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Preface

During the last years of the Nineteenth Century, the development of new tech-
niques and the refinement of measuring apparatuses provided an abundance
of new data, whose interpretation implied deep changes in the formulation of
physical laws and in the development of new phenomenology.

Several experimental results lead to the birth of the new physics. A brief list
of the most important experiments must contain those performed by H. Hertz
about the photoelectric effect, the measurement of the distribution in fre-
quency of the radiation emitted by an ideal oven (the so-called black body ra-
diation), the measurement of specific heats at low temperatures, which showed
violations of the Dulong—Petit law and contradicted the general applicability
of the equipartition of energy. Furthermore we have to mention the discov-
ery of the electron by J. J. Thomson in 1897, A. Michelson and E. Morley’s
experiments in 1887, showing that the speed of light is independent of the
reference frame, and the detection of line spectra in atomic radiation.

From a theoretical point of view, one of the main themes pushing for new
physics was the failure in identifying the ether, i.e. the medium propagating
electromagnetic waves, and the consequent Einstein—Lorentz interpretation
of the Galilean relativity principle, which states the equivalence among all
reference frames having a linear uniform motion with respect to fixed stars.

In the light of the electromagnetic interpretation of radiation, of the dis-
covery of the electron and of Rutherford’s studies about atomic structure, the
anomaly in black body radiation and the particular line structure of atomic
spectra lead to the formulation of quantum theory, to the birth of atomic
physics and, strictly related to that, to the quantum formulation of the sta-
tistical theory of matter.

Modern Physics, which is the subject of these notes, is well distinct from
Classical Physics, developed during the XIX century, and from Contemporary
Physics, which was started during the Thirties (of XX century) and deals with
the nature of Fundamental Interactions and with the physics of matter under
extreme conditions. The aim of this introduction to Modern Physics is that
of presenting a quantitative, even if necessarily also succinct and schematic,
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account of the main features of Special Relativity, of Quantum Physics and of
its application to the Statistical Theory of Matter. In usual textbooks these
three subjects are presented together only at an introductory and descriptive
level, while analytic presentations can be found in distinct volumes, also in
view of examining quite complex technical aspects. This state of things can
be problematic from the educational point of view.

Indeed, while the need for presenting the three topics together clearly
follows from their strict interrelations (think for instance of the role played by
special relativity in the hypothesis of de Broglie’s waves or of that of statistical
physics in the hypothesis of energy quantization), it is also clear that this
unitary presentation must necessarily be supplied with enough analytic tools
so as to allow a full understanding of the contents and of the consequences of
the new theories.

On the other hand, since the present text is aimed to be introductory, the
obvious constraints on its length and on its prerequisites must be properly
taken into account: it is not possible to write an introductory encyclopedia.
That imposes a selection of the topics which are most qualified from the point
of view of the physical content/mathematical formalism ratio.

In the context of special relativity, we have given up presenting the covari-
ant formulation of electrodynamics, limiting therefore ourselves to justifying
the conservation of energy and momentum and to developing relativistic kine-
matics with its quite relevant physical consequences. A mathematical discus-
sion about quadrivectors has been confined to a short appendix.

Regarding Schrodinger quantum mechanics, after presenting with some
care the origin of the wave equation and the nature of the wave function
together with its main implications, like Heisenberg’s Uncertainty Principle,
we have emphasized its qualitative consequences on energy levels. The main
analysis begins with one-dimensional problems, where we have examined the
origin of discrete energy levels and of band spectra as well as the tunnel ef-
fect. Extensions to more than one dimension concern very simple cases, in
which the Schrodinger equation is easily separable, and in particular the case
of central forces. Among the simplest separable cases we discuss the three-
dimensional harmonic oscillator and the cubic well with completely reflecting
walls, which are however among the most useful systems for their applica-
tions to statistical physics. In a further section we have discussed a general
solution to the three-dimensional motion in a central potential based on the
harmonic homogeneous polynomials in the cartesian particle coordinates. This
method, which simplifies the standard approach based on the analysis of the
Schrodinger equation in polar coordinates, is shown to be perfectly equivalent
to the standard one. It is applied in particular to the study of the hydrogen
atom spectrum, and those of the isotropic harmonic oscillator and the spher-
ical well. A short analysis of the tensor nature of the harmonic homogeneous
polynomials, and of the ensuing combination rules of angular momenta of a
composite system, is given in a brief appendix.
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Going to the last subject, which we have discussed, as usual, on the basis of
Gibbs’ construction of the statistical ensemble and of the related distribution,
we have chosen to consider those cases which are more meaningful from the
point of view of quantum effects, like degenerate gasses, focusing in particular
on distribution laws and on the equation of state, confining the presentation
of entropy to a brief appendix.

In order to accomplish the aim of writing a text which is introductory and
analytic at the same time, the inclusion of significant collections of problems
associated with each chapter has been essential. We have possibly tried to
avoid mixing problems with text complements, however moving some relevant
applications to the exercise section has the obvious advantage of streamlining
the general presentation. Therefore in a few cases we have chosen to insert
relatively long exercises, taking the risk of dissuading the average student from
trying to give an answer before looking at the suggested solution scheme. On
the other hand, we have tried to limit the number of those (however necessary)
exercises involving a mere analysis of the order of magnitudes of the physical
effects under consideration. The resulting picture, regarding problems, should
consist of a sufficiently wide series of applications of the theory, being simple
but technically non-trivial at the same time: we hope that the reader will feel
that this result has been achieved.

Going to the chapter organization, the one about Special Relativity is di-
vided into two sections, dealing respectively with Lorentz transformations
and with relativistic kinematics. The chapter on Wave Mechanics is made
up of nine sections, going from an analysis of the photoelectric effect to the
Schrédinger equation, and from the potential barrier to the analysis of band
spectra and to the Schrodinger equation in central potentials. Finally, the
chapter on the Statistical Theory of Matter includes a first part dedicated to
Gibbs distribution and to the equation of state, and a second part dedicated
to the Grand Canonical distribution and to perfect quantum gasses.

Genova, January 2010 Carlo Maria Becchi
Massimo D’Elia



VIII  Preface

Suggestion for Introductory Reading

e K. Krane: Modern Physics, 2nd edn (John Wiley, New York 1996)

Physical Constants

e speed of light in vacuum: ¢ = 2.998 10% m/s

e Planck’s constant: h = 6.626 1073* J s =4.136 1071 eV s

o h=h/2r=1.05510"3Js =6.582 1016 eV s

e Boltzmann’s constant : k= 1.381 10723 J/°K =8.617 107° eV /°K
e clectron charge magnitude: e = 1.602 10~1° C

e clectron mass: m, = 9.109 1073 Kg = 0.5110 MeV /c?

e proton mass: m, = 1.673 10727 Kg = 0.9383 GeV /c?

e permittivity of free space: g = 8.854 10712 F / m
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1

Introduction to Special Relativity

Maxwell equations in vacuum space describe the propagation of electromag-
netic signals with speed ¢ = 1/,/Ho€o. Since, according to the Galilean rel-
ativity principle, velocities must be added like vectors when going from one
inertial reference frame to another, the vector corresponding to the velocity
of a luminous signal in one inertial reference frame O can be added to the
velocity of O with respect to a new inertial frame O’ to obtain the velocity of
the luminous signal as measured in O’. For a generic value of the relative ve-
locity, the speed of the signal in O’ will be different, implying that, if Maxwell
equations are valid in O, they are not valid in a generic inertial reference frame
o

In the Nineteenth Century, in analogy with the propagation of elastic
waves, the most natural solution to this paradox seemed that based on the
assumption that electromagnetic waves correspond to deformations of an ex-
tremely rigid and rare medium, which was named ether. However that led to
the problem of finding the reference frame at rest with ether.

Taking into account that Earth rotates along its orbit with a velocity
which is about 10~ times the speed of light, an experiment able to reveal
the possible change of velocity of the Earth with respect to the ether in two
different periods of the year would require a precision of at least one part over
ten thousand. We will show how A. Michelson and E. Morley were able to
reach that precision by using interference of light.

Another aspect of the same problem comes out when considering the force
exchanged between two charged particles at rest with respect to each other.
From the point of view of an observer at rest with the particles, the force
is given by Coulomb law, which is repulsive it the charges have equal sign.
An observer in a moving reference frame must instead also consider the mag-
netic field produced by each particle, which acts on moving electric charges
according to Lorentz force law. If the velocity of the particles is orthogonal
to their relative distance, it can be easily checked that the Lorentz force is
opposite to the Coulomb one, thus reducing the electrostatic force by a fac-
tor (1 —v?/c?). Even if small, the difference leads to different accelerations
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in the two reference frames, in contrast with the Galilean relativity princi-
ple. According to this analysis, Coulomb law should be valid in no inertial
reference frame but that at rest with ether. However in this case violations
are not easily detectable: for instance, in the case of two electrons accelerated
through a potential gap equal to 10* V, one would need a precision of the
order of v?/c? ~ 4 10~% in order to reveal the effect, and such precisions are
not easily attained in the measurement of a force. For this reason it was much
more convenient to measure the motion of Earth with respect to the ether by
studying interference effects related to variations in the speed of light.

1.1 Michelson—Morley Experiment
and Lorentz Transformations

The experimental analysis was done by Michelson and Morley who used a
two-arm interferometer similar to what reported in Fig. 1.1. The light source
L generates a beam which is split into two parts by a half-silvered mirror S.
The two beams travel up to the end of the arms 1 and 2 of the interferometer,
where they are reflected back to S: there they recombine and interfere along
the tract connecting to the observer in O. The observer detects the phase shift,
which can be easily shown to be proportional to the difference AT between
the times needed by the two beams to go along their paths: if the two arms
have the same length [ and light moves with the same velocity ¢ along the two
directions, then AT = 0 and constructive interference is observed in O.
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Fig. 1.1. A sketch of Michelson-Morley interferometer
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If however the interferometer is mov-

ing with respect to ether with a ve-

locity v, which we assume for sim-

plicity to be parallel to the sec- T
ond arm, then the path of the first 2 !
beam will be seen from the reference
frame of the ether as reported in the
nearby figure and the time 7" needed
to make the path will be given by T
Pythagoras’ theorem:

AET? =0 T? + 417 (1.1)

from which we infer "
o e (1.2)

V1—v2/c?
If we instead consider the second beam, we have a time t; needed to make
half-path and a time 2 to go back, which are given respectively by

l l

! c—v’ 2 c+v ( )
so that the total time needed by the second beam is
21/c T
T =¢ to = = 1.4
1+2 1_,02/02 /1_’02/02 ( )
and for small values of v/c one has
Tv?  1v?
AT =T -T~=-" ~ 20 (1.5)

2¢2 7 37

this result shows that the experimental apparatus is in principle able to reveal
the motion of the laboratory with respect to ether.

If we assume to be able to reveal time differences 67" as small as 1/20 of
the typical oscillation period of visible light (hence phase differences as small
as 27/20), i.e. 6T ~ 5 10717 s, and we take [ = 2m, so that [/c ~ 0.6 10785,
we obtain a sensitivity dv/c = /6T ¢/l ~ 107%, showing that we are able to
reveal velocities with respect to ether as small as 3 10* m/s, which roughly
corresponds to the orbital speed of Earth. If we compare the outcome of two
such experiments separated by an interval of 6 months, corresponding to Earth
velocities differing by approximately 10° m/s, we should be able to reveal the
motion of Earth with respect to ether. The experiment, repeated in several
different times of the year, clearly showed, together with other complementary
observations, that ether does not exist.

Starting from that observation, Einstein deduced that Galilean transfor-
mation laws between inertial reference frames:
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' =t,
¥ =x—ot, (1.6)
are inadequate and must be replaced with new linear transformation laws
maintaining the speed of light invariant from one reference frame to the other,
i.e. they must transform the equation x = ct, describing the motion of a
luminous signal emitted in the origin at time ¢ = 0, into 2’ = ¢/, assuming the
origins of the reference frames of the two observers coincide at time ¢ = t' = 0.
Linearity must be maintained in order that motions which are uniform in one
reference frame stay uniform in all other inertial reference frames.
In order to deduce the new transformation laws, let us impose that the
origin of the new reference frame O’ moves with respect to O with velocity v

¥ = A(x —vt) (1.7)
where A is some constant to be determined. We can also write
r= A +vt) (1.8)

since transformation laws must be symmetric under the substitution x < z,
t < t' and v < —v. Combining (1.7) and (1.8) we obtain

o v Ar a4t
t = U—i—At—A{t U<1 A?)] (1.9)

from which we see that A must be positive in order that the arrow of time be
the same for the two observers.

Let us now apply our results to the motion of a luminous signal, i.e. let us
take z = ¢t and impose that 2’ = ¢t’. Combining (1.7) and (1.9) we get

f:wﬁ(k%) : t’At{l%(l%)} (1.10)

hence, imposing ' = ct’, we obtain

c 1 v
1--(1—-—|=1-—- 1.11
’U< A2) c (1.11)

from which it easily follows that

A= —— (1.12)

We can finally write

1 1
P S t':i(tf%z), (1.13)

V1—wv2/c? V1—wv2/c?

while orthogonal coordinates are left invariant
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¥y =y, 7=z, (1.14)

since this is the only possibility compatible with linearity and symmetry under
reversal of v, i.e. under exchange of O and O’. These are Lorentz transfor-
mation laws, which can be easily inverted by simply changing the sign of the
relative velocity:

1
r=——— (ot t= ¢+ ﬁx’) . (115)

— =

1—v2/c? 1—v2/c? c?

Replacing in (1.13) ¢t by z¢ = ct and setting sinh x = v/v/¢? — v2, we obtain:
2’ =coshy x —sinhx zyp, x{ =coshx xg —sinhy z . (1.16)

It clearly appears that previous equations are analogous to two-dimensional
rotations, 2’ = cosf x —sinf y , and ¢y’ = cosf y+sinf x , with trigonometric
functions replaced by hyperbolic functions'. However, while rotations keep
22 + y? invariant, equations (1.16) keep invariant the quantity x2 —x% , indeed

2"? — 2 = (cosh y x—sinh x ) — (cosh x 29 —sinhx z)? = 2% — 2% . (1.17)
That suggests to think of Lorentz transformations as generalized “rotations”
in space and time.

The three spatial coordinates (z,y,x) plus the time coordinate ct of any
event in space-time can then be considered as the components of a quadrivec-
tor. The invariant length of the quadrivector is 2 + y? + 22 — ¢?t2, which is
analogous to usual length in space, but can also assume negative values. Given
two quadrivectors, (z1,y1, 21, ct1) and (x2, Y2, 22, cta), it is also possible to de-
fine their scalar product x1x9 + Y192 + 2122 — ¢2t1ts, which is invariant under
Lorentz transformations as well. A more thorough treatment of quadrivectors
can be found in Appendix A.

One of the main consequences of Lorentz transformations is a different
addition law for velocities, which is expected from the invariance of the speed
of light. Let us consider a particle which, as seen from reference frame O, is
in (z,y,2) at time ¢t and in (x + Az,y + Ay, z + Az) at time ¢ + At, thus
moving with an average velocity (V, = Az/At,V, = Ay/At,V, = Az/At). In
reference frame O’ it will be instead Ay’ = Ay, Az’ = Az and

1 1
A’ = e (Ar —vAl) | A = e (At — C%Ax) . (1.18)
J1-2 1-2

from which we obtain

! Notice that, in much the same way as for rotations around a fixed axis the angle
corresponding to the combination of two rotations is the sum of the respective
angles, two Lorentz transformations made along the same axis combine in a such
a way that the resulting sector x, which is sometimes called rapidity, is the sum
of corresponding sectors.
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L e e R VN (A TR )
At/ At — 5 Ax 17% yrz c? 17%

instead of V] =V, — v and V/Z V, /=, as predicted by Galilean laws. Tt

y
requires only some simple algebra to prove that, according to (1.19),if |[V| = ¢
then also |V'| = ¢, as it should be to ensure the invariance of the speed of

light: see in Problem 1.7 for more details.

Lorentz transformations lead to some new phenomena. Let us suppose that
the moving observer has a clock which is placed at rest in the origin, 2’ = 0,
of its reference frame O’. The ends of any time interval AT’ measured by that
clock will correspond to two different events (2} = 0,¢}) and (24 = 0,t5): they
correspond to two different beats of the clock, with t§ — ¢t} = AT’. The above
events have different coordinates in the rest frame O, which by (1.15) and
setting v = 1/4/1 —v?/c? are (v = yut}, t1 = vt}) and (zg = yvth, to =
~t5): they are therefore separated by a different time interval AT = yAT”,
which is in general dilated (v > 1) with respect to the original one. This
result, which can be summarized by saying that a moving clock seems to slow
down, is usually known as time dilatation, and is experimentally confirmed
by observing subatomic particles which spontaneously disintegrate with very
well known mean life times: the mean life of moving particles increases with
respect to that of particles at rest with the same law predicted for moving
clocks (see also Problem 1.15). Notice that, going along the same lines, one
can also demonstrate that a clock at rest in the origin of the reference frame
O seems to slow down according to an observer in O’: there is of course no
paradox in having two different clocks, each slowing down with respect to the
other since, as long as both reference frames are inertial, the two clocks can
be put together and directly compared (synchronized) only once. The same
is not true in case at least one of the two frames is not inertial: a correct
treatment of this case, including the well known twin paradoz, goes beyond
the aim of the present notes.

