of the well

h2
no binding: [Vo| < 55—
2a°m
Except for the factor of 2 this is the same as the validity criterion derived above.
This amounts to saying that the first Born approximation is valid whenever the
particle has sufficient energy so that it is not trapped in the well.
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While this intuitive discussion is instructive, it should not be taken too far.
For example, if we have a potential barrier instead of a potential well there will
never be a bound state, but still there is a criterion of validity for the first Born
approximation which is the same as Eq.(14.23).

Validity for the Yukawa Potential

We now analyze the criterion for the Yukawa potential

12mVy [ . G e T/To
Ak(o):E h20/0 Sln(k)’l‘)elkrr/—rodT

mVOT(Q) —1 i 2, 2
=5 (o) {tan (2kro) + 3 In (1 + 4k*ro?)

This expression is similar to the one above for the square well, which is not
surprizing since the square well can be thought of as a deformed version of the
Yukawa potential. If we analyze the above expression for low and high energies,
we find

mVorg (T . 1
1: A — — In (2 — 14.24
kro > x(0) FZ (k7o) <2+z n ( k:ro)—l—O(krO)) ( )
mVyre
kro < 1: Ag(0) — 2 h;’ 0 (14 0 (kro)) (14.25)

We again find that the first Born approximation is always valid for sufficiently
high energies. Furthermore, when

2mVord /R < 1
it is also valid at low energies. As expected the critrion as well as the meaning
of these equations is similar to the case of the spherical square well.
Validity for the Coulomb Potential

One could try to analyze the validity criterion for the Coulomb potential by
taking a limit of the Yukawa potential. Then we find

Ak(()):”h‘q;]f2 glgéo [tanl (2kro) + % In (1 + 4k>ro?) (14.26)
mqyqe (T 1
_ I TS 14.2
h2k (2 + 2 n( >> ( 7

Because of the diverging term we could suspect that the first Born approxima-
tion would not be valid in this case. However, it turns out that the 1% Born
approximation is valid also for the Coulomb potential, the reason being that
any divergence can be absorbed in the phase of f(k,k’), thus producing a finite
differential cross section.
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We discussed a few examples in which the Born approximation works quite
well. However, not every potential behaves so nicely with respect to the first
Born approximation. While it is always possible to obtain a good approximation
at high energies, for some potentials it is not always possible to use the Born
approximation at at low energies. This happens when the criterion

/ r’o(r)dr’
0

is not satisfied. If suffices to consider the simple example of V = Vj (%)5 , for
which the divergence at r = 0 is too strong, making the above condition invalid.

<1

14.6.4 Optical theorem and the Born approximation

We discussed above that the optical theorem is satisfied independent of the de-
tails of any potential V' () . Consider the expression for the scattering amplitude
in the first Born approximation f(1)(k, ) as given in Eq.(14.13). It is straight-
forward to see that this expression is real since the integral does not change when
k — k' is replaced by — (k —k’). The optical theorem appears to be violated
by the the first Born approximation since Im {f(l)(k, 0)} = 0 while the cross
section as computed in the first Born approximation o (k) = [ dQ ’f(l)(k, 9)|2
obviously is nonzero. Is there a problem?

There is no problem since Im { f()(k, 0') } is first order, while [ d€2 | f() (k, 9)}2
is second order, in the expansion of the exact formulas in powers of the potential
as in Eq.(14.15). If we insert an artificial parameter X to keep track of the order
of the perturbative expansion, then the optical theorem reads

Im{Z)\”f(") (k,0) } /dQ an

The eqution is satisfied for each power of A independently. For n = 1, we have
Im {f(l)(k = k’)} = 0, while, for n = 2, we obtain

2

Im{f(2>(k,o)} - /dQ’f(l)(k,e)r.

So, the optical theorem predics that indeed Im { f()(k,0)} = 0, and that the
total cross section determines the imaginary part of the second Born approxi-
mation in the forward direction. The generalized optical theorem of Eq.(14.9)
makes an even stronger predictions about similar relations of terms in of suc-
cessive Born approximations.

14.7 The eikonal approximation

When V(r) is a slowly varying function in 7, and the incoming energy is suf-
ficiently large so as to satisfy h%k?/2m > V(r), we can find an approximation
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based on semi-classical methods. This is the basis of the eikonal approximation
discussd in this section. The wavefunction may be written in the form

L isar)/n
\Ilk(r) = (277)3/26 ’

for a complex S(k,r). Then the Schrodinger equation reduces to an equation
for S(k,r)
(VS)? —ihV2S = 2m(E — V(r))

Since V(r) is slowly varying with r, one expects that S(k,r) is also a slowly
varying function in r, and neglect second order derivatives of S(k,r). This can
also be justified on the basis of large momenta which is represented by the
first derivative term (V.9)2. Under this assumption the equation reduces to the
classical Hamilton-Jacobi equation

(VS)? =2m(E -V (r)).

This is like the WKB approximation, but now it is argued on the basis of the
large incoming energy, rather than a small A. The solution to this equation
will be taken as the approximation for Wy (r) for the purpose of computing the
scattering amplitude

1 o
f(k, k'):—ﬂ/d?’r e~ T () (21)3/ 2y (x)
1 y .
— _E/dgr e—zk T 7)(7“) ezS(km)/h
To solve the eikonal equation, consider the sketch below

k z
------- "% detector

-

projectile | """ r

target

Fig.14.3 - Eikonal approximation

The projectile hits the target at some distance b from its center. Due to its
high energy it does not change course very much, so it roughly continues its
path along the incident direction, and then it is observed at some distance z
from the target, at position r from the center. The small angle that the vector
r makes with the axis of the target is the scattering angle 0. The vector r may

be written as .
r=b+zk, r=b2+ 22

where k is the direction of the incident particle. We compute (VS)? (b + Zf()

in this parametrization. Since (V.S) represents the semi-classical momentum we
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expect that the derivatives with respect to b are negligibly small as compared
to derivatives with respect to z. Therefore we can write (V.5)* ~ (85/8z)* and
obtain the equation

9s\*
( ) =om (E-V (VP +2))

9z

The solution is

S(2b) = /7 ; \/ om(E ~V (VP + 22))de’ + const.