Notice that time dilatation is also in agreement with what observed re-
garding the travel time of beam 1 in Michelson’s interferometer, which is 21 /¢
when observed at rest and 2{/(cy/1 — v?/c?) when in motion. Instead, in order
that the travel time of beam 2 be the same, we need the length [ of the arm
parallel to the direction of motion to appear reduced by a factor /1 — v2/c? |
i.e. that an arm moving parallel to its length appear contracted. To confirm
that, let us consider a segment of length L', at rest in reference frame O’,
where it is identified by the trajectories 2 (t]) = 0 and 24(t5) = L’ of its two
ends. For an observer in O the two trajectories appear as

Cwth t’l _ L+t t’ + 25

_ ﬁ _ 22
62

The length of the moving segment is measured in O as the distance between its
two ends, located at the same time to = t1, i.e. L = zo—x; for th = t) —vL'/c?,

(1.20)
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so that
R A N A

L= -+ 5 @
Vi-g -

thus confirming that, in general, any body appears contracted along the di-
rection of its velocity (length contraction).

It is clear that previous formulae do not make sense when v?/c? > 1,
therefore we can conclude that it is not possible to have systems or signals
moving faster than light. Last consideration leads us to a simple and use-
ful interpretation of the length of a quadrivector. Let us take two different
events in space-time, (1, ct1) and (@2, ct2): their distance (Ax, cAt) is also a
quadrivector. If |Az|? — c2At? < 0 we say that the two events have a space-
like distance. Any signal connecting the two events would go faster than light,
therefore it is not possible to establish any causal connection between them. If
|Az|? — 2 At? = 0 we say that the two events have a light-like distance?: they
are different points on the trajectory of a luminous signal. If |Az|? —c?At? < 0
we say that the two events have a time-like distance: also signals slower than
light can connect them, so that a causal connection is possible. Notice that
these definitions are not changed by Lorentz transformations, so that the two
events are equally classified by all inertial observers. For space-like distances,
it is always possible to find a reference frame in which At = 0, or two dif-
ferent frames for which the sign of At is opposite: no absolute time ordering
between the two events is possible, that being completely equivalent to saying
that they cannot be put in causal connection.

Another relevant consequence of Lorentz transformations is the new law
regulating Doppler effect for electromagnetic waves propagating in vacuum
space. Let us consider a monochromatic signal propagating in reference frame
O with frequency v, wavelength A\ = ¢/v and amplitude Ay, which is described
by a plane wave

(1.21)

Az, t) = Apsin(k - ¢ — wt) , (1.22)

where w = 27v and k is the wave vector (|k| = 27/X = w/c). Linearity implies
that the signal is described by a plane wave also in the moving reference frame
O', but with a new wave vector k’ and a new frequency v’. The transformation
laws for these quantities are easily found by noticing that the difference of the
two phases at corresponding points in the two frames must be a space-time
independent constant if the fields transforms locally. That is true only if the
phase k - @ — wt is invariant under Lorentz transformations, i.e., defining
kio = w/c, if

k' -a' —kjct' =k-x — koct . (1.23)

It is easy to verify that if equation (1.23) must be true for every point (z, ¢t) in
space-time, then also the quantity (k, ko) must transform like a quadrivector,

2 The scalar product which is invariant under Lorentz transformations is not pos-
itive defined, so that a quadrivector can have zero length without being exactly
Z€T0.
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i.e., if O’ is moving with respect to O with velocity v directed along the
positive x direction, we have

K. = # (kz - Eko) 7N (ko - %kx) L (1.24)

1-2 ¢ S

and kj, = ky, k. = k.. The first transformation law can be checked explicitly
by rewriting (1.23) with («’,c¢t’) = (1,0,0,0) and making use of (1.15); in
the same way also the other laws follows. Therefore the quantity (k,w/c) is
indeed a quadrivector, whose length is equal to zero.

We can now apply (1.24) to the Doppler effect, by considering the trans-
formation law for the frequency v. Let us examine the particular case in which
k = (£k,0,0), i.e. the wave propagates along the direction of motion of O’
(longitudinal Doppler effect): after some simple algebra one finds

;o [1Fv/c
Vi =v Thojc’ (1.25)

The frequency is therefore reduced (increased) if the motion of O’ is parallel
(opposite) to that of the signal. The result is similar to the classical Doppler
effect obtained for waves propagating in a medium, but with important dif-
ferences. In particular it is impossible to distinguish the motion of the source
from the motion of the observer: that is evident from (1.25), since v and v/
can be exchanged by simply reversing v — —uv: that is consistent with the fact
that Lorentz transformations have been derived on the basis of the experimen-
tal observation that no propagating medium (ether) exists for electromagnetic
waves in vacuum.

Another relevant difference is that the frequency changes even if, in frame
O, the motion of O’ is orthogonal to that of the propagating signal (orthogonal
Doppler effect): in that case equations (1.24) imply

1
V= —— (1.26)

V1—v2/c

We have illustrated the geometrical consequences of Lorentz transformation
laws. We now want to consider the main dynamical consequences, but be-
fore doing so it will be necessary to remind some basic concepts of classical
mechanics.

1.2 Relativistic Kinematics
Classical Mechanics is governed by the minimum action principle. A La-

grangian L(t,q;, ;) is usually associated with a mechanical system: it has
the dimension of an energy and is a function of time, of the coordinates ¢;
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and of their time derivatives ¢; . £ is defined but for the addition of a function
like AL(t,qi,4:) =>; 4i OF (t,q:)/0q; + OF(t,q;)/0t, i.e. a total time deriva-
tive. Given a time evolution law for the coordinates ¢;(¢) in the time interval
t1 <t < t9, we define the action:

A= /tQ dt £(t, i (1), (1)) - (1.27)

t1

The minimum action principle states
that the equations of motion are
equivalent to minimizing the ac-
tion in the given time interval with
the constraint of having the initial
and final coordinates of the system,
qi(t1) and ¢;(t2), fixed. For a non rel-
ativistic particle in one dimension, a X, |-
possible choice for the Lagrangian is
L = (1/2)mi*+const, and it is obvi-
ous that the linear motion is the one
which minimizes the action among
all possible time evolutions. t; t,

For a system of particles with positions r;, i = 1,...n, and velocities v;, a
deformation of the time evolution law: r; — r; +dr;, with dr;(t1) = dr;(t2) =
0, corresponds to a variation of the action:

8E oL d oL

so that the requirement that A be stationary for arbitrary variations or;(t),
is equivalent to the system of Lagrangean equations

oL d oL
87“,» dt 8'ui o

(1.28)

In general it is possible to choose the Lagrangian so that the action has the
same invariance properties as the equations of motion. In particular, for a free
relativistic particle, the action can depend on the trajectory g;(t) in such a
way that it does not change when changing the reference frame, i.e. it can be
a Lorentz invariant.

Indeed, for any particular time evolution of a point-like particle, it is always
possible to define an associated proper time as that measured by a (point-
like) clock which moves (without failing) together with the particle. Since an
infinitesimal proper time interval dr corresponds to dt = dr/y/1 — (v?/c?)
for an observer which sees the particle moving with velocity v, a proper time
interval 7o — 7 is related to the time interval ¢ — 1 measured by the observer
as follows:
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t2 ’UQ(t) T2
/t1 dt \/1— = /Tl dr=m—1 . (1.29)

The integral on the left hand side does not depend on the reference frame of
the observer, since in any case it must correspond to the time interval 7 — 73
measured by the clock at rest with the particle: the proper time 7 of the
moving system is therefore a Lorentz invariant by definition.

The action of a free relativistic particle is a time integral depending on
the evolution trajectory r = 7(¢) and, in order to be invariant under Lorentz
transformations, it must necessarily be proportional to the proper time

to 02
A:k/t an1- 5. (1.30)

so that Lyree = ky/1 — (v2/c?). For velocities much smaller than ¢, we can
use a Taylor expansion

102 10t
Liree=k|ll—=——=-—+ ... 1.31
f ( 2 c? 804+ ) ( )

which, compared with the Lagrangian of a non relativistic free particle, gives
k= —mc?

Let us now consider a scattering process involving n particles. The La-
grangian of the system at the beginning and at the end of the process, i.e. far
away from when the interactions among the particles are not negligible, must
be equal to the sum of the Lagrangians of the single particles, i.e.

n n 2
3 —00 Ereei:* i2 1*1)_1, 1.32
®)lye H; free, ;mc Vi- 2 (1.32)

where L£(t) is in general the complete Lagrangian describing also the interac-
tion process and Ly,ec,; is the Lagrangian for the i-th free particle.

If no external forces are acting on the particles, £ is invariant under trans-
lations, i.e. it does not change if the positions of all particles are translated by
the same vector a: r; — r; + a. This invariance requirement can be written
as:

OL =~ 0L
e = Zan 0. (1.33)

Combining this with the Lagrangean equations (1.28), we obtain the conser-
vation law:

dtz 8% . (1.34)

That means that the sum of the vector quantities 9L/0v; does not change
with time, hence in particular:
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8£ffeez
. 1.
-3 O, (139

- 8£free,i
8vi

i=1

In the case of relativistic particles, taking into account the following identity:

L O (1.36)
v 2 21—/ .

and setting vi|t_>_oo = v, 1 and V|- = Vj,F, equation (1.34) reads

n
mzvz I mz'vz F

7'1\/171}21/6 741 lisz/CQ

Invariance under translations is always related to the conservation of the total
momentum of the system, hence we infer that mv/y/1 — v2/c? is the gener-
alization of momentum for a relativistic particle, as it is also clear by taking
the limit v/c — 0.

Till now we have considered the case in which the final particles coincide
with the initial ones. However, in the relativistic case, particles can in general
change their nature during the scattering process, melting together or split-
ting, losing or gaining mass, so that the final set of particles is different from
the initial one. It is possible, for instance, that the collision of two particles
leads to the production of new particles, or that a single particle spontaneously
decays into two or more different particles. We are not interested at all, in the
present context, in the specific dynamic laws regulating the interaction pro-
cess; however we can say that, in absence of external forces, the invariance of
the Lagrangian under spatial translation, expressed in (1.33), is valid anyway,
together with the conservation law for the total momentum of the system. If
we refer in particular to the initial and final states, in which the system can be
described as composed by non-interacting free particles, the conservation law
implies that the sum of the momenta of the initial particles be equal to the
sum of the momenta of the final particles, so that (1.37) can be generalized
to

(1.37)

n nF m(F)U
m it i (1.38)
\/1_”11/0 j= 1\/1_U F/02

where mgl)

particles respectively.
Similarly, if the Lagrangian does not depend explicitly on time, it is pos-
sible, using again (1.28), to derive

d . oL oL
%E_Z:(”"a_m+”"ari>

. oL d 0L d oL
_zi:<'uz.a—vi+vz~aavi>_azi:'uz.a_m (1.39)

and mgF) are the masses of the ny initial and of the np final
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which is equivalent to the conservation law

d oL

%

In the case of free relativistic particles, the conserved quantity in (1.40) is

S (o e o) oy
. V1—v%/c? c? VAR

(2

In the non relativistic limit mc?/\/1 — v2/c? ~ mc? + $mv? apart from terms
proportional to v?, so that (1.41) becomes the conservation law for the sum
of the non-relativistic kinetic energies of the particles (indeed, in the same
limit, Galilean invariance laws impose conservation of mass). We can therefore
consider me?/4/1 —v2/c? as the relativistic expression for the energy of a
free particle, as it should be clear from the fact that invariance under time
translations is always related to the conservation of the total energy. The
analogous of (1.38) is

nr (I) 2 ng <F)02

m
E LZE I EE—— (1.42)
im1 1= /2 S =vfp/c?

It is interesting to consider how the momentum components and the energy
of a particle of mass m transform when going from one reference frame O to
a new frame O’ moving with velocity v1, which is taken for simplicity to be
parallel to the z axis. Let v be the modulus of the velocity of the particle
and (vg,vy,v,) its components in O; in order to simplify the notation, let us

set B =v/c, B = vi/c, v = 1/y/1 =32 and 1 = 1/4/1 — 32, so that the

momentum components and the energy of the particle in O are

(pzvpyapz) = (’Ymvwv AL 'Ymvz) ) E= 'YmCQ . (143)

The modulus v" of the velocity of the particle in O’ is easily found by using
(1.19) (see Problem 1.7):

12
P 1 1 ;L ( vlvz)
e =__ -  _ 1—
I (W LA T

so that, using again (1.19):

/N - m(livww) (UI—Ul) _ 725 .
Py Y T Y1y 2 1_ ’U1’Uw/02 71| Pz )

mo.
L e = 1_”1%) v/ —p 1.44
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E' = v'mc® = yymc? (1 — 0101211) = (E - U—;PIC) )

Equations (1.44) show that the quantities (p, E/c) transform in the same
way as (x,ct), i.e. as the components of a quadrivector, so that the quan-
tity |p|? — E?/c? does not change from one inertial reference frame to the
other, the invariant quantity being directly linked to the mass of the par-
ticle, |p|?> — E?/c® = —m?2c?. Moreover, given two different particles, we
can construct various invariant quantities from their momenta and ener-
gies, among which py - p2 — F1F» /02. The fact that momentum and en-
ergy transform as a quadrivector can also be easily deduced by noticing that
(p, E/c) = m(dx/dr, cdt/dr) and recalling that the proper time 7 is a Lorentz
invariant quantity.

If we are dealing with a system of particles, we can also build up the total
momentum Py,; of the system, which is the sum of the single momenta, and
the total energy Fi.:, which is the sum of the single particle energies: since
quadrivectors transforms linearly, the quantity (Piot, Eror/c), being the sum
of quadrivectors, transforms as a quadrivector as well; its invariant length is
linked to a quantity which is called the invariant mass (M;y,) of the system

|Pioi|* — E2,/c* = —M2,, 2. (1.45)
It is often convenient to consider the center-of-mass frame for a system of
particles, which is defined as the reference frame where the total momentum
vanishes. It is easily verified, by using Lorentz transformations, that the center
of mass moves with a relative velocity

Ptot

Vem = 1.46
Etot ( )

with respect to an inertial frame where Py, # 0. Notice that, according to
(1.45) and (1.46), the center of mass frame is well defined only if the invariant
mass of the system is different from zero.

On the basis of what we have deduced about the transformation properties
of energy and momentum, it is important to notice that we can identify them
as the components of a quadrivector only if the energy of a particle is defined
as mc?/y/1 —v2/c2, thus fixing the arbitrary constant usually appearing in
its definition. We can then assert that a particle at rest has energy equal to
mc?. Since mass in general is not conserved?, it may happen that part of the
rest energy of a decaying particle gets transformed into the kinetic energies of
the final particles, or that part of the kinetic energy of two or more particles

3 We mean by that the sum of the masses of the single particles. The invariant mass
of a system of particles defined in (1.45) is instead conserved, as a consequence
of the conservation of total momentum and energy.
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involved in a diffusion process is transformed in the rest energy of the final
particles. As an example, the energy which comes out of a nuclear fission
process derives from the excess in mass of the initial nucleus with respect to
the masses of the products of fission. Everybody knows the relevance that this
simple remark has acquired in the recent past.

A particular discussion is required for particles of vanishing mass, like the
photon. While, according to (1.37) and (1.41), such particles seem to have
vanishing momentum and energy, a more careful look shows that the limit
m — 0 can be taken at constant momentum p if at the same time the speed
of the particle tends to ¢ according to v = ¢ (1 4+ m?p?/c?)~/2. In the same
limit £ — pc, in agreement with p? — E?/c? = —m?2c2.

Our considerations on conservation and transformation properties of en-
ergy and momentum permit to fix in a quite simple way the kinematic con-
straints related to a diffusion process: let us illustrate this point with an
example.

In relativistic diffusion processes it is possible to produce new particles
starting from particles which are commonly found in Nature. The collision of
two hydrogen nuclei (protons), which have a mass m ~ 1.67 10727 Kg, can
generate the particle 7, which has a mass p ~ 2.4 10728 Kg. Technically, some
protons are accelerated in the reference frame of the laboratory, till one obtains
a beam of momentum P, which is then directed against hydrogen at rest. That
leads to proton—proton collisions from which, apart from the already existing
protons, also the 7 particles emerge (it is possible to describe schematically
the reaction as p+p — p+ p + 7). A natural question regards the minimum
momentum or energy of the beam particles needed to produce the reaction: in
order to get an answer, it is convenient to consider this problem as seen from
the center of mass frame, in which the two particles have opposite momenta,
which we suppose to be parallel, or anti-parallel, to the z axis: P, = — P>,
and equal energies F1 = /P?2c2 +m?2c* = Fs. In this reference frame the
total momentum vanishes and the total energy is £ = 2F;. Conservation of
momentum and energy constrains the sum of the three final particle momenta
to vanish, and the sum of their energy to be equal to E. The required energy is
minimal if all final particles are produced at rest, the kinematical constraint
on the total momentum being automatically satisfied in that case (this is
the advantage of doing computations in the center of mass frame). We can
then conclude that the minimum value of E in the center of mass is E,;, =
(2m + p)c?. However that is not exactly the answer to our question: we have
to find the value of the energy of the beam protons corresponding to a total
energy in the center of mass equal to FE,,;,. That can be done by noticing
that in the center of mass both colliding protons have energy FEy, /2, so that
we can compute the relative velocity (B¢ between the center of mass and the
laboratory as that corresponding to a Lorentz transformation leading from a
proton at rest to a proton with energy E,,in/2, i.e. solving the equation
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V1— 32 “o9mez . 2m

While, as said above, the total momentum of the system vanishes in the center
of mass frame and the total energy equals F,,;,, in the laboratory the total
momentum is obtained by a Lorentz transformation as

P = = ~1 = (2 \ -1
L T—3 ¢ 1—-72 c (2m + p)e 4m?2

2
= m+uc«/4mu+,u2.