The constant has to be chosen in such a way that the wavefunction Uy (r) re-
duces to the the free particle plane wave when the potential vanishes. Therefore
we require +5(z) — kz when V — 0, which gives

z

%S(z) . +/

—0o0

[\/1@2 —o (VBT - k] d'

. . 2 . ~
For high energies, k% > v(r), we can approximate VA% —v ~ k — 57, so that

z

%S(Z) ~kz — L v (\/ b + 2’2) dz'.

2% | .

Hence the wavefunction becomes
R eikz i z
_ _ v 2 2 ’
Uy (r) = Wi (b + kz) = @) exp( Qk/ v(\/b +z )dz)

—0o0

We are now ready to compute the scattering amplitude using the above
outgoing wave-function. Defining

kK =kf, r=b+ks, # k=cosb,

where r is the location of the detector, and r’ is some other point, we have

(v d)

2% )

2 2 -1/ ’ . ’

fK k)= — (QW)S /d?’r' e~ T gikerty, (\/ b2 + 2’2) exp (—
s

. (14.28)

where we substituted e?** = e’**". We replace r = b + k2’ and d°r'=d’*bd?/,

furthermore note that the factor of v in the integrand may be rewritten by

taking a derivative of the exponential, as follows

F(K k) = ,4L /d‘zbe—i(k’—k)'b/ dz e'k=(1-K k) (%> 2 e <ﬁ/ v (\/bQ + z”2) dz”> .

!
™ —i) 0z oo
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For small scattering angle 6 we can approximate eikz(1=k"k) ~ ¢i0 — | Then
the integrand over z becomes a total derivative, so the integration is triv-
ial and we get contributions from the boundaries at z = 4oo in the form

[exp (—ﬁ f_z;o v (VB2 +27?) dz”)} W Defining the phase
1 oo

A(b) = |

i (VT ) = - [ v (VIR ).

ok o

we can write the expression

™

F010 = o [ ke [ ],

Next we write (k'—Kk) - b =b |k’ —k| cos ¢, d*b =bdbdg, and |k’ —k| = 2ksin /2,
and perform the integral over ¢ by using

R N €064 = Jo(2kbsin 2)
27 o 0 2/
So we obtain
F(B,0) = —ik / bde0(2kbsing) [eM(b) - 1} (14.29)
0

Here b is called the impact parameter. The integration over b gets its main
contribution up to a distance ry, which represents the range of the potential
V(r), because A(b) vanishes for b > rg.

This result was derived under the assumption of a small scattering angle
0, therefore the argument of the Bessel function should be 2kbsin% ~ kbo.
However, it is possible to reconsider the derivation more carefully and show
that the final expression given above is valid also for large values of the angle.
Hence the expression above for any angle is the scattering amplitude in the
eikonal approximation.

At high energies we can relate the eikonal and Born approximations by
examining Eq.(14.28). In the large k limit we can drop the last phase factor

exp <_2’—k/ v (\/b2 n z”2) dz”> 1. (14.30)

—00

Then Eq.(14.28) becomes precisely the first Born approximation. We can thus
conclude that the eikonal approximation and the 1%¢ Born approximation are
equivalent at high energies.

We will later see that the eikonal approximation may also be related to the
partial wave scattering amplitudes in the limit of high energy scattering. From
this relation, and also from a direct computation, one can verify that the Eikonal
approximation satisfies the optical theorem
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14.8 Partial waves

Let us consider scattering from a rotationaly invariant potential V' = V(r). In
our previous discussion the beam of incoming particles was represented by the
momentum ket |k). Since the Hamiltonian Hy = p?/2m commutes with L2
and L,, the free particle can also be represented in the angular momentum and
energy basis as |klm). One basis has an axpansion in terms of the other

k)= [klm)(Im[k) = 3" [kim) Vi, (k) .

where E = h?k?/2m. The total Hamiltonian, including the potential is also in-
variant under rotations. By the same arguments, the exact eigenstate |k)™
can also be expressed in the angular momentum basis |klm)™, and have the
expansion

T =" [klm)t(imlk) = Y [klm) Vi, (k) .
lm

ilm

Since L commutes with the total Hamiltonian, angular momentum is conseerved
during the scattering process.

Let us see what is the advantage of using the angular momentum basis.
Consider the following sketch of a beam of particles hitting the target of a size
determined by a radius a. Semi-classically, the radius a represents the range of
the interaction potential.

vy

v

a =range

v

v

v | v Vv ¥

v

Fig.14.4 - Angular momentum of incoming particle.

The angular momentum of the particle is L = r x p. The length of this vector
is L = rpsin @ = pb, where b = r sin 6 is the impact parameter. When the impact
parameter exceeds the range a the particle cannot be scattered. Therefore, the
maximum angular momentum in the scattering process is determined semi-
classically as Lya.x ~ pa = hka = hlynax. This leads us to expect that, in
the expansion in the angular momentum basis, mainly the modes of angular
momentum [ < [, Wwill contribute to the scattering amplitude. Hence, for
small energies (k small) and/or small ranges of the potential, ka is a small
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number, and thus only few “partial waves” are expected to play an important
role in the expansion.

To obtain quantitative results, start from the Lippmann-Schwinger equation
k)t = |k) + Gyv|k)T. After substituting the angular momentum expansion for
each state, and matching the coefficients of Y}, (R) on both sides, this equation

reduces to
klm)t = [klm) + Grolklm)t, Gy = (K> — p?/h? +ie)

since the operators G, v are rotationally invariant. The bra (r| can also be ex-
panded in angular momentum basis (r| =Y, (E[lm)(rim| =3, Y (¥)(rim|.
Taking a dot product with the bra (rim| the Lippmann-Schwinger equation
becomes

{(rim|klm)* = (rim|klm) + (rlm|Gv(r)|klm)*

The values of [,m must be the same for the kets and bra since otherwise
we get zero due to orthogonality. Next we insert the identity operator 1 =
1> 7 2dr’ 3, | Um!) (' I'm/| and again use conservation of angular momen-
tum for rotationally invariant uperators to argue that only I’ =1 and m’ = m
can contribute. In fact every term is independent of m, and the equation takes
the form

(rl|k)* = (rl|kl) +/ P 2dr (rl| G |r' Do (r') (71 k) T
0
Thus the Lippmann-Schwinger equation becomes
Ay(k,7) = ji(kr) +/ r2dr' G (r, Yo (r') Ay(k, 1) (14.31)
0

where G% (r,r') = (rl|Gg|r'l) is the Green function, and the quantities (r|kl) and
(rl|kl)™ are just the radial wavefunctions for the free particle and the interacting
particle respectively. For the free particle we consult section (6.8) to remind
ourselves that (rl|kl) is written in terms of the spherical Bessel function as

(rl|kl) = /7 /25 (kr).
It satisfies the radial equation

(—1837“ + M - k2) Gi(kr) = 0.
T T

Similarly, for the interacting particle we define (rl|kl)* = \/2/wA;(kr), where
A;(k,r) satisfies the radial equation including the potential

I(1+1)

oz D o) -] i) 0

Next we compute the Green function. We insert identity in energy and
angular momentum space 1 = [~k 2dk’ Y, |k'I'm’)(k'I'm’| and again argue
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that only I’ = [ and m’ = m can contribute due to the rotation invariance of
the operator G. Therefore

oo
’

GL(r,r") = (rl|Gi|r'l) = / k2dk' (rl| (k* — p*/B* + z’g)’l K1) (K'l|7'T)
0

The operator p? is diagonal and gives the eigenvalue h?k’?, and we get

Loy = [ e PR DR U'D _Z/OO g s (K T) (K"
Gk(r’”_/o S ey v el Ay v

It can be checked that this expression for the Green function is a solution to the
equation

1 (1+1) . 1
(;831"— e + k) G (r,r) = r—25(r—r’).

To obtain an explicit expression for G4 (r,7'), we need to compute the inte-
gral. Since the integrand is even we can write

L[> Jilgrs)ai(gr<)
Gl N — — 2d > <
k(") 7T/_ooq 12 i

where r. is a symbol to indicate the smaller among r and ' and similarly
rs indicates the larger among r and r’. We will perform the integral by using
complex integration techniques in the complex ¢ plane. The function j;(z) can
be written in terms of the spherical Bessel functions h; (2), h} (z) which have
the asymptotic behavior in the complex z plane indicated below

—1iz

1z e

(&

qi(z) = % () +hi(2) = 5 =55

This behavior can be used to perform the integral as follows. We substitute
jilgrs) = 3 (hi(qrs) + hj(grs)) . For the term involving h;(grs) the contour
—00 < g < oo can be closed in the upper half plane, and similarly for the
term involving hj(¢rs) the contour can be closed in the lower half plane. The
asymptotic behavior of j;(qr) in each of these regions is overwhelmed by j; (¢~ )
therefore it can be ignored in the argument for the choice of countours at the
infinite circles. The upper half plane contour encloses the ploe at ¢ = k + ie
in the clockwise direction, while the lower half plane contour encloses the ploe
q = —k — ie in the counterclockwise direction. Then the result of the integral
can be written as as the sum of the residues

G (r,7") = 2mi Res (k + i) — 2mi Res (—k — ic)
11 ijl(kiT<)hl(k"r‘>)

27 —2k ’

11 k%5 (—kr<)h} (—krs)

27 2k '

Res (k +ie) =

Res (—k —ic) =
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After using properties of the Bessel functions one finds that the second term is
equal to the first term, so we obtain finally

GL(r,r") = —ik ji(kro) hy(krs).

The Lippmann-Schwinger equation in Eq.(14.31) for A;(k,r) now takes the
form

Al ) = (k) ik [ 'y il s o) A

= j1(kr) — ikhy(kr) /T dr'r 2, (kr' Yo (r') Ay (kr')
0
- ikjl(kr)/ dr'r 2 hy(kr' o (r') Ay (kr')

We can now compute the asymptotic limit of this expression for large r by
using the asymptotic behavior. The second term vanishes so, after substi-
tuting j;(kr) = 3 (hi(kr) + hj (kr)), the wavefunction A;(k,r) takes the form
Ai(k,r) — shy(kr) + hi(kr)Si(k) where

T™—00

Si(k)=1- Qik/ dr'r 25 (k' Yo (r') Ay (k, 7). (14.32)
0

Thus, using the asymptotic limit of the Bessel functions h;(kr) and by (kr) given
above we have the asymptotic behavior

Aik,r) = _Tzr [e—“’”—lﬂ/?) - e%<’"—“/2>sl(k)] . (14.33)
The general form is A;(k,r) — aie=*" /kr + bie?*" /kr, where the first/second
term is proportional to an incoming/outgoing spherical wave. Therefore, S;(k)
is identified as the ratio of the coefficients of the outgoing and incoming spherical
waves modulo the extra signs (—1)l+1 that arise from the [ dependent phases,
that is Sy(k) = (—1)" b /a,.

We will now prove that S;(k) is a pure phase. From the arguments leading
to the optical theorem we know that the probability current density satisfies
r? [#-JdQ = 0. The radial current is computed as - J o< i(Aj (k, )0, Ay (k,7)—
Ai(k,r)0, A} (k,r)) where we insert the asymptotic form of A; (k,r) given above
and keep only the leading terms for large r. Then we obtain

0= r2/f' - JdQ o< 2ik(|S;* — 1).