2m

This is also the answer to our question, since in the laboratory all momentum
is carried by the proton of the beam.

An alternative way to obtain the same result, without making explicit use
of Lorentz transformations, is to notice that, if E is the total energy in the
laboratory, P? — E? /c? is an invariant quantity, which is therefore equal to
the same quantity computed in the center of mass, so that

Writing F, as the sum of the energy of the proton in the beam, which is
V/P2c2 + m2c, and of that of the proton at rest, which is mc?, we have the
following equation for Pr:

2
1
P} — = |:\/P£CQ +m2ct + mcﬂ = —(2m + p)*c?,

which finally leads to the same result obtained above.

Suggestions for Supplementary Readings
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J. D. Jackson: Classical Electrodynamics, 3d edn (John Wiley, New York 1998)
W. K. H. Panowsky, M. Phillips: Classical Electricity and Magnetism, 2nd edn
(Addison-Wesley Publishing Company Inc., Reading 2005)
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Problems

1.1. A spaceship of length Ly = 150 m is moving with respect to a space
station with a speed v = 2 108 m/s. What is the length L of the spaceship as
measured by the space station?

Answer: L=1Lo\/1—-0v%2/c?~112m.

1.2. How many years does it take for an atomic clock (with a precision of
one part over 10%%), which is placed at rest on Earth, to lose one second with
respect to an identical clock placed on the Sun? (Hint: apply Lorentz trans-
formations as if both reference frames were inertial, with a relative velocity
v~310*m/s ~107% ¢).

Answer:  Setting At = 1s we have T = At/ (1 —/1- 1)2/02) ~ 24t Jv? ~
6.34 years.

1.3. An observer casts a laser pulse of frequency v = 10'® Hz against a mir-
ror, which is moving with a speed v = 5107 m/s opposite to the direction of
the pulse, and whose surface is orthogonal to it. The observer then measures
the frequency v’ of the pulse coming back after being reflected by the mirror.
What is the value of /7

Answer: Since reflection leaves the frequency unchanged only in the rest frame
of the mirror, two different longitudinal Doppler effects have to be taken into ac-
count, that of the original pulse with respect to the mirror and that the reflected
pulse with respect to the observer, therefore v’ = v (14+v/c)/(1—v/c) = 1.4 10'® Hz.

1.4. Fizeau’s Experiment

In the experiment described in the figure, a light beam of frequency v =
10'5 Hz, produced by the source S, is split into two distinct beams which
go along two different paths belonging to a rectangle of sides L; = 10 m
and Ly = 5 m. They recombine, producing interference in the observation
point O, as illustrated in the figure. The rectangular path is contained in a
tube T filled with a liquid having refraction index n = 2, so that the speed
of light in that liquid is v, ~ 1.5 10® m/s. If the liquid is moving counter-
clockwise around the tube with a velocity 0.3 m/s, the speed of the light
beams along the two different paths changes, together with their wavelength,
which is constrained by the equation v, = Av (the frequency v instead does
not change and is equal to that of the original beam). For that reason the
two beams recombine in O with a phase difference A¢, which is different from
zero (the phase accumulated by each beam is given by 27 times the number of
wavelengths contained in the total path). What is the value of A¢? Compare
the result with what would have been obtained using Galilean transformation
laws.
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Answer: Calling L = L1 + Lo = 15 m the total path length inside the tube for each
beam, and using Einstein laws for adding velocities, one finds

2

n”—1 2 2
Ap = 47ruLvm ~drvLv(n® —1)/¢” ~ 1.89 rad.

Instead, Galilean laws would lead to

2
A¢ = drvLv— L
c

n2v?’

a result which does not make sense, since it is different from zero also when the tube
is empty: in that case, indeed, Galilean laws would imply that the tube is still filled
with a “rotating ether”.

1.5. A flux of particles, each carrying an electric charge ¢ = 1.6 1079 C, is
moving along the x axis with a constant velocity v = 0.9 c. If the total carried
current is I = 1077 A, what is the linear density of particles, as measured in
the reference frame at rest with them?

Answer: 1If do is the distance among particles in their rest frame, the distance
measured in the laboratory appears contracted and equal to d = /1 —v2/c? do.
The electric current is given by I = d~'vgq, hence the particle density in the rest

frame is I
dyt =+/1— v2/c? — ~ 10.1 particles/m .
vq

1.6. A particle is moving with a velocity ¢/2 along the positive direction of
the line y = x. What are the components of the velocity of the particle for an
observer moving with a speed V' = 0.99 ¢ along the x axis?

Answer: We have v, = vy = ¢/(2v/2) in the original system. After applying rela-
tivistic laws for the addition of velocities we find

’ vy =V ’ Vy
=— ~ —0.979 ; =+1-V2/ci2———— ~0.0767c.
Ve 1—w,V/c? €% /e 1—wv,V/e? ¢
1.7. A particle is moving with a speed of modulus v and components (vg, vy, vs).
What is the modulus v' of the velocity for an observer moving with a speed

w along the z axis? Comment the result as v and/or w approach c.

Answer: Applying the relativistic laws for the addition of velocities we find
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(v2 — w)* + (1 — w?/c*) (v + v))
(1 — vpw/c?)?

12 12 12 12
v =v; vy +u =

and after some simple algebra

V2 2 (1_ (1v2/02)(1w2/c2)) .

(1 —vpw/c?)?

It is interesting to notice that as v and/or w approach ¢, also v" approaches ¢ (from
below): that verifies that a body moving with v = ¢ moves with the same velocity
in every reference frame (invariance of the speed of light).

1.8. Two spaceships, moving along the same course with the same velocity
v = 0.98 ¢, pass space station Alpha, which is placed on their course, at
the same hour of two successive days. On each of the two spaceships a radar
permits to know the distance from the other spaceship: what value does it
measure?

Answer: In the reference frame of space station Alpha, the two spaceships stay
at the two ends of a segment of length L. = vI" where T' = 1 day. That distance is
reduced by a factor /1 — v2/c? with respect to the distance Lo among the space-
ships as measured in their rest frame. We have therefore

Lo = 1 r~12810" m

1.9. We are on the course of a spaceship moving with a constant speed v while
emitting electromagnetic pulses which, in the rest frame of the spaceship, are
equally spaced in time. We receive a pulse every second while the spaceship is
approaching us, and a pulse every two seconds while the spaceship is leaving
us. What is the speed of the spaceship?

Answer: It can be easily checked that the frequency of pulses changes according to
the longitudinal Doppler effect, so that

14+v/c
1—v/c 7’

hence v =1/3 c.

1.10. During a Star Wars episode, space station Alpha detects an enemy
spaceship approaching it from a distance d = 108 Km at a speed v = 0.9 ¢,
and at the same time the station launches a missile of speed v’ = 0.95 ¢ to
destroy it. As soon as the enemy spaceship detects the electromagnetic pulses
emitted by the missile, it launches against space station Alpha the same kind
of missile, therefore moving at a speed 0.95 ¢ in the rest frame of the space-
ship. How much time do the inhabitants of space station Alpha have, after
having launched their missile, to leave the station before it is destroyed by
the second missile?
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Answer: Let us make computations in the reference frame of space station Al-
pha. Setting to zero the launching time of the first missile, the enemy spaceship
detects it and launches the second missile at time ¢1 = d/(v + ¢) and when it is at
a distance 1 = ed/(v + ¢) from the space station. The second missile approaches
Alpha with a velocity V' = (v +v')/(1 4+ vv'/c?) =~ 0.9973 ¢, therefore it hits the
space station at time to =t1 + x1/V ~ 352 s.

1.11. A particle moves in one dimension with an acceleration which is con-
stant and equal to a in the reference frame instantaneously at rest with it.
Determine, for ¢ > 0, the trajectory z(t) of the particle in the reference frame
of the laboratory, where it is placed at rest in x = 0 at time ¢t = 0.

Answer: Let us call 7 the proper time of the particle, synchronized so that 7 = 0
when ¢ = 0. The relation between proper and laboratory time is given by

dr = /1 —v2(t)/c? dt

where v(t) = dx/dt is the particle velocity in the laboratory. Let us also introduce
the quadrivelocity (da/dr,d(ct)/dr), which transforms as a quadrivector since dr is
a Lorentz invariant. We are interested in particular in its spatial component in one
dimension, u = dz/dr, which is related to v by the following relations

e v S i
«/l—vz/cz’ \/1—1—112/027 c?

To derive the equation of motion, let us notice that, in the frame instantaneously
at rest with the particle, the velocity goes from 0 to adr in the interval dr, so
that v changes into (v + adr)/(1 + vadr/c?) in the same interval, meaning that
dv/dr = a(1 — v?/c?). Using previous equations, it is easy to derive

du  du dv dr

dat dv dr at ¢

which can immediately be integrated, with the initial condition u(0) = v(0) = 0, as
u(t) = at. Using the relation between u and v we have

at
V1t ai?)e

That gives the variation of velocity, as observed in the laboratory, for a uniformly
accelerated motion: for ¢ < c¢/a one recovers the non-relativistic result, while for
t > c/a the velocity reaches asymptotically that of light. The dependence of v on ¢
can be finally integrated, using the initial condition z(0) = 0, giving

&2 a?t?
t) = — 1 -1 .
a(t) = — +—

1.12. Spaceship A is moving with respect to space station S with a velocity
2.7 10® m/s. Both A and S are placed in the origin of their respective reference
frames, which are oriented so that the relative velocity of A is directed along

u(t) =
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the positive direction of both z axes; A and S meet at time t4 = tg = 0.
Space station S detects an event, corresponding to the emission of luminous
pulse, in s = 3 10! m at time tg = 0. An analogous but distinct event is
detected by spaceship A, with coordinates x4 = 1.3 10 m , t4 = 2.3103s. Is
it possible that the two events have been produced by the same moving body?

Answer: The two events may have been produced by the same moving body only
if they have a time-like distance, otherwise the unknown body would go faster
than light. After obtaining the coordinates of the two events in the same ref-
erence frame, one obtains, e.g. in the spaceship frame, Az ~ 6.09 10'®* m and
cAt ~ 6.27 10"® m > Az: the two events may indeed have been produced by the
same body moving at a speed Ax/At ~ 0.97 c.

1.13. We are moving towards a mirror with a velocity v orthogonal to its
surface. We send an electromagnetic pulse of frequency v = 10° Hz towards
the mirror, along the same direction of our motion. After 2 seconds we receive
a reflected pulse of frequency v/ = 1.32 10° Hz. How many seconds are left
before our impact with the mirror?

Answer: We can deduce our velocity with respect to the mirror by using the double
longitudinal Doppler effect: v = B¢ with (14 3)/(1 — 8) = 1.32, hence v = 0.138 c.
One second after we emit our pulse, the mirror is placed at one light-second from
us, therefore the impact will take place after AT = 1/0.138 s ~ 7.25 s, that means
6.25 s after we receive the reflected pulse.

1.14. Relativistic aberration of light

In the reference frame of the Sun, the Earth moves with a velocity of modulus
v = 107* ¢ and which forms, at a given time, an angle # = 60° with respect
to the position of a given star. Compute the variation of such angle when it
is measured by a telescope placed on Earth.

Answer: By applying the relativistic transformation laws for velocities to the pho-
tons coming from the star, it easily obtained that

tan6’ = /1 — 52% or equivalently cosb = %

to be compared with the classical expression tan @ = sin0/(cos 6 + (3). In the rela-
tivistic case all angles, apart from 6 = 7, get transformed into ¢’ =0 as 3 — 1.

In the present case 8 = v/c = 10™* and it is sensible to expand in Taylor series
obtaining, up to second order:

0 =0 — Bsind + B*sinfcosf + O(3%)
to be compared with result obtained by Galilean transformation laws:
0 =0 — Bsind +23°sinfcosh + O(5°).

It is interesting to notice that relativistic effects show up only at the second order in
3. In the given case 56 = —17.86216" to be compared with §6 = —17.86127" for the
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classical computation. Relativistic effects are tiny in this case and not appreciable
by a usual optical telescope; an astronomical interferometer, which is able to reach
resolutions of the order of few micro-arcseconds at radio wavelengths, should be used
instead.

1.15. A particle g (muon), of mass m = 1.89 1072® Kg and carrying the same
electric charge as the electron, has a mean life time 7 = 2.2 107% s when it
is at rest. The particle is accelerated instantaneously through a potential gap
AV =108 V. What is the expected life time t of the particle, in the labora-
tory, after the acceleration? What is the expected distance D traveled by the
particle before decaying?

Answer: )
t=r1 % ~4.28107% s
eAV)2 4+ 2emc2 AV
Dz\/( ) > er =1.110° m.
mc

Notice that the average traveled distance D is larger than what expected in absence
of time dilatation, which is limited to ¢7 due to the finiteness of the speed of light.
The increase in the traveled distance for relativistic unstable particles is one of the
best practical proofs of time dilatation, think e.g. of the muons created when cosmic
rays collide with the upper regions of the atmosphere: a large fraction of them reaches
Earth’s surface and that is possible only because their life times appear dilated in
Earth’s frame.

1.16. The energy of a particle is equal to 2.5 107'2 J, its momentum is
7.9 102! N s. What are its mass m and velocity v?

Answer:  m=+/E?2—c2p?/c? 289107 Kg, wv=pc®/FE ~2.8410°m/s.

1.17. A spaceship with an initial mass M = 10% Kg is boosted by a photonic
engine: a light beam is emitted opposite to the direction of motion, with a
power W = 10'® W, as measured in the spaceship rest frame. What is the
derivative of the spaceship rest mass with respect to its proper time? What
is the spaceship acceleration a in the frame instantaneously at rest with it?

Answer: The engine power must be subtracted from the spaceship energy, which is
Mc? in its rest frame, hence dM/dt = —W/c* ~ 1.1 1072 Kg/s. Since the particles
emitted by the engine are photons, they carry a momentum equal to 1/c times their
energy, hence

. w
a(r) = (M —Wr/e?) ’

1.18. A spaceship with an initial mass M = 3 10* Kg is boosted by a pho-
tonic engine of constant power, as measured in the spaceship rest frame, equal
to W = 10" W. If the spaceship moves along the positive = direction and
leaves the space station at 7 = 0, compute its velocity with respect to the
station reference frame (which is assumed to be inertial) as a function of the
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spaceship proper time.
Answer: According to the solution of previous Problem 1.17, the spaceship ac-

celeration a in the frame instantaneously at rest with it is

14 14 ao 2 -9 —1
a(7) cM(r) (M —1W/c®) 1—ar’ ao m/s”, ax=371077s

Recalling from the solution of Problem 1.11 that

U du u?
V= —— =a(r) 1+C—2,

1+ dr

where u is the xz-component of the quadrivelocity, we can easily integrate last equa-
tion
du aodT

/1+7:_22_170¢T

2 = sinh (_a_o In(1 — ar)) .
c ac

obtaining

Expressing v/c as a function of u/c we finally get

1—(1— 2aq/ac
Y — tanh (7@ In(1— om')) = (1 a7) .
c ac 1+ (1 — aT)an/ac

1.19. A spaceprobe of mass M = 10 Kg is boosted by a laser beam of fre-
quency v = 10 Hz and power W = 10'2 W, which is directed from Earth
against an ideal reflecting mirror (i.e. reflecting all incoming photons) placed in
the back of the probe. Assuming that the probe is initially at rest with respect
to Earth, and that the laser beam is always parallel to the spaceprobe velocity
and orthogonal to the mirror, determine the evolution of the spaceprobe po-
sition in the Earth frame and compute the total time At for which the laser
must be kept switched on in order that the spaceprobe reaches a velocity
v=20.5c

Answer: In the reference frame of the spaceship, every photon gets reflected from
the mirror with a negligible change in frequency (AN /X' ~ hv'/(Mc?) < 10757 see
Problem 1.29), hence it transfers a momentum 2hv'/c to the spaceprobe, where v/
is the photon frequency in the spaceprobe frame. The acceleration of the probe in
its proper frame is therefore

,_2n/ dN, 2w’
T Mec dt! ~ Mec

where W' is the power of the beam measured in the proper frame, which is given
by the photon energy, hv’, times the rate at which photons arrive, i.e. the number
of photons hitting the mirror per unit time, dN,'Y /dt'. The above result is twice as
large as that obtained if the light beam is emitted directly by the spaceprobe, as in
Problem 1.17, since in this case each reflected photon transfers twice its momentum.
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Both v/ and the rate of arriving photons are frequencies, hence they get trans-
formed by Doppler effect and we can write

AN, 1— 1 BdN.

/:h/
W= ' = 1+ l—i—ﬁdt 1+5

which gives us the transformation law for the beam power. From the acceleration in
the proper frame, a’ = 2W (1 — 3)/[(1 + 3) Mc], one obtains the derivative of 3 with
respect to the proper time 7 (see Problem 1.11)

dﬁ_dv_a/ v? _ 2
E‘%_?(l_c_‘z =al-5)

where we have set o = 2W/(Mc?). Last equation, after integration with the initial
condition 3(0) = 0, leads to ar = 3/(1 — ), i.e.
B(r) =

ar
1+ar’

Regarding the position of the probe, we have

aT

\/ 52 \/1 + 2ot dr

dx = cfdt = ¢

which gives, after integration and using z(0) =0

= % ((aT —DvV2ar+1+ 1) .
Setting 3 = 0.5 we obtain 7 = a~' = Mc?/(2W) = 9 10° s. The corresponding time
in the Earth frame can be obtained by integrating the relation

dr _ l+ar

dt = =
\/1_52 V1+2ar

yielding
t= Si ((ar +2)v2ar +1-2) .
[e%

In order to compute the total time At that the laser must be kept switched on, we
have to consider that a photon reaching the spaceprobe at time ¢ has left Earth at
a time t — z(¢)/c, where z is the probe position, hence the emission time is

1
tem =t —z/c= E(\/2a7+171) .
Setting ar = 1, we obtain At = (v/3 — 1)/a ~ 6.59 10° s

1.20. An electron—proton collision can give rise to a fusion process in which
all available energy is transferred to a neutron. As a matter of fact, there is a
neutrino emitted whose energy and momentum in the present situation can be
neglected. The proton rest energy is 0.938 10° eV, while those of the neutron
and of the electron are respectively 0.940 10° eV and 5 10° eV. What is the
velocity of the electron which, knocking into a proton at rest, may give rise
to the process described above?
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Answer: Notice that we are not looking for a minimum electron energy: since,
neglecting the final neutrino, the final state is a single particle state, its invariant
mass is fixed and equal to the neutron mass. That must be equal to the invariant
mass of the initial system of two particles, leaving no degrees of freedom on the pos-
sible values of the electron energy: only for one particular value v, of the electron
velocity the reaction can take place.

A rough estimate of v. can be obtained by considering that the electron energy
must be equal to the rest energy difference (m,—m;) ¢ = (0.940—0.938) 10° eV plus
the kinetic energy of the final neutron. Therefore the electron is surely relativistic and
(mn —mp)c is a reasonable estimate of its momentum: it coincides with the neutron
momentum which is instead non-relativistic ((m», — mp)c < mpc). The kinetic
energy of the neutron is thus roughly (m., —m;)3c?/(2my), hence negligible with
respect to (0.940—0.938) 10° eV. The total electron energy is therefore, within a good
approximation, E. ~ 2 10° eV, and its velocity is v. = ¢y/1 — m2/E2 ~ 2.9 10° m/s.
The exact result is obtained by writing Ee = (m2 —mg—m?2)c?/(2m,), which differs
by less than 0.1 % from the approximate result.

1.21. A system made up of an electron and a positron, which is an exact copy
of the electron but with opposite charge (i.e. its antiparticle), annihilates,
while both particles are at rest, into two photons. The mass of the electron is
me ~ 0.9 1073% Kg: what is the wavelength of each outgoing photon? Explain
why the same system cannot decay into a single photon.

Answer: The two photons carry momenta of modulus mec which are opposite to
each other in order to conserve total momentum: their common wavelength is there-
fore, as we shall see in next Chapter, A = h/(m.c) ~ 2.4 107'? m. A single photon
should carry zero momentum since the initial system is at rest, but then energy
could not be conserved; more in general the initial invariant mass of the system,
which is 2me., cannot fit the invariant mass of a single photon, which is always zero.

1.22. A piece of copper of mass M = 1 g, is heated from 0°C up to 100°C.
What is the mass variation AM if the copper specific heat is Ccyy, = 0.4 J/g°C?

Answer: The piece of copper is actually a system of interacting particles whose
mass is defined as the invariant mass of the system. That is proportional to
the total energy if the system is globally at rest, see equation (1.45). Therefore
AM = Ccu AT/c* ~4.45107'¢ Kg .

1.23. Consider a system made up of two point-like particles of equal mass
m = 1072° Kg, bound together by a rigid massless rod of length L = 2 10~* m.
The center of mass of the system lies in the origin of the inertial frame O, in
the same frame the rod rotates in the z — y plane with an angular velocity
w = 310" s7!. A second inertial reference frame O’ moves with respect to O
with velocity v = 4¢/5 parallel to the x axis. Compute the sum of the kinetic
energies of the particles at the same time in the frame O’, disregarding cor-
rection of order w?3.
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Answer: There are two independent ways of computing the sum of the kinetic
energies of the particles. The first way, which is the simplest one, is based on
the assumption that the kinetic energy of the system coincides with the sum
of the kinetic energies of the particles, hence one can compute the total en-
ergy of the system in the reference O, which, in the chosen approximation, is:
By = m(2¢® + w?L?/4). In O’ the total energy is computed by a Lorentz trans-
formation E; = E;//1—v2/c2 = (5/3)m(2¢*> + w?L?/4), hence the sum of
the kinetic energies is Ef — 2mc® = 4/3mc® + 5mw?L?/12. Numerically one has
12 107*(1 4 1.25 10™*) J. Alternatively, we can compute the velocities of both
particles in a situation corresponding to equal time in O’. The simplest such situ-
ation is when the rod is parallel to the y axis and the particles move with velocity
vy = twlL/2 parallel to the z axis. Using Einstein formula one finds in O’ the
velocities vy = ¢(4/5 £ wL/(2¢))/(1 & 2wL/(5¢)) and hence the kinetic energies

By =mc*(1)\/T— (0, Jf — 1) = me? ((5 +2wL/¢)/(3v/T — (WL/(20))%) — 1). It
is apparent that the sum E’, + E’ gives the known result up to corrections of order
(wL/e)?.

1.24. A photon of energy E knocks into an electron at rest producing a final
state composed of an electron—positron pair plus the initial electron: all three
final particles have the same momentum. What is the value of F and the
common momentum p of the final particles?

Answer: E=4mc®>~33107"*J, p=FE/3c=4/3 mc~3.610"% N/m.

1.25. A particle of mass M = 10727 Kg decays, while at rest, into a particle
of mass m = 4 10~2® Kg plus a photon. What is the energy E of the photon?

Answer: The two outgoing particles must have opposite momenta with an equal
modulus p to conserve total momentum. Energy conservation is then written as
Mc® = \/m2c* 4 p2c2 + pe, so that

2 2
Fepe= "M 2 _ 049 M ~3.78 10" J ~2.36 10° eV .
2M
1.26. A particle of mass M = 1 GeV/c? and energy E = 10 GeV decays into
two particles of equal mass m = 490 MeV. What is the maximum angle that
each of the two outgoing particles may form, in the laboratory, with the tra-
jectory of the initial particle?

Answer: Let Z be the direction of motion of the initial particle, and z—y the decay
plane: this is defined as the plane containing both the initial particle momentum
and the two final momenta, which are indeed constrained to lie in the same plane
by total momentum conservation. Let us consider one of the two outgoing particles:
in the center of mass frame it has energy ¢ = Mc?/2 = 0.5 GeV and a momentum
Pz = pcosf, py, = psinf, with 6 being the decay angle in the center of mass frame
and
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M? 5 0.1 GeV
— —-m?~ — .
4 c
The momentum components in the laboratory are obtained by Lorentz transfor-
mations with parameters v = (1/1 —v2/c2)™! = E/(Mc?) = 10 and 3 = v/c =
1—1/4% ~0.995,

p=c

/ .
Py = py = psiné
P =y(pcosd + Be) .
It can be easily verified that, while in the center of mass frame the possible momen-
tum components lie on a circle of radius p centered in the origin, in the laboratory
pl, and py, lie on an ellipse of axes yp and p, centered in (vf8¢,0). If ¢’ is the angle
formed in the laboratory with respect to the initial particle trajectory and defining
a = Be/p ~ 5, we can write

,_p; _l sin 0
ph ycosO+ o

If @ > 1 the denominator is always positive, tan 6’ is limited and |§'| < 7/2, i.e.
the particle is always forward emitted, in the laboratory, with a maximum possible
angle which can be computed by solving d tan ¢’ /df = 0; that can also be appreciated
pictorially by noticing that, if a > 1, the ellipse containing the possible momentum
components does not contain the origin. Finally one finds

0l .. =tan (1 ! ) ~ 0.02 rad.

; vaz -1
1.27. A particle of mass M = 10727 Kg, which is moving in the labo-
ratory with a speed v = 0.99¢, decays into two particles of equal mass

m = 3 1072® Kg. What is the possible range of energies (in GeV) which
can be detected in the laboratory for each of the outgoing particles?

Answer: In the center of mass frame the outgoing particles have equal energy
and modulus of the momentum completely fixed by the kinematic constraints:
E = Mc*/2 and P = ¢ \/M2/4 —m2. The only free variable is the decaying angle
0, measured with respect to the initial particle trajectory, which however results in
a variable energy E’ in the laboratory frame. Indeed by Lorentz transformations
E' = y(E 4+ vPcosf), with v = (1 — v*/c?)~/2, hence

2
Bl /min = 7 (M; + %Pc) = El ~3.56 GeV, Eluin ~ 0.41 GeV.
1.28. A particle of rest energy Mc? = 10° eV, which is moving in the labo-
ratory with momentum p = 5 10718 N s, decays into two particles of equal
mass m = 2 1072% Kg. In the center of mass frame the decay direction is
orthogonal to the trajectory of the initial particle. What is the angle between
the trajectories of the outgoing particles in the laboratory?

Answer: Let & be the direction of the initial particle and ¢ the decay direction
in the center of mass frame, § 1 &. For the process described in the text, Z is a
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symmetry axis, hence the outgoing particles will form the same angle 6 also in the
laboratory. For one of the two particles we can write p, = p/2 by momentum conser-
vation in the laboratory, and p, = ¢\/M?/4 — m?2 by energy conservation. Finally,
the angle between the two particles is 20 = 2 atan(p, /p) ~ 0.207 rad .

1.29. Compton Effect

A photon of wavelength A knocks into an electron at rest. After the elastic
collision, the photon moves in a direction forming an angle 6 with respect to
its original trajectory. What is the change A\ = X — )\ of its wavelength as a
function of 67

Answer: Let q and q’ be respectively the initial and final momentum of the photon,
and p the final momentum of the electron. As we shall discuss in next Chapter, the
photon momentum is related to its wavelength by the relation ¢ = |g| = h/A, where
h is Planck’s constant. Total momentum conservation implies that q, ¢" and p must
lie in the same plane, which we choose to be the x —y plane, with the xz-axis parallel
to the photon initial trajectory. Momentum and energy conservation lead to:

pr=¢q—¢ cosf,

py =q sin@,

gc+mec® —q'c= \/mec4 + p2c? + p2c?.
Substituting the first two equations into the third and squaring both sides of the
last we easily arrive, after some trivial simplifications, to me(q—q’) = qq’(1 —cos 9),
which can be given in terms of wavelengths as follows

AN hv
1— . AA
mec( cos ) ; A Mec?

AA=N - A= (1 —cosb).

The difference is always positive, since part of the photon energy, depending on the
diffusion angle 6, is always transferred to the electron. This phenomenon, known as
Compton effect, is not predicted by the classical theory of electromagnetic waves and
is an experimental proof of the corpuscular nature of radiation. Notice that, while
the angular distribution of outgoing photons can only be predicted on the basis of
the quantum relativistic theory, i.e. Quantum Electrodynamics, the dependence of
AN on 0 that we have found is only based on relativistic kinematics and can be
used to get an experimental determination of h. The coefficient h/(m.c) is known
as Compton wavelength, which for the electron is of the order of 1072 m, so that
the effect is not detectable (AX/A ~ 0) for visible light.

1.30. A spinning top, which can be described as a rigid disk of mass M =
107! Kg, radius R = 5 1072 m and uniform density, starts rotating with an-
gular velocity 2 = 103 rad/s. What is the energy variation of the spinning
top due to rotation, as seen from a reference frame moving with a relative
speed v = 0.9 ¢ with respect to it?

Answer: The speed of the particles composing the spinning top is surely non-
relativistic in their frame, since it is limited by 2R = 50 m/s =~ 1.67 107" c. In
that frame the total energy is therefore, apart from corrections of order (2R/c)?,
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Eior = Mc* + [(22/2, where [ is the moment of inertia, I = MR2/2. Lorentz trans-
formations yield in the moving frame

/
Etot =

1 1 o 1. o
Etot: (MC +—I.Q) ,
\/1—v2/c? 1—v?/c? 2
to be compared with energy observed in absence of rotation, Mc?/+/1 —v2/c2.
Therefore, the energy variation due to rotation in the moving frame is AE' =

I2?/(24/1 —v2/c2) ~ 143 J.

1.31. A photon with energy E; = 10* eV is moving along the positive z di-
rection; a second photon with energy Fo = 2 F; is moving along the positive
y direction. What is the velocity v, of their center of mass frame?

Answer: Recalling equation (1.46), it is easily found that v, =1/3 ¢, v¥, =2/3 ¢
and |vem| = \/5/3 c.

1.32. A particle of mass M decays, while at rest, into three particles of equal
mass m. What is the maximum and minimum possible energy for each of the
outgoing particles?

Answer: Let Ei, E2, Es and p1, p2, ps be respectively the energies and the mo-
menta of the three outgoing particles. We have to find, for instance, the maximum
and minimum value of F1 which are compatible with the constraints p1 +p2+ps =0
and E1 + Es + E3 = M ¢2. The minimum value is realized when the particle is pro-
duced at rest, Fimin = m ¢2, implying that the other two particles move with equal
and opposite momenta. Finding the maximum value requires some more algebra.
From E? = m? ¢* + p? ¢? and momentum conservation we obtain

E% :m2 C4+ |p2+p3|2 C2 :m2 C4 +(E2 +E3)2 7ﬂ2 C4
where 1 is the invariant mass of particles 2 and 3, u? ¢* = (Eo+ F3)? — |p2 +ps|? 2.
Applying energy conservation, Fs + E3 = (M ¢ — E1), last equation leads to

1

Fi=—
YT oM 2

(m2 Mt - u2 04) .

‘We have written E; as a function of ,uQ: FE1imagz corresponds to the minimum possible
value for the invariant mass of the two remaining particles. On the other hand it
can be easily checked that, for a system made up of two or more massive particles,
the minimum possible value of the invariant mass is equal to the sum of the masses
and is attained when the particles are at rest in their center of mass frame, meaning
that the particles move with equal velocities in any other reference frame. Therefore
tmin = 2m and E1maz = (M2 - 3m2) 02/(2M): this value is obtained in particular
for p2 = ps.

1.33. A particle at rest, whose mass is M = 750 MeV /c?, decays into a photon
and a second, lighter, particle of mass m = 135 MeV/c?. Subsequently the
lighter particle decays into two further photons. Considering all the possible
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decay angles of the second particle, compute the maximum and the minimum
values of the possible energies of the three final photons.

One can ask the same question in the case of a direct decay of the first
particle into three photons whose energies are constrained only by energy-
momentum conservation. Which are the maximum and minimum energies of
the final photons in the direct decay?

Answer: This problem is analogous to Problem 1.32. We first consider the di-
rect decay. If F; with ¢ = 1,2 are the energies of two, arbitrarily chosen, fi-
nal photons, p; = E;/c are their momenta. If 0 is the angle between these mo-
menta, on account of momentum conservation, we can compute the momentum
of the third photon as the length of the third side of a triangle whose other
sides have lengths p; and ps and form an angle m — 6. Therefore energy con-
servation gives: \/Ef + FE2+2E1FE2cos0 + E1 + E; = Mc® from which we get:
M?t — 2M02(E1 + E3) = —2E1E2(1 — cos@). Since 0 < 1 — cosf < 2 one has the
inequalities:

M /2 < (BEi+ Es) and  (Mc® —2E1)(Mc® —2E2) > 0.

If we interpret F1 and E2 as cartesian coordinates of a point in a plane, we find that
the point must lie in a triangle with vertices in the points of coordinates (0, Mc?/2),
(Mc?/2,0) and (Mc?/2, Mc®/2). This shows that each of the three photon energies
can range between 0 and Mc?/2. In Particle Physics the distribution of points asso-
ciated with a sample of decay events (in this case the distribution of points inside
the triangle described above) is called Dalitz plot.

Now consider the indirect decay and assume that photons 1 and 2 are the decay
products of the second particle with mass m. In this case there is a constraint
for the third photon with energy E3 = Mc? — E1 — Es. Indeed its momentum
p3 = FEs3/c must be equal, and opposite, to that of the light particle whose energy
is E1 + Ea. Thus we have (E1 + F2)? — (Mc® — E1 — F»)? = m?c* which implies
E1+E> = (M?*+m?)c?/(2M), which can be read as the equation of a line intersecting
the above mentioned triangle. It is apparent that the boundaries of the intersection
segment give the maximum and minimum possible values for Ei and FE», which
are respectively m2c?/(2M) = 12.15 MeV and Mc?/2 = 375 MeV. The energy of
the third photon is instead fixed and equal to F3 = (M? — m?)c?/(2M): we have
FE3 < Mc?/2 and, for the given values of M and m, also F3 > m?c?/(2M).