From this we conclude that S is a pure phase. It must be emphasized that this
result follows from conservation of probability. Thus we can write

Su(k) = €20E) — 1 _ 24 / drr2j (ko (r) Ay, 7) (14.34)
0
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where 0;(k) is real and is called the phase shift. If the potential v (1) vanishes the
phase shift also vanishes. Therefore the phase shift in the outgoing spherical
wave relative to the incoming spherical wave is a measure of the interaction.
Note that this expression corresponds to the matrix element below

Si(k)=1- %WIU (r) |kl)T = 20 (k) (14.35)
™

We now turn to the computation of the scattering amplitude. Recall that
F(k,0) = =202 (K |oll)

We insert identity in position space and use the definitions of the various dot
products and other quantities defined above

= 272 OOTQT "lrlm) (rim|o(r)|k) T
F(k,0) = —2 ;/ dr (i [rlm) (rlm]o (1))
_ _2772% Z / P2drgy(kr)o (r) Ay(kr) S (R [im) (1m] )

= —4772 QZk Z k/ VYo ( )

:Z%B(R-f{’)(?ﬂrl)
l

Hence the angular momentum expansion of the scattering amplitude is obtained
in terms of the Legendre polynomials P;(cos 0)

f(k,0) = (20 + 1) fi(k) Pi(cos 0) (14.36)

l

with f;(k) written in various forms in terms of the phase shift

1

e2i6;(k) -1 1 1
kcotd (k) —i

filk) = ————= = Eei§‘(k) sind; (k) =

14.
2k (14.37)

From these expressions we learn that all possible values of k f;(k) must lie on a
circle centered at i/2 in the complex plane, as seen from the form

i 1 ! —T
kfl( ) — 5 262161(19) /2

and as shown in the figure below which is called an Argand diagram
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-1t/2
i/2 +20

0
Fig.14.5 - Argand diagram.

The point on the circle at the tip of the arrow is the value of the complex
number % + 3 exp (2i6;(k) —im/2). The arc segment from the point zero to
the tip of the arrow spans the angle 2§; (k). The tip of the arrow changes
as a function of k£ but always remains on the circle for elastic scattering for
which probability is conserved. If probability is not conserved, as in inelastic
scattering (discussed later), then kf;(k) is no longer on the circle, but moves
into the interior of the circle. By doing experimental measurements it is possible
to obtain the trajectory of the point on the Argand diagram as function of the
energy for either elastic or inelastic scattering.

14.8.1 Differential cross section

The differential cross section was given before as 9& = |f(k,6)|?. In terms of

the partial waves it becomes

do 1 / i(51—5,1)
o= =3 > 2L+ )2 + 1)e'0 %
dQ K £

X sin d; sin 6y P;(cos 0) Py (cos 6)

where fi(k) = %ei‘sl sin §; has been used. This expression becomes useful when
there are a few partial waves which dominate the sum, as in the case of low
energy scattering for which /.« = ka could be small, as argued at the beginning
of section (14.8).

The total cross section ooy = 027r do f_ll d(cos @) (j—g) simplifies thanks to
the orthogonality of the Legendre polynomials

1
2
/_1 P(z)Py(z)dz = 21—_1_151%
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Hence,
a7
oot (k) = 72 Z(?l +1)sin? §; (k).

l

Again, this is a useful expression when a few partial waves dominate the sum.
We will now prove that the optional theorem is satisfied by the expression
for f(k,0) in Eq.(14.36). In the forward direction we have P;(cos0) = 1, so that

F(k,0) = % S (20 + 1)e sin .

l

The imaginary part of f(k,O0)

1 2
Im —EZZ:ZZ—&— sin” ¢,

is clearly proportional to the total cross section given above, and indeed satisfies

the optical theorem
47

Otot = % Im (f(k,0)) .

14.8.2 Phase shift §;

We have seen that the asymptotic behavior of the radial wavefunction takes the
form )
_ —i(kr—In/2 i(kr—Im /24268,
Al(kr)r?oo%{e (kr—lm/2) _ gi(kr—lm/ )}

where the outgoing spherical wave is phase shifted by the additional phase 24,
compared to the free particle. Thus §; is a measure of the interaction. Here we
want to prove that the phase shift §; (k) is a decreasing function of I. This point
is intuitively understood through Fig.14.4, which suggests that there is little or
no scattering when [ > l,,x = ka. Hence at a fixed k, as [ increases the phase
shift must decrease since we approach and then surpass l.x. To see this point
more formally consider the radial differential equation for A;(kr)

Ea?r — <l(l; D, v(r)) + ’4 Ay(k,r) = 0.

z(z+1)

As [ increases the effective potential +v(r) gets more and more dominated

by the ijll term. Therefore the radlal equation at large [ becomes more and
more like the one for the free particle, which implies that for large [ the radial
wavefunction A;(k,r) approaches the free particle wavefunction j; (kr). Thus,
at large [ we may approximate Eq.(14.34), which determines the phase shift, by
the following expression

201 ~ (1426 +--)~ 1— Qik/ derjg(k:r)v(r)jl(kr)
0
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If the range of v(r) is small, the contributions to the integral come from the
vicinity of 7 ~ 0, where we can use j;(kr) — (kr)!/(2] + 1)!l. Therefore for large
| we obtain the expression

k2l+1

ORI A S RCYRE)
o= [(2l+1)!!}2/0 ().

Now suppose V (r) is approximated by a constant Vj within the range r < a.

Then we obtain
 2mVya® (ka)?+1

h2 (204 3) (20 + D))

This expression decreases rapidly for | < ka, showing that indeed there is a
maximum angular momentum Iy, ~ ka beyond which the phase shift vanishes.