1.34. A proton beam is directed against a laser beam coming from the op-
posite direction and having wavelength 0.5 1076 m. Determine what is the
minimum value needed for the kinetic energy of the protons in order to pro-
duce the reaction (proton + photon — proton + ), where the 7 particle has
mass m =~ 0.14 M, the proton mass being M ~ 0.938 GeV /c?.

Answer: Let p and k be the momenta of the proton and of the photon respec-
tively, k = h/\ ~ 2.48 eV /c. The reaction can take place only if the invariant mass
of the initial system is larger or equal to (M + m): that is most easily seen in the
center of mass frame, where the minimal energy condition corresponds to the two
final particles being at rest. In particular, if E is the energy of the proton, we can
write
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2
(E+ke)® —(p—k)> > (M +m)?c", hence E+pc> W;—C(M +m/2)c.
c
Taking into account that mc? ~ 0.13 GeV and ke ~ 2.48 eV we deduce that E+pc ~
5107 Mc?, so that the proton is ultra-relativistic and E ~ pc. The minimal kinetic

energy of the proton is therefore pminc ~ (mc/k)(M +m/2)c?/2 ~ 2.6 107 GeV.

1.35. A particle of mass M decays into two particles of masses m; and ms.
A detector reveals the energies and momenta of the outgoing particles to
be By = 2.5 GeV, E; = 8 GeV, p1, = 1 GeV/e, p1y = 2.25 GeV/e,
P2z = 7.42 GeV/c and py, = 2.82 GeV/c. Determine the masses of all in-
volved particles, as well as the velocity v of the initial particle.

Answer: M =~ 3.69 GeV/c*, m1 ~ 0.43 GeV/c?, ma2 ~ 1 GeV/c?, v, = 0.802 c,
vy = 0.483 c.

1.36. A particle of mass y = 0.14 GeV/c? and momentum directed along
the positive z axis, knocks into a particle at rest of mass M. The final state
after the collision is made up of two particles of mass m; = 0.5 GeV/c? and
ma = 1.1 GeV/c? respectively. The momenta of the two outgoing particles
form an equal angle § = 0.01 rad with the z axis and have equal magnitude
p = 10* GeV/c. What is the value of M?

Answer: Momentum conservation gives the momentum of the initial particle,
k = 2pcosf. The initial energy is therefore Ein, = 1/p2c* + k2¢ + M ¢® and must

be equal to the final energy Ef;n, = \/me4 + p2c® + \/m§c4 + p2c2, hence

M = \/m%c‘1 +p2c? + \/m§c4 +p?c? — \//1%4 + 4p2 cos 02¢2 .

The very high value of p makes it sensible to apply the ultra-relativistic approxima-
tion,

2.2 2.2 2.2
2 mic macC e
Mc”™ ~ pc (1+ 22 )+pc (1+ 2p? ) —QpCCOSG(l‘FW)

~ pc (02 + (2m3 +2m3 — u2)c2/(4p2)) ~pch® =1GeV.

1.37. Transformation laws for electro-magnetic fields

Our inertial reference frame moves with respect to a conducting rectilinear
wire with velocity v = 0.9 ¢ parallel to the wire. In its reference frame the
wire appears neutral and one has an electric current I = 1 A through the wire
in the direction of our velocity. We adopt a simplified scheme in which the cur-
rent is carried by electrons with a linear density puwire = 6 10'® m™!, moving
with an average uniform velocity V' = 102 m/s in the opposite direction with
respect to our velocity. The wire is made neutral by protons at rest, having
the same linear density as the electrons. Coming back to our reference frame,
do we detect any electric field? If the answer to our question is positive, what
is the absolute value of the electric field at a distance r = 1 cm from the wire?
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Answer: If the electrons in the wire are uniformly distributed the distance be-
tween two neighboring electrons is d = p;ilre = 1.66 107'7 m in the wire frame.
Due to the length contraction the same distance is d/y/1 — (V/c)? in the elec-
tron frame, that is, in a frame moving with respect to the wire with the aver-
age electron velocity. Using Einstein formula we compute our velocity with respect

to the electron frame v’ = (v + V)/(1 4+ vV/c?) and the electron density in our
frame: pPmoving,e = \/1 — (V/C)Q/(d\/l —(v'/e)?) = (1 +vV/P)/(dr\/1 — (v]c)?)
while the proton density iS pmoving,p = 1/(dv/1 — (v/¢)?) = ~/d. Thus the re-
sulting charge density iS pmoving,tot = 76UV/(02dw/1 — (v/e)?) = —IBv/c where
we have set 8 = wv/c. Since Maxwell equations are the same in every inertial
frame, we conclude that in our frame we have an electric field with absolute value
Eroving = BvI/(2meore) = BycBuwire = 1.23 10* V/m and directed towards the
wire. Buyire is the absolute value of the magnetic induction at the same distance
from the wire in the wire frame; the electric field measured in our frame is or-
thogonal with respect to the original magnetic field (in particular it is directed like
v A Buyire). It also easy to verify that the electric current in our frame is v, so that
we measure a magnetic field of absolute value Boving = YBuwire and parallel to the
original magnetic field.

The same results could have been reached using the electro-magnetic field trans-
formation rules; alternatively, the complete set of field transformation rules can be
obtained through the analysis of analogous gedanken experiments. To that purpose
the reader may compute the electric and magnetic fields felt by an observer moving:
a) parallel to a wire having a uniform charge density and zero electric current; b)
parallel to an infinite plane carrying zero charge density and a uniform current den-
sity orthogonal to the observer velocity; c¢) orthogonal to an infinite plane carrying
uniform charge density and zero electric current.
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Introduction to Quantum Physics

The gestation of Quantum Physics has been very long and its phenomeno-
logical foundations were various. Historically the original idea came from the
analysis of the black body spectrum. This is not surprising since the black
body, in fact an oven in thermal equilibrium with the electromagnetic radi-
ation, is a simple and fundamental system once the law of electrodynamics
are established. As a matter of fact many properties of the spectrum can
be deduced starting from the general laws of electrodynamics and thermody-
namics; the crisis came from the violation of the equipartition of energy. That
suggested to Planck the idea of quantum, from which everything originated.
Of course a long sequence of different discoveries, first of all the photoelectric
effect, the line spectra for atomic emission/absorption, the Compton effect
and so on, gave a compelling evidence for the new theory.

Due to the particular limits of the present notes, an exhaustive analysis of
the whole phenomenology is impossible. Even a clear discussion of the black
body problem needs an exceeding amount of space. Therefore we have chosen
a particular line, putting major emphasis on the photoelectric effect and on
the inadequacy of a classical approach based on Thomson’s model of the atom,
followed by Bohr’s analysis of the quantized structure of Rutherford’s atom
and by the construction of Schrédinger’s theory. This does not mean that
we have completely overlooked the remaining phenomenology; we have just
presented it in the light of the established quantum theory. Thus, for example,
Chapter 3 ends with the analysis of the black body spectrum in the light of
quantum theory.

2.1 The Photoelectric Effect

The photoelectric effect was discovered by H. Hertz in 1887. As sketched in
Fig. 2.1, two electrodes are placed in a vacuum cell; one of them (C) is hit
by monochromatic light of variable frequency, while the second (A) is set to
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a negative potential with respect to the first, as determined by a generator G
and measured by a voltmeter V.

(V)

@

.y

Fig. 2.1. A sketch of Hertz’s photoelectric effect apparatus

By measuring the electric current going through the amperometer I, one
observes that, if the light frequency is higher than a given threshold vy, de-
termined by the potential difference V' between the two electrodes, the am-
perometer reveals a flux of current ¢ going from A to C which is proportional
to the flux of luminous energy hitting C. The threshold vy is a linear function
of the potential difference V'

vy =a+bV . (2.1)

The reaction time of the apparatus to light is substantially determined by the
(RC) time constant of the circuit and can be reduced down to values of the
order of 1078 s. The theoretical interpretation of this phenomenon remained
an open issue for about 14 years because of the following reasons.

The direction of the current and the possibility to stop it by increasing the
potential difference clearly show that the electric flux is made up of electrons
pulled out from the atoms of electrode C by the luminous radiation.

A reasonable model for this process, which was inspired by Thomson’s
atomic model, assumed that electrons, which are particles of mass m =
9 10~3! Kg and electric charge —e ~ —1.6 10719 C, were elastically bound
to atoms of size R4 ~ 3 107!° m and subject to a viscous force of constant
1. The value of 1 is determined as a function of the atomic relaxation time,
T = 2m/n, that is the time needed by the atom to release its energy through
radiation or collisions, which is of the order of 1078 s. Let us confine ourselves
to considering the problem in one dimension and write the equation of motion
for an electron
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mi = —kx —ni — ek, (2.2)

where F is an applied electric field and k is determined on the basis of atomic
frequencies. In particular we suppose the presence of many atoms with differ-
ent frequencies continuously distributed around

| k
— =wy =27y ~ 107 571, (2.3)
m

If we assume an oscillating electric field E = Ej cos(wt) with w ~ 101 71,

corresponding to visible light, then a general solution to (2.2) is given by
x = zgcos(wt + @) + Are” Mt + Age 2t (2.4)

where the second and third term satisfy the homogeneous equation associated
with (2.2), so that oy /5 are the solutions of the following equation

ma® —na+k=0,

_nE/n?—4km 1i
B 2m T

2
— Wy =
T 0

1
a -
72

where last approximation is due to the assumption 7 > w; L
Regarding the particular solution xg cos(wt+¢), we obtain by substitution:
—mw?xq cos(wt+¢) = —kxg cos(wt+¢)+nwrg sin(wt+¢) —eEy cos(wt) (2.6)

hence

(k — mw?)xo (cos(wt) cos ¢ — sin(wt) sin ¢)

= nwo (sin(wt) cos ¢ + cos(wt) sin ¢) — eEy cos(wt)

from which, by taking alternatively wt = 0,7/2, we obtain the following sys-
tem

(m (wg — w2) cos ¢ — nwsin QS) rg = —eky,

m (w§ — w?) zosin g + nw zgcosd = 0 (2.7)

which can be solved for ¢

tan ¢ 2w
n =
R PERpvN
2 2
— 2
cos ¢ = W "% , sin¢ = (2w/7) (2.8)
\/(wg—w2)2+47L22 \/((.()gf(AJQ)ZJrALTLQ2

and finally for xg, for which we obtain the well known resonant form
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eFy/m
To = o/ - . (2.9)
2
V@i —w?) + 22
To complete our computation we must determine A; and As. On the other

hand, taking into account (2.5) and the fact that z is real, we can rewrite the
general solution in the following equivalent form:

& = x0 cos(wt + @) + Ae /T cos(wot + ¢o) - (2.10)

If we assume that the electron be initially at rest, we can determine A and ¢q
by taking x =2 =0 for t = 0, i.e.

xpcosop+ Acospg =0, (2.11)

. €os ¢o .
To wsing = —A | —— 4+ wpsingg | (2.12)

T
hence in particular
1

tan ¢g = hud tan¢ — — . (2.13)

wo woT

These equations give us enough information to discuss the photoelectric effect
without explicitly substituting A in (2.10).

Indeed in our simplified model the effect, i.e. the liberation of the electron
from the atomic bond, happens as the amplitude of the electron displacement
x is greater than the atomic radius. In equation (2.10) z is the sum of two
parts, the first corresponding to stationary oscillations, the second to a tran-
sient decaying with time constant 7. In principle, the maximum amplitude
could take place during the transient or later: to decide which is the case we
must compare the value of A with that of xg. It is apparent from (2.11) that
the magnitude of A is of the same order as xg unless cos ¢g is much less than
cos ¢. On the other hand, equation (2.13) tells us that, if tan ¢q is large, then
tan ¢ is large as well, since (wor)™' ~ 1077 and w/wy ~ 1. Therefore, the
order of magnitude of the maximum displacement is given by xg, and can be
sensitive to the electric field frequency. That happens in the resonant regime,
where w differs from wg by less than 2/w/7.

Let us consider separately the generic case from the resonant one. In the
first case the displacement is of the order of eEy/(w?m), since the square root
of the denominator in (2.9) has the same order of magnitude as w?. In order
to induce the photoelectric effect it is therefore necessary that

eEO

w?m

~ RA )
from which we can compute the power density needed for the luminous beam
which hits electrode C:

€

2
Raw’m
2
P = ceoEy ~ ceg (* ,
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where c is the speed of light and ¢ is the vacuum dielectric constant. P comes
out to be of the order of 10 W/m?2, a power density which is difficult to
realize in practice and which would anyway be enough to vaporize any kind of
electrode. We must conclude that our model cannot explain the photoelectric
effect if w is far from resonance. Let us consider therefore the resonant case
and set w = wp. On the basis of (2.11), (2.13) and (2.9), that implies:

Vs
¢=¢0=§, A= —xo,

hence B
= % (1—e7/7) sin(wot) - (2.14)

In order for the photoelectric effect to take place, the oscillation amplitude
must be greater than the atomic radius:

eBoT (1 - e_t/T) > Ry.

2mwg
That sets the threshold field to 2mwoR4/(eT) and the power density of the
beam to

2
P = ceo <M) ~ 100 W/m?,
TE

while the time required to reach the escape amplitude is of the order of 7.

In conclusion, our model predicts a threshold for the power of the beam,
but not for its frequency, which however must be tuned to the resonance
frequency: the photoelectric effect would cease both below and above the
typical resonance frequencies of the atoms in the electrode. Moreover the
expectation is that the electron does not gain any further appreciable energy
from the electric field once it escapes the atomic bond: hence the emission from
the electrode could be strong, but made up of electrons of energy equal to that
gained during the last atomic oscillation. Equation (2.14) shows that, during
the transient (t << 7), the oscillation amplitude grows roughly by eFEy/(mwg)
in one period, so that the energy of the escaped electron would be of the order
of magnitude of kReEy/(mw?) = eEyR 4, corresponding also to the energy
acquired by the electron from the electric field Ey when crossing the atom. It
is easily computed that for a power density of the order of 10 — 100 W/m?,
the electric field Ey is roughly 100 V/m, so that the final kinetic energy of
the electron would be 1078 eV ~ 10727 J: this value is much smaller than the
typical thermal energy at room temperature (3k7/2 ~ 107! eV).

The prediction of the model is therefore in clear contradiction with the
experimental results described above. In particular the very small energy of
the emitted electrons implies that the electric current I should vanish even
for small negative potential differences.

FEinstein proposed a description of the effect based on the hypothesis that
the energy be transferred from the luminous radiation to the electron in a
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single elementary (i.e. no further separable) process, instead than through a
gradual excitation. Moreover he proposed that the transferred energy be equal
to hv = hw/(27) = hw, a quantity called quantum by Einstein himself. The
constant h had been introduced by Planck several years before to describe the
radiation emitted by an oven and its value is 6.63 10734 J s.

If the quantum of energy is enough for electron liberation, i.e. according to
our model it is larger than By = kR% /2 = wiR3m/2 ~ 1071 J ~ 1 eV, and
the frequency exceeds 1.6 10'* Hz (corresponding to w in our model), then
the electron is emitted keeping the energy exceeding the threshold in the form
of kinetic energy. The number of emitted electrons, hence the intensity of the
process, is proportional to the flux of luminous energy, i.e. to the number of
quanta hitting the electrode.

Since E = hv is the energy gained by the electron, which spends a part E}
to get free from the atom, the final electron kinetic energy is T' = hv — F, so
that the electric current can be interrupted by placing the second electrode

at a negative potential
V= hy — Et ’
e
thus reproducing (2.1).
The most important point in Einstein’s proposal, which was already no-
ticed by Planck, is that a physical system of typical frequency v can exchange
only quanta of energy equal to hv. The order of magnitude in the atomic case

is w ~ 10 s71 hence hw = (h/27) w ~ 1 eV.

2.2 Bohr’s Quantum Theory

After the introduction of the concept of a quantum of energy, quantum theory
was developed by N. Bohr in 1913 and then perfected by A. Sommerfeld in
1916: they gave a precise proposal for multi-periodic systems, i.e. systems
which can be described in terms of periodic components.

The main purpose of their studies was that of explaining, in the framework
of Rutherford’s atomic model, the light spectra emitted by gasses (in partic-
ular mono-atomic ones) excited by electric discharges. The most simple and
renowned case is that of the mono-atomic hydrogen gas (which can be pre-
pared with some difficulties since hydrogen tends to form diatomic molecules).
It has a discrete spectrum, i.e. the emitted frequencies can assume only some
discrete values, in particular:

Vnom = R ( L_ %) (2.15)

n?2 m

for all possible positive integer pairs with m > n: this formula was first pro-
posed by J. Balmer in 1885 for the case n = 2, m > 3, and then generalized by
J. Rydberg in 1888 for all possible pairs (n,m). The emission is particularly
strong for m =n + 1.
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Rutherford had shown that the positive charge in an atom is localized in a
practically point-like nucleus, which also contains most of the atomic mass. In
particular the hydrogen atom can be described as a two-body system: a heavy
and positively charged particle, which nowadays is called proton, bound by
Coulomb forces to a light and negatively charged particle, the electron.