0 ~

14.8.3 Low energy scattering and partial waves

Consider the low energy scattering where very few partial waves contribute to
the total cross section, as described above. In particular suppose ka < 1 so
that only the [ = 0 partial wave contributes. Then the total cross section is
determined just by do (k)
do 1 47
ork —0: — ~—=sin?dy, 01 ~ — sin®d;. 14.38
f dQ kz 0 tot ICZ 0 ( )
This differential cross section is totally independent of the direction of obser-
vation, thus the scattering at low energies is isotropic. As the energy increases
the angular dependence becomes more and more significant.

14.8.4 Connection with the eikonal approximation

We now examine the scattering amplitude
1 oo
=) (20+1)P [Qi‘?l(kbl}
Fk,0) = o l;( L+ 1)P(cosb) |e

for large energies. Since (ka) ~ lmax is large, we can approximate the sum over
[ by a continuous integral over a continuous variable [; therefore,

_ [~ 26k (k) _
F(k,0) = m/o dI(21 + 1) P, (cos 0) [e 1}

This integral my be written in terms of the impact parameter by writing [ = kb
as explained in the discussion related to Fig.14.4. Then dl = kdb and (20 +1) ~

2kb, and Pj(cos@) = Pyp(cos). Now, for large k and small 6, in the regime
kbf = finite, the Legengre polynomial becomes the zeroth Bessel function

Pyp(cos 0) — Jo(kb).

k=big,0=small
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Furthermore we can write d;(k) = dxp(k) = A (k,b) and obtain
F(k,0) = —ik / badb.Jo (kbo) [eM(’“’) - 1}
0

This expression is the scattering amplitude in the eikonal approximation when
0;(r) is replaced by A;(b).

Now, since the optical theorem is satisfied in the partial wave method we
can conclude that it is also satisfied in the eikonal approximation.

14.8.5 Finite range potential

Consider the radial differential equation

<%3§T - l(l%) — o) + k2) Al r) =0

The boundary conditions to the above equations are

r—20 Ay(k,r) — ot
—ikr eikr

+ b
r r

r — 00 Ak, r) — a

The coefficients a; (k) , b; (k) are computed in principle by solving the differential
equation. As we have learned their ratio gives the phase shift

exp (2i6; (k)) = (=1)'** b
aj

Consider a finite range potential that vanishes outside of a range a. The
vanishing could be smooth, but for simplicity we will assume an abrubt drop to
zero potential. An example is the spherically symmetric well or barrier. Then,
the radial differential equation takes the form

(02— WED 4 2) AP (k1) =0 r>a
(%337" — D () + k2> A (k) =0  r<a

The solutions are given as follows. For r > a the outside solution is written in
terms of the free particle spherical Bessel functions

r>a: A (kr) = ¢ (h}k(kr) + ezi&l(k)hl(kr»

where we have already identified the phase shift as one of the ratio of the two
terms as explained before. This can also be written in the form

APUH(r) = €™ [cos 6,y (k) — sin &ymy (k)]
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Similarly there is some solution A{"(r) for 7 < a, which is assumed to satisfy the
correct boundary condition at » = 0. The logarithmic derivatives of the inside
and outside solutions must match at r = a.

1 1 X ,
. aerut - — aTAm = ~in
( A?Ut ' : ) r=a (A%n ! : ) r=a ’Yl

The left side of this equation gives

1 cos 0 j; (ka) — sind; nj (ka)
erut — l l
(A;’“t ro,Ai ) kacos 81 71 (ka) — sin &; ny (ka)

r=a

where jj (2) = 0. (2) and nj (2) = 0.n; (z) . From the matching condition we
can solve for §; (k) and obtain

Once 'ﬁ” is computed, this equation determines the phase shift for every [ and
every k.

14.8.6 Hard Sphere Scattering
Consider the potential

V(r):{ 0 for r>a

oo for r<a
This represents an impenetrable sphere. Therefore the solution inside is zero
Ai™ (k,r) = 0. The matching condition requires A?“ (k,a) = 0 at r = a. Using

the solution obtained above gives

tan d; (k) = Jika) - iy _ _hika)

The phase shifts for this potential are now known for any [. For example, for
[ =0 we have

Jo(ka) _ _sin(ka)/ka _ — tan(ka)

tando = no(ka) — —cos(ka)/ka

which gives
60 = —ka.

One can show generally that the sign of the phase shift is the opposite sign as
the potential. That is, for a repulsive potential the sign is negative and for an
attractive potential the sign is positive. In the present case the hard sphere
is a repulsive potential, and we see explicitly that the sign computed above is
consistent with the expectation.
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The total cross section is

47 .
Oiot = 73 Z(2l + 1) sin? §;
I
47
= 712

= k—sin250+...

4
=12 sin?(ka) + - - -
where the dots --- represent the contribution from higher partial waves.
At low energies the [ = 0 term dominates. Therefore we get the low energy
limit of the cross section for small ka as

Oror ™~ 4ma’.

This value is 4 times the classical geometric cross section of a disk wa?. We see
that the quantum effect is very significant at low energies.

At high energies we compute the phase shift exp (2i6; (k)) = —h} (ka)/hi(ka)
by using the asymptotic forms of the Bessel functions. These differ according
to whether | < ka or | > ka. When | > ka the asymptotic limit of h;(ka) is real
and therefore §; (k) — 0. On the other hand for I < ka we find the asymptotic
limit h;(ka) — exp (tka —i (I +1)7/2) /ka, and this gives exp (2i; (k)) T

exp (21’ (—ka + l%)) , Or
k—o0

5 (k) — —k;a+lg for | < ka.

This gives the high energy cross section

ka
4 . 9 T
Otot = ﬁ léo(Qlﬁ’l)Sln (ka7l§> .