We will confine our discussion to the case of circular orbits of radius r,
covered with uniform angular velocity w, and will consider the proton as if it
were infinitely heavy (its mass is about 2 103 times that of the electron). In
this case we have

where m is the electron mass. Hence the orbital frequencies, which in clas-
sical physics correspond to those of the emitted radiation, are continuously
distributed as a function of the radius

y=2- . (2.16)

2 /16m3eqmis

this is in clear contradiction with (2.15). Based on Einstein’s theory of the
photoelectric effect, Bohr proposed to interpret (2.15) by assuming that only
certain orbits be allowed in the atom, which are called levels, and that the
frequency vy, correspond to the transition from the m-th level to n-th one.
In that case

hvym = Enm — Ey (2.17)

where the atomic energies (which are negative since the atom is a bound
system) would be given by
hR

Ep=——.
n2

(2.18)

Since, according to classical physics for the circular orbit case, the atomic

energy is given by
02

E irc = — ’

e 8megr

Bohr’s hypothesis is equivalent to the assumption that the admitted orbital
radii be

e?n?

'n = SmeghR

It is clear that Bohr’s hypothesis seems simply aimed at reproducing the
observed experimental data; it does not permit any particular further devel-
opment, unless further conditions are introduced. The most natural, which is
called correspondence principle, is that the classical law, given in (2.16), be
reproduced by (2.15) for large values of r, hence of n, and at least for the
strongest emissions, i.e. those with m = n + 1, for which we can write

(2.19)

2n+1 2R

—_ — 2.20
n2(n +1)2 s (2:20)

Unn+l =
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these frequencies should be identified in the above mentioned limit with what
resulting from the combination of (2.16) and (2.19):

e _ €0y/32(hR)3 (2.21)
V16meqmrd  e2y/mnd :

By comparing last two equations we get the value of the coefficient R in (2.15),
which is called Rydberg constant:

UV =

me4

R=gap

and is in excellent agreement with experimental determinations. We have then
the following quantized atomic energies

4
me
En:*m, n:1,2,...
while the quantized orbital radii are
eoh?n?
= (2.22)

In order to give a numerical estimate of our results, it is convenient to intro-
duce the ratio €?/(2¢phc) = a ~ 1/137, which is dimensionless and is known
as the fine structure constant. The energy of the state with n = 1, which is
called the ground state, is

2
mes

E1 = 7hR = 77()& 5

noticing that mc? ~ 0.51 MeV, we have F; ~ —13.6 eV. The corresponding
atomic radius (Bohr radius) is 71 ~ 0.53 1071%m

Notwithstanding the excellent agreement with experimental data, the
starting hypothesis, to be identified with (2.18), looks still quite conditioned
by the particular form of Balmer law given in (2.15). For that reason Bohr
tried to identify a physical observable to be quantized according to a simpler
and more fundamental law. He proceeded according to the idea that such ob-
servable should have the same dimensions of the Planck constant, i.e. those
of an action, or equivalently of an angular momentum. In the particular case
of quantized circular orbits this last quantity reads:

h
L =pr=mwr® = \/:ﬂ_eow/mrn =5 N= nh, n=12 ... (2.23)

2.3 De Broglie’s Interpretation

In this picture of partial results, even if quite convincing from the point of
view of the phenomenological comparison, the real progress towards under-
standing quantum physics came as L. de Broglie suggested the existence of a
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universal wave-like behavior of material particles and of energy quanta asso-
ciated to force fields. As we have seen in the case of electromagnetic waves
when discussing the Doppler effect, a phase can always be associated with a
wave-like process, which is variable both in space and in time (e.g. given by
27 (z/A — vt) in the case of waves moving parallel to the z axis). The assump-
tion that quanta can be interpreted as real particles and that Einstein’s law
FE = hv be universally valid, would correspond to identifying the wave phase
with 27 (x/XA — Et/h). If we further assume the phase to be relativistically
invariant, then it must be expressed in the form (p z — FE t) /h, where E and
p are identified with relativistic energy and momentum, i.e. in the case of
material particles:

In order to simplify the discussion as much as possible, we will consider here
and in most of the following a one-dimensional motion (parallel to the z axis).
In conclusion, by comparing last two expressions given for the phase, we obtain
de Broglie’s equation:

h

X )

which is complementary to Einstein’s law, ' = hv.

These formulae give an idea of the scale at which quantum effects are
visible. For an electron having kinetic energy Ej, = 10% eV ~ 1.6 10717 J,
quantum effects show up at distances of the order of A = h/p = h/\/2mEj, ~
10719 m, corresponding to atomic or slightly subatomic distances; that con-
firms the importance of quantum effects for electrons in condensed matter and
in particular in solids, where typical energies are of the order of a few electron-
volts. For a gas of light atoms in equilibrium at temperature 7', the kinetic
energy predicted by equipartition theorem is 3k7/2, where k is Boltzmann’s
constant. At a temperature T' = 300°K (room temperature) the kinetic energy
is roughly 2.5 102 eV, corresponding to wavelengths of about 10~1° m for
atom masses of the order of 10726 Kg. However at those distances the picture
of a non-interacting (perfect) gas does not apply because of strong repulsive
forces coming into play: in order to gain a factor ten on distances, it is neces-
sary to reduce the temperature by a factor 100, going down to a few Kelvin
degrees, at which quantum effects are manifest. For a macroscopic body of
mass 1 Kg and kinetic energy 1 J quantum effects would show up at distances
roughly equal to 3 10734 m, hence completely negligible with respect to the
thermal oscillation amplitudes of atoms, which are proportional to the square
root of the absolute temperature, and are in particular of the order of a few
nanometers at 7' = 103 °K, where the solid melts.

On the other hand, Einstein’s formula gives us information about the scale
of times involved in quantum processes, which is of the order of h/AFE, where
AFE corresponds to the amount of exchanged energy. For AE ~ 1 eV, times

p:
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are roughly 4 107! s, while for thermal interactions at room temperature
time intervals increase by a factor 40.

In conclusion, in the light of de Broglie’s formula, quantum effects are
not visible for macroscopic bodies and at macroscopic energies. For atoms in
matter they show up after condensation, or anyway at very low temperatures,
while electrons in solids or in atoms are fully in the quantum regime.

In Rutherford’s atomic model illustrated in previous Section, the circular

motion of the electron around the proton must be associated, according to de
Broglie, with a wave closed around the circular orbit. That resembles wave-like
phenomena analogous to the oscillations of a ring-shaped elastic string or to
air pressure waves in a toroidal reed pipe.
That implies well tuned wavelengths, as in
the case of musical instruments (which are
not ring-shaped for obvious practical rea-
sons). The need for tuned wavelength can be
easily understood in the case of the toroidal
reed pipe: a complete round of the ring must
bring the phase back to its initial value, so
that the total length of the pipe must be an
integer multiple of the wavelength.

Taking into account previous equations regarding circular atomic orbits,
we have the following electron wavelength:

)\:ﬁ:ﬁ /47r60r7
P e m

so that the tuning condition reads

nh [4megr
2rr =nh = —/ ——
e m
giving
n2h%e
me2m ’

which confirms (2.22) and gives support to the picture proposed by Bohr
and Sommerfeld. De Broglie’s hypothesis, which was formulated in 1924, was
confirmed in 1926 by Davisson and Gerner by measuring the intensity of an
electron beam reflected by a nickel crystal. The apparatus used in the experi-
ment is sketched in Fig. 2.2. The angular distribution of the electrons, reflected
in conditions of normal incidence, shows a strongly anisotropic behavior with
a marked dependence on the beam accelerating potential. In particular, an
accelerating potential equal to 48 V leads to a quite pronounced peak at a re-
flection angle ¢ = 55.3°. An analogous X-ray diffraction experiment permits
to interpret the nickel crystal as an atomic lattice of spacing 0.215 102 m.
The comparison between the angular distributions obtained for X-rays and
for electrons shows relevant analogies, suggesting a diffractive interpretation
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also in the case of electrons. Bragg’s law, giving the n-th maximum in the
diffraction figure, is dsin ¢, = nA.

Electron

A~ Azimuth

48 vV

Fig. 2.2. A schematic description of Davisson-Gerner apparatus and a polar coor-
dinate representation of the results obtained at 48 V electron energy, as they appear
in Davisson’s Noble Price Lecture, from Nobel Lectures, Physics 1922-1941 (Elsevier
Publishing Company, Amsterdam 1965)

For the peak corresponding to the principal maximum at 55.3° we have
dsing =XA~0.17510"" m.
On the other hand the electrons in the beam have a kinetic energy
Ep,~7.68107"% 7],

hence a momentum p ~ 3.7 10724 N s, in excellent agreement with de Broglie’s
formula p = h/A. In the following years analogous experiments were repeated
using different kinds of material particles, in particular neutrons.

Once established the wave-like behavior of propagating material particles,
it must be clarified what is the physical quantity the phenomenon refers to, i.e.
what is the physical meaning of the oscillating quantity (or quantities) usually
called wave function, for which a linear propagating equation will be supposed,
in analogy with mechanical or electromagnetic waves. It is known that, in the
case of electromagnetic waves, the quantities measuring the amplitude are
electric and magnetic fields. Our question regards exactly the analogous of
those fields in the case of de Broglie’s waves. The experiment by Davisson
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and Gerner gives an answer to this question. Indeed, as illustrated in Fig. 2.2,
the detector reveals the presence of one or more electrons at a given angle; if
we imagine to repeat the experiment several times, with a single electron in
the beam at each time, and if we measure the frequency at which electrons are
detected at the various angles, we get the probability of having the electron in
a given site covered by the detector.

In the case of an optical measure, what is observed is the interference effect
in the energy deposited on a plate; that is proportional to the square of the
electric field on the plate. Notice that the linearity in the wave equation and
the quadratic relation between the measured quantity and the wave ampli-
tude are essential conditions for the existence of interference and diffractive
phenomena. We must conclude that also in the case of material particles some
positive quadratic form of the de Broglie wave function gives the probability
of having the electron in a given point.

We have quite generically mentioned a quadratic form, since at the mo-
ment it is still not clear if the wave function has one or more components, i.e.
if it corresponds to one or more real functions. By a positive quadratic form
we mean a homogeneous second order polynomial in the wave function com-
ponents, which is positive for real and non-vanishing values of its arguments.
In the case of a single component, we can say without loss of generality that
the probability density is the wave function squared, while in the case of two
or more components it is always possible, by suitable linear transformations,
to reduce the quadratic form to a sum of squares.

We are now going to show that the hypothesis of a single component must
be discarded. Let us indicate by p(r, t)d3r the probability of the particle being
in a region of size d®r around 7 at time ¢, and by v (r,t) the wave function,
which for the moment is considered as a real valued function, defined so that

p(r,t) = ¢2(rﬂt)' (224)

If £2 indicates the whole region accessible to the particle, the probability den-
sity must satisfy the natural constraint:

/ drp(r,t) =1, (2.25)
2

which implies the condition:

/Qd37“p(r,t)5/gd37“%=0. (2.26)

This expresses the fact that, if the particle cannot escape {2, the probability
of finding it in that region must always be one. This condition can be given
in mathematical terms analogous to those used to express electric charge
conservation: the charge contained in a given volume, i.e. the integral of the
charge density, may change only if the charge flows through the boundary
surface. The charge flux through the boundaries is expressed in terms of the
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current density flow and can be rewritten as the integral of the divergence of
the current density itself by using Gauss—Green theorem

%ﬁ:-%mﬂz—évur

Finally, by reducing the equation from an integral form to a differential one,
we can set the temporal derivative of the charge density equal to minus the
divergence of the current density. Based on this analogy, let us introduce the
probability current density J and write

_0Jg(r,t)  OJy(r,t)  OJ:(r,t)
ox dy 0z

plr,t) = =-V.-J(rt). (2.27)

The conservation equation must be automatically satisfied as a consequence
of the propagation equation of de Broglie’s waves, which we write in the form:

Y=Ly, Vy,V3,...), (2.28)
where L indicates a generic linear function of ¢ and its derivatives like:
L (¢, Vi, V3P,...) = ap + V. (2.29)

Notice that if L were not linear the interference mechanism upon which quan-
tization is founded would soon or later fail. Furthermore we assume invariance
under the reflection of the coordinates, at least in the free case, so that terms
proportional to first derivatives are excluded.
From equation (2.24) we have p = 2@&1/.1, which can be rewritten, using
(2.28), as:
p=20L (v, Vo, V,...) . (2.30)

The right-hand side of last equation must be identified with —V-J (v, t). More-
over J must necessarily be a bilinear function of ¢ and its derivatives, exactly
like p. Therefore, since J is a vector-like quantity, it must be expressible as

J=cyVi+d VYV + ...

from which it appears that V - J (7, t) must necessarily contain bilinear terms
in which both functions are derived, like V4 - V. however such terms are
clearly missing in (2.30).

We come to the conclusion that the description of de Broglie’s waves re-
quires at least two wave functions ¢ and 19, defined so that p = 17 + 3. In
an analogous way we can introduce the complex valued function:

Y =1 +irhs (2.31)

defined so that
p=1v%; (2.32)
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this choice implies:

p=1" + gyt
If we assume, for instance, the wave equation corresponding to (2.29):
b =ay + BV, (2.33)

we obtain:
p =" (o + V) + 9 (¢ + B V*) .

If we also assume that the probability current density be
J =ik (V¢ — V™) | (2.34)
with k real so as to make J real as well, we easily derive
V- J =ik (v* V¢ — V3P .
It can be easily verified that the continuity equation (2.27) is satisfied if
at+a" =0, 8 =—ik. (2.35)

It is of great physical interest to consider the case in which the wave func-
tion has more than two real components. In particular, the wave function of
electrons has four components or, equivalently, two complex components. In
general, the multiplicity of the complex components is linked to the existence
of an intrinsic angular momentum, which is called spin. The various complex
components are associated with the different possible spin orientations. In the
case of particles with non-vanishing mass, the number of components is 25+1,
where S is the spin of the particle. In the case of the electron, S =1/2.

For several particles, as for the electron, spin is associated with a magnetic
moment which is inherent to the particle: it behaves as a microscopic magnet
with various possible orientations, corresponding to those of the spin, which
can be selected by placing the particle in a non-uniform magnetic field and
measuring the force acting on the particle.

2.4 Schrodinger’s Equation

The simplest case to which our considerations can be applied is that of a non-
relativistic free particle of mass m. To simplify notations and computations,
we shall confine ourselves to a one-dimensional motion, parallel for instance to
the x axis; if the particle is not free, forces will be parallel to the same axis as
well. The obtained results will be extensible to three dimensions by exploiting
the vector formalism. In practice, we shall replace V by its component V, =
0/0x = 0, and the Laplacian operator V2 = 92/0x22 + 0%/0y? + 0%/0z* by
0?%/02% = 92; the probability current density J will be replaced by J, (J) as
well. The inverse replacement will suffice to go back to three dimensions.
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The energy of a non-relativistic free particle is

2 4
E:c\/m%?—l—p?zch—i—p——i—O( P ) ,

2m m3c?

where we have made explicit our intention to neglect terms of the order of
pt/(m3c?). Assuming de Broglie’s interpretation, we write the wave function:

1/1p(£€,t) ~ eQ‘n’i(l’/)\—Vt) _ ei(pw—Et)/h (236)

(we are considering a motion in the positive x direction). Our choice implies
the following wave equation

. i i 9 1,
= —pp = —— — . 2.
vp P . (mC t5P )¢P (2.37)
We have also )
i
Oxtop = 2p¥p (2.38)
from which we deduce
) K2
ihip = mc*Pp — —0%Yp . (2.39)
2m

Our construction can bg) simplified by multiplying the initial wave function
by the phase factor €™ t/" ie. defining

w = eimc%/hwp ~ exp <% (p.’l? _ i )) . (24())

2m

Since the dependence on z is unchanged, 1 still satisfies (2.38) and has the
same probabilistic interpretation as ¥ p. Indeed both p and J are unchanged.
The wave equation instead changes:

ih) = fh—Qa%p =Ty (2.41)
2m *T T ’

This is the Schrédinger equation for a free (non-relativistic) particle, in which
the right-hand side has a natural interpretation in terms of the particle energy,
which in the free case is only of kinetic type.

In the case of particles under the influence of a force field corresponding
to a potential energy V(z), the equation can be generalized by adding V (z)
to the kinetic energy :

2
ihi) = f;—maiw +V(z). (2.42)

This is the one-dimensional Schrédinger equation that we shall apply to var-
ious cases of physical interest.
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Equations (2.34) and (2.35) show that the probability current density does
not depend on V and is given by:
ih * *
Going back to the free case and considering the plane wave function given in
(2.36), it is interesting to notice that the corresponding probability density,
p = |1]?, is a constant function. This result is paradoxical since, by reducing
(2.25) to one dimension, we obtain

o0 oo

/ de p(a,t) :/ do [ 2 =1, (2.44)
— 00 — 00

which cannot be satisfied in the examined case, since the integral of a constant

function is divergent. We must conclude that our interpretation excludes the

possibility that a particle have a well defined momentum.