To get an estimate of the sum we may replace sin’ (lca — l%) by the average
value of the sin? function, which is 1/2, and replace the sum by an integral.
Then we obtain

A1 [he 4r (ka)? )
Utot:ﬁg/(; 216“2@ 5 = 2ma“”.

This value of the high energy quantum cross section is still twice as big as the
classical geometrical cross section.

To understand the origin of the factor of two consider the scattering ampli-
tude at high energies

ka

S (24 1) ((71)1 exp (—2ika) — 1) P (cos )

=0

f(kvg):ﬂ
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The differential cross section do/dQ2 = | f (k,)|* for this expression is plotted in
Fig.14.6. We see a very sharp peak in the forward direction at small values of 6
as shown in the figure, followed by a uniform smooth curve for most of the range
from small 6 up to § = 7. The hight of the forward peak is [do/dQ],_, = ka®/2,
while the average hight of the smooth part is a?/4

k a2

this area

na’

this area
na’

T

0=4/ka =n

Fig. 14.6 - Forward peak.

The width of the forward peak vanishes as Af ~ 4/ka, but the area under
the forward peak is ma? and does not vanish as k increases. The area under
the curve for most of the full range is also ma?. Thus the total cross section of
2ma? is accounted for by the forward peak and the rest of the differential cross
section. The classical cross section of ma? misses the forward peak.

14.9 Inelastic scattering

14.9.1 Unitarity
14.9.2 Black holes

Inelastic scattering

If the target is not just a point particle, but has some structure, such as a pro-
ton made of quarks, or a nucleus made of nucleons, etc., then, besides elastic
scattering, there are additional phenomena that happen in a collision. The tar-
get may get excited to a new state, the initial particle may be absorbed and
a new particle may come out, or many particles may emerge in the final state
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in a high energy collision, etc.. When all phenomena of both target and pro-
jectiles are taken into account the overall probability or unitarity is conserved,
however the probability of one type of species of particles appears not to be
conserved by itself. In potential scattering theory (which is the formalism used
here)phenomena such as particle creation and annihilation cannot be described
since one deals with the wavefunction v (r,t) of a single species of particles.
Since one can keep track only of one type of particle,probability or unitarity
will appear to be violated when one attempts to describe inelastic scattering in
this formalism. Effectively, one can try to describe the violation of unitarity as
being due to a complex potential V' (r).

Elastic and inelastic cross sections

Here we will assume that spherical symmetry is valid, so one can analyze the
scattering in terms of partial waves. We will also assume that outside the target
region the potential decreases to zero, so that at fixed [ the outgoing wave is a
spherical wave for a free particle. The scattering amplitude f (k, ) has both an
elastic and an inelastic part. The elastic part is the one that corresponds to the
one species of particles that is present in the in-going beam and then detected
by an observer after the scattering. The wavefunction v (r,t) that describes the
probability amplitude of this particle satisfies the Schrodinger equation with a
complex potential V(r). Therefore we may apply the same reasoning as before,
and derive that the wavefunction in spherical coordinates

Vg (rt) = @ DA (k1) Yi (6,9) (14.39)
lm

has the asymptotic behavior that was derived in the previous formalism

(elastic) —i(kr—Im/2) _ i(kr—Imn/2)
Al (k) = 5= {e S (k) e } . (14.40)

The only difference is that when there is inelastic scattering the amplitude of
the outgoing wave is less than one

1S) (k)] < 1. (14.41)

The elastic scattering amplitude is given in terms of S; (k) as before
1
el
= — 204+ 1) B, 3 -1 14.42
1e (k. 0) 2%2[:( L+1) Pr(cost) (Si(k) = 1) (14.42)
and the elastic cross section is

oo (k) = /dQ | £ (k,0)|2 (14.43)

=52 @41 S (k) - 1P
l
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On the other hand we can obtain the total cross section by following the same
steps as in the derivation of the optical theorem. We had seen that the number
of particles taken out of the initial beam per second is given in terms of the
scattering amplitude in the forward direction. In the present case the same
reasoning gives

( number of particles taken ) R Im [fel (k,O)] (14.44)

out of the initial beam N (2)%/ k

The initial flux vy / (277)3/ % is also given as before in terms of the velocity v, =
hk/m. The ratio of these quantities is the total cross section, therefore

1o () = 4% Im [ (k,0)] (14.45)
:i_g (20 +1) [1—Re(S (k)] .

l

Finally, using the fact that the total cross section is the sum of the elastic and
inelastic cross sections
Otot = Ocl + Oinel (1446)

we derive the inelastic cross section

™
Cunet (k) = 5 > (21+1) [1=[S (R)] . (14.47)
l
If the phase shift ¢; (k) defined by
Sy(k) = e =1 _ 2k / dr 2 ji(kr)v(r) Ay(k,r) (14.48)
0

were real, then |S; (k)| would have been 1 and the inelastic cross section would
have vanished. This is certainly the case when the potential is real, as we have
proven before. But for a complex potential V (r) the phase shift is complex and
the inelastic cross section is non-zero.

Black sphere scattering

As an example of inelastic scattering consider an ideal black sphere. It has the
property of absorbing any particle that touches it. Particles that do not touch
it continue their travel unaffected. This is similar to a black hole that swallows
all matter that come within its horizon. Thus, the potential V' (r) is such that

V(r) = { r<a: complete absorbtion (14.49)

ra: V=0

To take this property into account consider angular momentum semi-classically

=

L=rxp (14.50)
hl =~ b x hk
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where b is the impact parameter b = r|f x p|. If the impact parameter is
smaller than the radius a of the black sphere then the particle will be completely
absorbed since it will touch it, and if it is larger than a there will be no scattering
at all. Then the properties of the potential imply the following properties of

Sy (k)

l<ka : S/ (k)=0 (no outgoing wave) (14.51)
l>ka : S (k)=1 (zero phase shift)