We are left with the hope that this difficulty may be overcome by admit-
ting some (small) uncertainty on the knowledge of momentum. This possibility
can be easily analyzed thanks to the linearity of Schrédinger equation. Indeed
equation (2.41) admits other different solutions besides the simple plane wave,
in particular the wave packet solution, which is constructed as a linear super-
position of many plane waves according to the following integral:

o0 ~ i p2
d exp| = [ pxr — —t .
/m p ¥(p) p(h (p 5 ))
The squared modulus of the superposition coefficients, |1/~1(10)|27 can be nat-
urally interpreted, apart from a normalization constant, as the probability
density in terms of momentum, exactly in the same way as p(x) is interpreted

as a probability density in terms of position.
Let us choose in particular a Gaussian distribution:

123(}7) ~ e_(P_PO)Q/(4A2) , (245)
corresponding to
Ya(z,t) = k/oo dp o~ (P—p0)?/(447) ei(zwr—z)zwf/?m)/ﬁ7 (2.46)

where k must be determined in such a way that [~ dz|ya(x,t)[* = 1.
The integral in (2.46) can be computed by recalling that, if « is a complex
number with positive real part (Re(a) > 0), then

oo
/ dp e~ = [T
oo «

and that the Riemann integral measure dp is left invariant by translations in
the complex plane,
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— 00 — o0
o0 2 2 o0 2
:/ dp e~ *PT)" = = / dp e” P e 2P
— 00 — 00

for every complex number «y. Therefore we have

/ dp e=oP" PP = 1/ T ¢f*/4a (2.47)
o o

Developing (2.46) with the help of (2.47) we can write

2 o0 . .
qu(x’t) = ke_%/ dp e_[m;?—’_ﬁtﬁ]pz e[sz_OZ—’_%]p

— 00

ir12
T DPo + 1 p2

2L A2
4A2+2mh A2+mh 44

We are interested in particular in the x dependence of the probability density
p(z): that is solely related to the real part of the exponent of the rightmost
term in (2.48), which can be expanded as follows:

. 2 2 A4 A2
ipor _ z* 4t A 2itA? 2 92 . _2itA

1AT Jr A T wE PSPy ezt e <A = lpox) 1 - =
2i t AAN2 —  AA2 412 A4 2 4t2 A4

A2 + 3 4A 4A 1+ m2h2 h h 1 mM2h2

the real part being

Ao 8w
PO B T O

Since pg is clearly the average momentum of the particle, we have introduced
the corresponding average velocity vy = po/m. Recalling the definition of p,
as well as its normalization constraint, we finally find

A 2 2A2 (2 — vot)”
o)== [ — = —exp [ -T2 ), 2.49
P =g wa+%$>p< s 24

while the probability distribution in terms of momentum reads

~ 1 i 2 2
p(p) = —=e (p—p0)?/(24%) (2.50)

Given a Gaussian distribution p(z) = 1/(v2r0)e~(@=70*/(27%) it is a well
known fact, which anyway can be easily derived from previous formulae, that
the mean value T is x¢ while the mean quadratic deviation (z — Z)? is equal
to o2. Hence, in the examined case, we have an average position = vot
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with a mean quadratic deviation equal to h?/(4A?) + t2A%/m?, while the
average momentum is pp with a mean quadratic deviation A2?. The mean
values represent the kinematic variables of a free particle, while the mean
quadratic deviations are roughly inversely proportional to each other: if we
improve the definition of one observable, the other becomes automatically less
defined.

The former results can be derived in a shorter way and generalized using
the stationary phase approzimation that we briefly present here. Suppose we
want to compute an integral of the form:

/ " dgexp(—F(g,€)) (2.51)

— 00

where ¢ stands for a set of parameters, e.g. z and ¢, and F(g, ) is a complex
valued function whose real part tends to co when |g| — co. Let F(z,£) be an
analytic extension of F(g,&), that is an analytic function in z in a suitable
domain D neighboring the real axis, that is, such that lim._, F(q +ie,é) =
F(q,&) for a suitable choice of the sign.

Suppose furthermore that the equation 0. F (2,€) = 0 has a finite number
of solutions z1, ..., z, in D and that [02F (z1,€)| < |82F (2, €)| for any i > 1.
Then the integral (2.51) is approximated by

/fo dg exp(—F(q,€)) ~ %emwms», (2.52)

and the approximation improves so long as the inequality becomes stronger.
In the case of the Gaussian wave packet the reader should verify that the
equation 9,F(z,€) = 0 has a single solution and hence (2.52) becomes an
identity.
The distributions given in (2.49) and (2.50), even if derived in the context
of a particular example, permit to reach important general conclusions which,
for the sake of clarity, are listed in the following as distinct points.

2.4.1 The Uncertainty Principle

While the mean quadratic deviation relative to the momentum distribution
(p—p)? = 4%

has been fixed a-priori by choosing ﬁ(p) and is independent of time, thus

confirming that momentum is a constant of motion for a free particle, that
relative to the position

— A2AYN B2

2= 1= ) =

(@=2%) < * m2ﬁ2> 1A
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does not contain further free parameters and does depend on time. Indeed,
A, grows significantly for 2tA?/(mh) > 1, hence for times greater than
ts = mh/(2A%). Notice that t4 is nothing but the time needed for a par-
ticle of momentum A to cover a distance h/(2A4), therefore this spreading has
a natural interpretation also from a classical point of view: a set of indepen-
dent particles having momenta distributed according to a width A, spreads
with velocity A,/m = vs; if the particles are statistically distributed in a
region of size initially equal to A,, the same size will grow significantly after
times of the order of A, /vs.

What is new in our results is, first of all, that they refer to a single parti-
cle, meaning that uncertainties in position and momentum are not avoidable;
secondly, these uncertainties are strictly interrelated. Without considering the
spreading in time, it is evident that the uncertainty in one variable can be
diminished only as the other uncertainty grows. Indeed, A can be eliminated
from our equations by writing the inequality:

A =G G2 > (2.53)

h
2 bl
which is known as the Heinsenberg uncertainty principle and can be shown
to be valid for any kind of wave packet. The case of a real Gaussian packet
corresponds to the minimal possible value A, A, = h/2.

From a phenomenological point of view this principle originates from the
universality of diffractive phenomena. Indeed diffractive effects are those which
prevent the possibility of a simultaneous measurement of position and mo-
mentum with arbitrarily good precision for both quantities. Let us consider
for instance the case in which the measurement is performed through optical
instruments; in order to improve the resolution it is necessary to make use
of radiation of shorter wavelength, thus increasing the momenta of photons,
which hitting the object under observation change its momentum in an un-
predictable way. If instead position is determined through mechanical instru-
ments, like slits, then the uncertainty in momentum is caused by diffractive
phenomena.

It is important to evaluate the order of magnitude of quantum uncertainty
in cases of practical interest. Let us consider for instance a beam of electrons
emitted by a cathode at a temperature 7' = 1000°K and accelerated through
a potential difference equal to 10* V. The order of magnitude of the kinetic
energy uncertainty Ag is kT, where k = 1.381 10723 J/°K is the Boltz-
mann constant (alternatively one can use k = 8.617 1075 eV /°K ). Therefore
Ap =138 1072° J, while E = 1.6 10~'® J, corresponding to a quite precise
determination of the beam energy (Ag/E ~ 107°). We can easily compute
the momentum uncertainty by using error propagation (A, /p = %A g/E) and
computing p = v/2m.E = 5.6 10723 N s; we thus obtain A, = 2.8 1072® N s,
hence, making use of (2.53), A, > 2 10~7 m. It is clear that the uncertainty
principle does not place significant constraints in this case.
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A macroscopic body of mass M = 1 Kg placed at room temperature
(T ~ 300°K) has an average thermal momentum, caused by collisions with
air molecules, which is equal to A, ~ /2M 3kT/2 ~ 9 107! N s, so that
the minimal quantum uncertainty on its position is A, ~ 10724 m, hence not
appreciable.

The uncertainty principle is instead quite relevant at the atomic level,
where it is the stabilizing mechanism which prevents the electron from collaps-
ing onto the nucleus. We can think of the electron orbital radius as a rough es-
timate of its position uncertainty (A, ~ r) and evaluate the kinetic energy de-
riving from the momentum uncertainty; we have Ey ~ A2/(2m) ~ h*/(2mr?).
Taking into account the binding Coulomb energy, the total energy is

h2 €2

E(r) ~ S
(r) 2mr2  A4megr

We infer that the system is stable, since the total energy E(r) has an abso-
lute minimum. The stable radius r,, corresponding to this minimum can be
computed through the equation

2
e? h
Tz o5 =0,
Teors,  mry,
hence )
dmegh
T'm ~ 5
me

which nicely reproduce the value of the atomic radius for the fundamental
level in Bohr’s model, see equation (2.22).

2.4.2 The Speed of Waves

It is known that electromagnetic waves move without distortion at a speed
¢ = 1/\/éoo and that, for a harmonic wave, c¢ is given by the wavelength
multiplied by the frequency.

In the case of de Broglie’s waves, equation (2.40), we have v = p?/(2mh)
and A = h/p; therefore the velocity of harmonic waves is given by vp =
Av = p/(2m). If we consider instead the wave packet given in (2.48) and its
corresponding probability density given in (2.49), we clearly see that it moves
with a velocity vg = po/m, which is equal to the classical velocity of a par-
ticle with momentum py. We have used different symbols to distinguish the
velocity of plane waves vg, which is called phase velocity, from vg, which is
the speed of the packet and is called group velocity. Previous equations lead
to the result that, contrary to what happens for electromagnetic waves prop-
agating in vacuum, the two velocities are different for de Broglie’s waves, and
in particular the group velocity does not coincide with the average value of the
phase velocities of the different plane waves making up the packet. Moreover,
the phase velocity depends on the wavelength (vp = h/(2m)). The relation
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between frequency and wavelength is given by v = ¢/X for electromagnetic
waves, while for de Broglie’s waves it is v = h/(2mA?).

There is a very large number of examples of wave-like propagation in
physics: electromagnetic waves, elastic waves, gravity waves in liquids and
several other ones. In each case the frequency presents a characteristic de-
pendence on the wavelength, v(\). Considering as above the propagation
of gaussian wave packets, it is always possible to define the phase velocity,
vrp = A v(A), and the group velocity, which in general is defined by the rela-
tion:

dv(N)
dx

Last equation can be verified by considering that, for a generic dependence of
the wave phase on the wave number exp(ikx — iw(k)t) and for a generic wave
packet described by superposition coefficients strongly peaked around a given
value k = kg, the resulting wave function

vg = — A2 (2.54)

Y(z) o /Oo dk f(k — ko) eilkr—w(k)t)

— 00

will be peaked around an zy such that the phase factor is stationary, hence
almost constant, for k ~ ko, leading to xg ~ w'(ko)t.

In the case of de Broglie’s waves (2.54) reproduces the result found previ-
ously. Media where the frequency is inversely proportional to the wavelength,
as for electromagnetic waves in vacuum, are called non-dispersive media, and
in that case the two velocities coincide.

It may be interesting to notice that, if we adopt the relativistic form for
the plane wave, we have v(\) = y/m2c?/h? + 2 /)2, hence

m2ct 2 E
PN T T, e

’UG:X Tﬁ‘ﬁ =—<c.

E
In particular vg, which describes the motion of wave packets, satisfies the
constraint of being less than ¢ and coincides with the relativistic expression for
the speed of a particle in terms of momentum and energy given in Chapter 1.

—1/2
2 (m2c4 c2> / pe?

2.4.3 The Collective Interpretation of de Broglie’s Waves

The description of single particles as wave packets is at the basis of a rig-
orous formulation of Schrodinger’s theory. There is however an alternative
interpretation of the wave function, which is of much simpler use and can be
particularly useful to describe average properties, like a particle flow in the
free case.
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Let us consider the plane wave in (2.40): ¢ = exp (i (p z — p*t/(2m)) /h)
and compute the corresponding current density J:

ih o * ih [ Lip —ip_ P
J = g (100 — p0u") = (w Ly —v=Ly ) =2 (@)
while p = ¢y = 1. On the other hand we notice that, given a distribution of
classical particles with density p and moving with velocity v, the corresponding
current density is J = pv.

That suggests to go beyond the problem of normalizing the probability
distribution in (2.44), relating instead the wave function in (2.40) not to a
single particle, as we have done till now, but to a stationary flux of independent
particles, which are uniformly distributed with unitary density and move with
the same velocity v.

It should be clear that in this way we are a priori giving up the idea of
particle localization, however we obtain in a much simpler way information
about the group velocity and the flux. We shall thus be able, in the following
Section, to easily and clearly interpret the effects of a potential barrier on a
particle flux.

2.5 The Potential Barrier

The most interesting physical situation is that in which particles are not
free, but subject to forces corresponding to a potential energy V(z). In these
conditions the Schrodinger equation in the form given in (2.42) has to be
used. Since the equation is linear, the study can be limited, without loss of
generality, to solutions which are periodic in time, like:

P(x,t) = e F g (x). (2.56)

Indeed the general time dependent solution can always be decomposed in
periodic components through a Fourier expansion, so that its knowledge is
equivalent to that of ¥ g(z) plus the expansion coefficients.

Furthermore, according to the collective interpretation of de Broglie waves
presented in last Section, the wave function in (2.56) describes either a sta-
tionary flow or a stationary state of particles. In particular we shall begin
studying a stationary flow hitting a potential barrier.

The function ¥g(x) is a solution of the equation obtained by replacing
(2.56) into (2.42), i.e.

. . . n’
ih Oye™ F /Mg () = Be P!/ (a) = e FU/N *%331/@ +V(2)yE

hence
Bp(r) = 5 020n () + V()(), (258)
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Fig. 2.3. A typical example of a potential barrier, referring in particular to that due
to Coulomb repulsion that will be used when discussing Gamow’s theory of nuclear
«a-emission

which is known as the time-independent or stationary Schrodinger equation.
We shall consider at first the case of a potential barrier, in which V(z)
vanishes for £ < 0 and > L, and is positive in the segment [0, L], as shown
in Fig. 2.3. A flux of classical particles hitting the barrier from the left will
experience slowing forces as x > 0. If the starting kinetic energy, corresponding
in this case to the total energy F in (2.58), is greater than the barrier height Vj,
the particles will reach the point where V' has a maximum, being accelerated
from there forward till they pass point x = L, where the motion gets free
again. Therefore the flux is completely transmitted, the effect of the barrier
being simply a slowing down in the segment [0, L]. If instead the kinetic energy
is less than Vj, the particles will stop before they reach the point where V' has
a maximum, reversing their motion afterwards: the flux is completely reflected
in this case. Quantum Mechanics gives a completely different result.
In order to analyze the differences
from a qualitative point of view, it is i)
convenient to choose a barrier which
makes the solution of (2.58) easier:
that is the case of a potential which 0
is piecewise constant, like the square
barrier depicted on the side. The
choice is motivated by the fact that,
if V is constant, then (2.58) can be
rewritten as follows:

P (x) + 27_1_’;@ ~V)() =0, (2.59)

and has the general solution:



56 2 Introduction to Quantum Physics

Ye(r) = at exp <1W$> + a_ exp <1Wz> , (2.60)

if B>V, while

YE(x) = ay exp (Ww) +a_exp <—Ww> , (2.61)

in the opposite case. The problem is then to establish how the solution found
in a definite region can be connected to those found in the nearby regions.
In order to solve this kind of problem we must be able to manage differential
equations in presence of discontinuities in their coefficients, and that requires
a brief mathematical interlude.

2.5.1 Mathematical Interlude: Differential Equations
with Discontinuous Coefficients

Differential equations with discontinuous coefficients can be treated by smooth-
ing the discontinuities, then solving the equations in terms of functions which
are derivable several times, and finally reproducing the correct solutions in
presence of discontinuities through a limit process. In order to do so, let us
introduce the function ¢, (), which is defined as

we(x) =0 if |z| > €,

(@) = 1 it ol <

x) = if |z <e.

P T S (@ — 22)? cosh? (z/ (&2 — 22))

This function, as well as all of its derivatives, is continuous and it can be easily
shown that

/Oo Ye(x)dr =1.

— 00
Based on this property we conclude that if f(z) is locally integrable, i.e. if it
admits at most isolated singularities where the function may diverge with a
degree less than one, like for instance 1/|z|'~% when § > 0, then the integral

o0
| o= iy = f(o)
— 00

defines a function which can be derived in z an infinite number of times; the
derivatives of f. tend to those of f in the limit ¢ — 0 and in all points where
the latter are defined. We have in particular, by part integration,
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dr >0 dn
@ = [ ede—ngfdys

—0o0

fe is called regularized function. If for in-
stance we consider the case in which f is
the step function in the origin, i.e. f(z) =0
for x < 0 and f(z) 1 for z > 0,
we have for fc(x), Oyfc(z) = fl(x) and
92 f.(x) = f(x) the behaviours showed in
the respective order on the side. Notice in
particular that since

fe(x)/ooo%(wy)dy/w Pe(2)dz

— 00

we have O, fc(r) = @e(x). By looking at
the three figures it is clear that f(x) con-
tinuously interpolates between the two val-
ues, zero and one, which the function as-
sumes respectively to the left of —e and to
the right of ¢, staying less than 1 for every
value of x. It is important to notice that in-
stead the second figure, showing 9, f.(z),
i.e. pe(x), has a maximum of height pro-
portional to 1/€2, hence diverging as € — 0.
The third figure, showing the second
derivative 92f.(x), has an oscillation of
amplitude proportional to 1/e* around the
discontinuity point. Since, for small €, the
regularized function depends, close to the
discontinuity, on the nearby values of the
original function, it is clear that the qual-
itative behaviors showed in the figures are
valid, close to discontinuities of the first
kind (i.e. where the function itself has a
discontinuous gap), for every starting func-
tion f.

f(x)

57

(2.62)

Voo

F(x)

e A2d

At <
{0y

(%)

Let us now consider (2.59) close to a discontinuity point of the first kind
(step function) for V, and suppose we regularize both terms on the left hand
side. Assuming that the wave function do not present discontinuities worse
than first kind, the second term in the equation may present only steps so that,
once regularized, it is limited independently of €. However the first term may
present oscillations of amplitude ~ 1/e* if ¢ has a first kind discontinuity, or
a peak of height ~ 41/€? if ¢ is continuous but its first derivative has such
discontinuity: in each case the modulus of the first regularized term would
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diverge faster than the second in the limit e — 0. That shows that in presence
of a first kind discontinuity in V', both the wave function ¥ g and its derivative
must be continuous.