With these we may compute the elastic and inelastic cross sections by plugging
the values of S; (k) in the expressions given above. We obtain

ha-
ael:k—z (20+1) j0—1 +3 Z @20+1) |1—1
=0 l=ka

. { plka— 1) ka _21) + ka} +0 (14.52)

2

3 ;Tl:]

Q

and similarly oine; = a2, 0i0r = 2ma?. Also, the elastic differential cross section
is
ka—1 2

> (21+1) P, (cos0)

=0

do _ 1
aQ  4k2

(14.53)

Black hole radiation

The classical “black” properties of a black hole derive from the fact that the
gravitational attraction is extremely large within its horizon. The horizon is the
surface of a sphere centered at the black hole and whose radius is given by the
Schwarzchild radius

a=2 (14.54)

where G is Newton’s gravitational constant, M is the mass of the black hole
and c is the velocity of light. Any matter that falls inside its horizon is com-
pletely absorbed. Light or other signals cannot be emitted by a black hole
because their paths bend under the gravitational attraction so strongly that
they cannot escape the black hole. This is why the black hole is “black”. How-
ever Hawking showed that in quantum mechanics black holes do radiate energy
just like a black body, contrary to the expectation in classical mechanics. To
understand this quantum mechanical effect we make an analogy between the
black sphere scattering described above and the black hole radiation. Classi-
cally, the black sphere of the previous section has very similar properties to a
black hole. Namely, all matter that comes within the radius a is completely
absorbed, and the classical cross section for emission is zero. However, in the
quantum calculation we found out that the black sphere does radiate with a
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cross section

ka—1
dO’el 1
=—5 1> (2l41) P (cos0) (14.55)
dQ  4k? |
Oel = wa?.

This is the analog of the Hawking radiation. This is simultaneously coupled
with a violation of unitarity, since |S; (k)| differs from 1 for | < ka. Hawking’s
computation has raised many puzzles that remain unsolved today. These include
the violation of unitarity or the “information puzzle” as well as issues revolving
around “black hole thermodynamics”. If the black hole radiates like a black
body one wonders about its final state. Does it completely disappear or is there
a remnant? If it completely disappears then all the information that went in
comes out only in the form of thermal radiation, which is white noise devoid
of any detailed quantum numbers except for the mass, spin and charge that
characterizes a black hole. On the other hand the matter that went in carries
all sorts of other quantum numbers. Hence there is loss of information. This is
called the“information puzzle” and it is coupled to the violation of unitarity.

There has been a lot of inconclusive debate on what really goes on at the
fundamental level. Some, including Hawking, believe that the laws of Quantum
Mechanics break down and that they should be changed, others believe that the
calculation as well as the physics is incomplete but have not managed to do it
right either so far. Here is our point of view at the current time (1996). In the
case of inelastic scattering we know that unitarity is re-established by taking
into account all microstates of the projectiles and of the target. This requires
a change of formalism to describe correctly the physics at the quantum level
for the systems that are involved (see below for an example). The analogous
steps are required to understand correctly black hole phenomena. However, in
the case of the black hole the physical theory that describes its structure is not
yet fully available. In the first place, one needs a correct theory for quantum
gravity, and we know that a naive quantization of Einstein’s General Relativity
(which predicts black holes classically, and Hawking’s radiation semi-classically)
is not the correct quantum theory. Superstring theory is the only theory known
to have a consistent description of quantum gravity. Its generalizations that
includes “D-branes”, which is under development in 1996, seems to have the
correct ingredients for solving the puzzles in terms of the microstates of a black
hole. These questions are of fundamental importance because it is believed that
their resolution would lead us to the fundamental unified theory for all physical
phenomena.

14.9.3 Inelastic electron scattering



14.10. ANALYTIC PROPERTIES OF THE SCATTERING AMPLITUDEA89

14.10 Analytic properties of the scattering am-
plitude

14.10.1 Jost function

14.10.2 Unitarity

14.10.3 Bound states

14.10.4 Regge poles
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14.11 Problems

1. Consider the Lippmann-Schwinger formalism for scattering [¢)) T = |¢) +

1 2mV |1\ + o . . )
e 2 |, and apply it in one dimension as follows:

(a) Derive the z-space version of this equation by computing the Green’s
function G(SC,SC/) = <x‘W/h2+ze|x/ >.

(b) Apply the formalism to the one dimensional problem with an attrac-

tive delta function potential V = —%—5 (x), and compute fully the
wavefuntion for all x.

(c) Consider z > 0 or z < 0 and then give the scattering amplitude
for the transmitted and reflected waves (i.e. forward and backward
scattering).

(d) What can you tell about the bound state spectrum by analysing the
scattering amplitude that you have derived?

2. Prove the identity in Eq.(14.8) for the expansion of a plane wave in terms
of spherical waves at asymptotic values of r. Hint: use the expansion of
the free particle wavefunction in an angular momentum basis as given in
Eq.(6.115,77)

9] l
oxp (ik-x)=4m Y > Vi (2)Y55, () ¢ Gi(kr)
=0 m=-1

and use the asymptotic form of the Bessel functions j;(kr). Then perform
the sum over [, m by using completeness properties of spherical harmonics
to obtain the dot products (f| £ k) =& (2, F Q) .

3. A particle of mass m is scattered in a 3-dimensional harmonic oscillator
potential with a cutoff V(r) =imw? (r* — a?) 0(a — r) (the form of V' is
analogous to the finite well potential).

(a) What are the two possible high energy approximations to the scat-
tering amplitude? Write the expressions for both high energy ap-
proximations with all the details (limits, factors, etc.). Perform any
integrals that are not hard and simplify your expressions as much as
possible.

(b) What are the two low energy approximations? Briefly mention the
underlying reason for why this is a good approximation. What is
the range of validity for either one in terms of the parameters of the
given potential?

(¢) Compute the | = 0 partial wave phase shift by solving the radial
Schrodinger equation with the correct boundary conditions.
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4. Prove
2

s 2 -
— %/d3rd3r’V(r)V(r’)—8m klr = r]

k2 e — /|

in each of the following ways

(a) By integrating the differential cross section computed using the 15
Born approximation.

(b) By applying the optical theorem, including the 2"¢ Born approxima-
tion to the forward scattering amplitude (since f™)(k,0) is real in
the 1%* Born approximation).

5. Consider the delta-shell potential

il

V(r) = Vod( )-

(a) Compute the scattering amplitude in the first Born approximation.
Under what conditions is the approximation valid at high or low
energies? What is the width of the resulting high energy diffraction
peak?

To

(b) Calculate the scattering amplitude in the Eikonal approximation giv-
ing explicitly the phase A(k,b) and carefully specifying the range of
integration for the impact parameter b. What is the range of validity
of this approximation 7

(c¢) Using the integral equation approach compute the radial wavefuc-
tion A; (k,r) exactly. Furthermore, derive an exact expression for
the phase shift exp (2id; (k)) . Then analyze the low energy limit of
the scattering amplitude and compare to your results above; is there
agreement? What is the low energy limit, and the angular depen-
dence, of the differential cross section?

6. Consider the scattering of a particle from a set of NV identical potentials
which are centered at pointsr;, i = 1,2,--- , N, that is V(r) = Zfil v(r—
r;). Show that the differential cross section in lowest Born approximation
is given by

N 2

E eiqu’

=1

do _ doo
dQ  dQ

9

where fiq is the momentum transfer in the collision, and % is the differ-
ential cross section for the scattering off one potential. Assume now that
these scattering potentials are equally spaced on a line and discuss the
angular dependence of the cross section. What is the physical situation
that is roughly simulated by this model?

7. Consider the spherical potential well V(r) = Vp0(a — r) with either sign
of Vy. By solving the differential equation with the correct boundary con-
ditions obtain
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(a) an explicit expression for the [ = 0 phase shift, involving only trigono-
metric functions.

(b) an expression for arbitrary [, involving spherical bessel functions. In
the limit V; — 400 does your result agree with the one discussed in
class for the hard sphere?

(¢) How does the sign of the phase shift depend on the sign of V; (the sign
of the phase shift is directly correlated with the attractive/repulsive
nature of the potential, if the potential does not change signs).

8. Consider the delta-shell potential

v =t (El-1).

To

(a) Using either the differential or integral equation approach (recom-
mended) calculate the phase shifts €*t for any angular momentum
I . Then show that §;(k) — A(k,b) in the range of validity ( use
I ~ kb, thus identifying §;(k) ~ A(b, k)).

(b) Compare the cross sections for 15 Born and partial wave approaches.

9. It can be shown that for the potential V' = 7[17?—1?:—?:1]2 the solution of the
I = 0 Schrodinger equation which behaves like an incoming spherical wave
is )

e~ 2k[be™ " + 1] + ia[be ™" — 1]

r [be—em + 1](2k — ia)

Dy (ko) =

while the one that behaves like an outgoing spherical wave is 1/1523)(& r)=
HiZg(—kr) = (420 -

(a) Find the partial wave scattering amplitude S;—q(k).

(b) In general the poles of S; (k) on the positive imaginary axis at k =
iay,, with a, > 0, correspond to bound states with energy FE, =
—h%a2 /2m. From the analyticity properties of S;—o(k) computed in
part (a), obtain the number of [ = 0 bound states for various regions
of the parameter space a,b (consider all signs and ranges from —oo
to +00) and give the binding energies.

(c) Does a plot of the potential V(r) for the various signs and regions of
a, b that are relevant for part (b) agree qualitatively with the bound
state structure you find? Give the plots of the potential energy and
present your reasoning..

10. Recall that the general form of the scattering amplitude is given by f =
—2m2(k'|(2m/h?)V (r) |k)*. Consider a potential V' whose matrix ele-
ments are given by

('|VIr) = 83 (' — r)Vo(r) + X u(r’)u(r)
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with Vj(r) describing a hard sphere, i.e. Vo(r) = oo for r < a, and Vy(r) =
0 for r > a, while u(r) is a Yukawa-like function u(r) = exp(—r/b)/r .

(a)
(b)

What is a high energy approximation to the scattering amplitude?

If you drop entirely the hard sphere part, solve exactly for the wave-
function and scattering amplitude. Which partial waves contribute to
this scattering amplitude ? (Hint: use the integral equation approach
and note that you can find a relation and solve for the unknown in-
tegral by integrating once more on both sides of the equation).

Keeping all parts of the potential, show that the I # 0 phase shift is
independent of u (r), while the [ = 0 phase shift satisfies

2kbd cot (6o + ka) = (k*b* + 1)? + (k*b* — 1) d,

where d = 22 \b% exp(—2a/b) is a dimensionless combination of the
constants.

11. Consider the elastic scattering of a fast electron by a hydrogen atom in
the ground state. We will treat the system as a two-body system of two
electrons in the presence of a static nucleus. The Hamiltonian is Hy + H’
where Hy = H (atom bound electron)+H (free electron kinetic energy) and
H'’ is the potential energy due to the interaction

(a)
(b)

Write the potential energy H' of the fast electron taking into account
its interaction with the nucleus and the bound electron in the H-atom.

The initial state |i) describes the bound electron in the ground state
plus the free electron with some momentum. The final state |f) is
the bound electron in the ground state and the free electron with
a scattered momentum. In an appropriate approximation give the
expression for the scattering amplitude without performing any in-
tegrals but carefully labelling all integration variables. When is the
approximation valid ?

Compute the differential cross section using the integrals [ d*r ei:_’r‘ =
‘;—’; and (0[e'77|0 >= m, where |0) is the ground state of H-

atom and ag is the Bohr radius.
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