In order to simply deal with barriers of length L much smaller than the
typical wavelengths of the problem, it is useful to introduce infinitely thin bar-
riers: that can be done by choosing a potential energy which, once regularized,
is equal to Vi (z) =V ¢c(x), ie.

V(z)=V lg% we(x) =Vi(x). (2.63)

Equation (2.63) defines the so-called Dirac’s delta function as a limit of ¢.

When studying Schrédinger equation regularized as done above, it is pos-
sible to show, by integrating the differential equation between —e and e, that
in presence of a potential barrier proportional to the Dirac delta function the
wave function stays continuous, but its derivative has a first kind discontinuity
of amplitude

lin (W 0) = ¥i(—€)) = T3 Vi (0). (2.64)

Notice that a potential barrier proportional to the Dirac delta function can
be represented equally well by a square barrier of height V/L and width L, in
the limit as L — 0 with [ daV (z) =V kept constant.

2.5.2 The Square Barrier

Let us consider the stationary Schrédinger equation (2.58) with a potential
corresponding to the square barrier described above, that is V(z) = V for
0 < z < L and vanishing elsewhere. As in the classical case we can distinguish
two different regimes:

a) the case E > V| in which classically the flux would be entirely transmitted;
b) the opposite case, E < V, in which classically the flux would be entirely
reflected.

Let us start with case (a) and distinguish three different regions:

1) the region < 0, in which the general solution is

Q/JE(Z') _ a+ei\/2mE z/h + a,eii\/2mE x/h; (265)

this wave function corresponds to two opposite fluxes, the first moving right-
wards and equal to a4 |?\/2E/m, the other opposite to the first and equal to
—la_|*\/2E/m. Since we want to study a quantum process analogous to that
described classically, we arbitrarily choose a4y = 1, thus fixing the incident
flux to y/2E/m, hence

’l/JE(J?) — ei\/2mE z/h +a efi\/2mE x/h; (266)

a takes into account the possible reflected flux, |a|?y/2E/m. The physically
interesting quantity is the fraction of the incident flux which is reflected, which
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is called the reflection coefficient of the barrier and, with our normalization
for the incident flux, is R = |a|?;
2) the region 0 < z < L, where the general solution is

qu(x) —b ei\/2m(E7V) z/h +e efi\/Qm(Efv) x/h; (267)

3) the region x > L, where the general solution is given again by (2.65).
However, since we want to study reflection and transmission through the bar-
rier, we exclude the possibility of a backward flux, i.e. coming from =z = oo,
thus assuming that the only particles present in this region are those going
rightwards after crossing the barrier. Therefore in this region we write

VYp(z) =deVimE o/t (2.68)
The potential has two discontinuities in x = 0 and x = L, therefore we

have the following conditions for the continuity of the wave function and its
derivative:

l1+4a=0b+c,
E-V

l1—0a= T(b—c),

b V2IME-VIL/R | o=iy/2m(B=V)L/h _ g (iV2mEL/h (2.69)

|E ]; 14 [b oV2m(E=V)L/h _ . o—i/20(E=V)L/R| _ 4 JV2ZmEL/h

We have thus a linear system of 4 equations with 4 unknown variables which,
for a generic choice of parameters, should univocally identify the solution.
However our main interest is the determination of |a|?. Dividing side by side
the first two as well as the last two equations, we obtain after simple algebra:

l-a [E-VIi-1
l+a V E b41’
% _ o—2iy/2m(E-V)L/h \/T 210
g+e—2i\/2m(E—V)L/h T VE-V ' 70)

Solving the second equation for b/c and the first for a we obtain:

E-V 4 q
1_7 — o—2iy/2m(BE-V)L/h E

c E-V
|

/| E=V b | E=V
1+ _+E<1f _)
a =
/| E=V b | E=V
1— —+E(1+ _)

i

(2.71)
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and finally, by substitution:

(1 )( iV/2m(E=V)L/h _ 4 i\/2m(E7V)L/h)

( \/ﬂ) V2m(E—V)L/h _ (1+\/ﬂ) o= iV/2m(E—V)L/h 7

so that

sin (7V (er(lEiv) L)

, (2.72)
=V gin < v (2m(E V) L> + 21/ E=Y cos ( v (QWéE_V) L>

2
|
Dj|<1

E

which clearly shows that 0 < |a| < 1 and that, for V > 0, a vanishes only
when \/(2m(E — V)L/h = nr.

This is a clear interference effect, showing that reflection by the barrier is
a wavelike phenomenon. For those knowing the physics of coaxial cables there
should be a clear analogy between our result and the reflection happening
at the junction of two cables having mismatching impedances: television set
technicians well known that as a possible origin of failure.

The quantum behavior in case (b), i.e. when E < V| is more interesting
and important for its application to microscopic physics. In this case the wave
functions in regions 1 and 3 do not change, while for 0 < x < L the general
solution is:

wE(x) —b e\/2m(V—E) z/h +e e—\/2m(V—E) ;c/ﬁ7 (273)

so that the continuity conditions become:

l+a=0b+c,
V-F

1*(1:*1 T(b*C),

b eV2V=BIL/h | o=\2m(V=B)L/h _ g (V2mEL/h (2.74)
. /V;;E {b oV2Zm(V-BE)L/h _ |, e_,/zm(v—E)L/n} — J elV2mEL/h

Dividing again side by side we have:

% _ e=2V/2m(V-E)L/h ' B

by o~2V2m(V-E)L/h YVVv_E

l1-a V-E1-?
Y R 2.
1ta VT E 142 (2.75)
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which can be solved as follows:

-t/ (14Y)

a = ’
b E b
1-2—iyyip (1+2)
b 141 %
2 e em(v-BE)L/A__ NV VP (2.76)
¢ 1-iy/ 55

We can get the expression for a, hence the reflection coefficient R = |a|?, by
replacing b/c in the first equation. The novelty is that R is not equal to one
since, as it is clear from (2.76), b/c is a complex number. Therefore a fraction
1 — R =T of the incident flux is transmitted through the barrier, in spite of
the fact that, classically, the particles do not have enough energy to reach the
top of it. That is known as tunnel effect and plays a very important role in
several branches of modern physics, from radioactivity to electronics.
Instead of giving a complete solution for a, hence for the transmission
coefficient T, and in order to avoid too complex and unreadable formulae, we
will confine the discussion to two extreme cases, which however have a great
phenomenological interest. We consider in particular:
a) the case in which e=2V2(V=E)L/h « 1 with a generic value for

L> h/\/2m(V — E), which is known as the thick barrier case;
b) the case in which the barrier is thin, corresponding in particular to the
limit L — 0 with VL =V kept constant.

The thick barrier

FE .
V_E° 1.€.

In this case |b/c| is small, so that it could be neglected in a first approximation,
however it is clear from (2.76) that if b/c = 0 then |a| = 1, so that there
is actually no tunnel effect. For this reason we must compute the Taylor
expansion in the expression of a as a function of b/c up to the first order:

_ y1-iy/E/(V-E)

. | E
L+iy/ v=g c11i\/E/(V—E)

a=—
1_i/_E_ | _p1+V/E/V-E)
Wv-E -0 E/(V—-E)
; E_ [ ; E ; E
1+1 V_F 1 b 1-—1 V_E& 1+1 V_E
1-i\/o55 | “\1+i/vZs 1-1/v55
1+1 % I /E(V — E
_ VYR 419L (2.77)
1—1i E c \%4
V-E L
14+iy/o2= | — 141/ 2=
__WVE | g VEVZE) o mvmm NV VE
1—i. /L Vv 1—i./E
V-E L V-E
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In the last line we have replaced b/c by the corresponding expression in (2.76).
Neglecting terms of the order of e=4V2m(V=E)L/h o1 gmaller we obtain

E(V-FE
laf>=R=1- 16%(3,—2\/2"““@“’i : (2.78)
Therefore the transmission coefficient, which measures the probability for a
particle hitting the barrier to cross it, is given by:

T=1-R= 16%&2\/2’”(‘/4%/% : (2.79)
Notice that the result seems to vanish for V' = F, but this is not true since in
this case the terms neglected in our approximation come into play.

This formula was first applied in nuclear physics, and more precisely to
study « emission, a phenomenon in which a heavy nucleus breaks up into a
lighter nucleus plus a particle carrying twice the charge of the proton and
roughly four times its mass, which is known as « particle. The decay can be
simply described in terms of particles of mass ~ 0.66 1072% Kg and energy E ~
4 — 8 MeV ~ 107!2 J, hitting barriers of width roughly equal to 3 10~* m;
the difference V — E is of the order of 10 MeV ~ 1.6 10712 J.

In these conditions we have 2,/2m(V — E)L /i ~ 83 and therefore T ~

e 2V2m(V=E)L/N 10736 Given the order of magnitude of the energy E and
of the mass of the particle, we infer that it moves with a velocity of the order of
107 m/s: since the radius Ry of heavy nuclei is roughly 10~* m, the frequency
of collisions against the barrier is v, ~ 102! Hz. That indicates that, on
average, the time needed for the a particle to escape the nucleus is of the order
of 1/(v,T), i.e. about 10 s, equal to 108 years. However, if the width of the
barrier is only 4 times smaller, the decay time goes down to about 100 years.
That shows a great sensitivity of the result to the parameters and justifies
the fact that we have neglected the pre-factor in front of the exponential in
(2.79). On the other hand that also shows that, for a serious comparison with
the actual mean lives of nuclei, an accurate analysis of parameters is needed,
but it is also necessary to take into account the fact that we are not dealing
with a true square barrier, since the repulsion between the nucleus and the
« particle is determined by Coulomb forces, i.e. V(x) = 2Ze?/(4meox) for
greater than a given threshold, see Fig. 2.3.

As a consequence, the order of magnitude of the transmission coefficient

given in (2.79), i.e.
T ~ 672\/2m(V7E)L/h (280)

must be replaced by!

T ~ exp (—2 " dz- 2m(VrEa:) — E)> =e 9, (2.81)

Ry

! One can think of a thick, but not square, barrier as a series of thick square barriers
of different heights.
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where Ry is the already mentioned nuclear radius and Ry = 2Z¢?/(4wFep) is
the solution of the equation V(R;) = E. We have then

V2 R 272 V2mE [
G—2—m doy| 225 p = o¥ET dx\/&—l
Ro dmegx h Ro x
V2mE ! 1 /2
:27717]31/ dy/= —1= m dav/1 — 22
h Ry y 7T60h
‘1
o2m Ze? 2
_[2m [Bo _ [Bo _ (Bo\"| 2.82
E meoh Ry ( )

In the approximation Rg/R; << 1 we have

27 e?
eohv '’

(2.83)

where v is the velocity of the alpha particle. Hence, if we assume like above
that the collision frequency be v, ~ 102! Hz, the mean life is

o Ze?
7= 1021exp< ;hi > . (2.84)

If we instead make use of the last expression in (2.82), with Ry = 1.1 1074 m,
we infer for In 7 the behavior shown in Fig. 2.4, where the crosses indicate ex-
perimental values for the mean lives of various isotopes: 232Th, 238U, 239Th,
241 Am, 2307, 210Rn, 229Rn, 222Ac, 215Po, 2!8Th. Taking into account that
the figure covers 23 orders of magnitude, the agreement is surely remark-
able. Indeed Gamow’s first presentation of these results in 1928 made a great
impression.

The thin barrier

In the case of a thin barrier we can neglect E with respect to V, so that
VE/(V—=E) ~ /EJV and ¢~ V2(V=E)L/h ~ | _ \/3mV I /h. We also re-

mind that v2mV L /1 is infinitesimal, since L — 0 with VL =V fixed, so that
elV2mEL/h

can be put equal to 1. Therefore equation (2.75) becomes

l+a=b+c,

2 E
b—c+ ;_anL(b—i—c) —iy/ T, (2.85)



64 2 Introduction to Quantum Physics

log T
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154

101

Fig. 2.4. The mean lives of a sample of a-emitting isotopes plotted against the
corresponding a-energies. The solid line shows the values predicted by Gamow’s
theory

and substituting b + ¢ we obtain:

E 2
d:1+a+iwv ;;LVL(I—a)QlJra,

[E 2mV _[E
i V(l—a)+ - L(l+a)=1i Vd, (2.86)

in its simplest form. Taking further into account our approximation, the sys-
tem can be rewritten as

l1+a=d,

C/2m VL . C2mY
1a<1 f?+1>d<1+1 E h)d (287)

Finally we find, by eliminating a, that

1
d= (2.88)
. m V b
1 +1 5Eh
hence 1
T = (2.89)
m V2
1+ 28 12
and 1
R = | E (2.90)
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Notice that the system (2.87) confirms what predicted about the continuity
conditions for the wave function in presence of a potential energy equal to
Vi (x), i.e. that the wave function is continuous (1+a = d) while its derivative
has a discontinuity (iv2mE(1 —a — d)/h) equal to 2mV/h? times the value
of the wave function (d in our case).

2.6 Quantum Wells and Energy Levels

Having explored the tunnel effect in some details, let us now discuss the solu-
tions of the Schrodinger equation in the case of binding potentials. For bound
states, i.e. for solutions with wave functions localized in the neighborhood of
a potential well, we expect computations to lead to energy quantization, i.e.
to the presence of discrete energy levels. Let us start our discussion from the
case of a square well

L L
V() ==V for |z|< 5 V(z)=0 for |x|> 5 (2.91)
Notice that the origin of the co- i
ordinate has been chosen in or- V(x)

der to emphasize the symme-

try of the system, correspond- -L/2 L/2

X
ance of Schrodinger equation
under axis reflection z — —uz. Ry

In general the symmetry of the

potential allows us to find new

solutions of the equation starting from known solutions, or to simplify the
search for solutions by a priori fixing some of their features. In this case it
can be noticed that if ¥ g(x) is a solution, ¥ g(—z) is a solution too, so that,
by linearity of the differential equation, any linear combination (with complex
coefficients) of the two wave functions is a good solution corresponding to the
same value of the energy E, in particular the combinations ¥ g(z) £ ¥g(—x),
which are even/odd under reflection of the z axis. Naturally one of the two
solutions may well vanish, but it is clear that all possible solutions can be
described in terms of (i.e. they can be written as linear combinations of)
functions which are either even or odd under z-reflection.

To better clarify the point, let us notice that, since the Schrédinger equa-
tion is linear, the set of all its possible solutions having the same energy
constitutes what is usually called a linear space, which is completely fixed
once we know one particular basis for it. What we have learned is that in
the present case even/odd functions are a good basis, so that the search for
solutions can be solely limited to them. This is probably the simplest example
of the application of a symmetry principle asserting that, if the Schrodinger
equation is invariant under a coordinate transformation, it is always possible

|
]
I
1
|
I
. . . . . |
ing in this case to the invari- !
I
1
|
T
]
|
1
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to choose its solutions so that the transformation does not change them but
for a constant phase factor, which in the present case is £1.

We will consider in the following only bound solutions which, assuming
that the potential energy vanishes as || — oo, correspond to a negative total
energy F/ and are therefore the analogous of bound states in classical mechan-
ics. Solutions with positive energy instead present reflection and transmission
phenomena, as in the case of barriers. We notice that, in the case of bound
states, the collective interpretation of the wave function does not apply, since
these are states involving a single particle: that is in strict relation with the
fact that bound state solutions vanish rapidly enough as |z| — oo, so that the
probability distribution in (2.44) can be properly normalized.

Let us start by considering even solutions: it is clear that we can limit
our study to the positive x axis, with the additional constraint of a vanishing
first derivative in the origin, as due for an even function (whose derivative is
odd). We can divide the positive z axis into two regions where the potential
is constant:

a) that corresponding to x < L/2, where the general solution is:

— in/2m(E+V) z/h —iv/2m(E+V) z/h
Ye(r) =aye +a_e 'V ,

which is even for a4y = a_, so that

M) ; (292)

YE(x) = acos < -

b) that corresponding to x > L/2, where the general solution is:
wE(I) — b+e\/2m|E| z/h + biefy/2m|E| z/h )

The condition that [¢|> be an integrable function constrains b4 = 0, otherwise
the probability density would unphysically diverge as |x| — oo; therefore we
can write

Yp(r) =be VEmIEL2/h (2.93)

Notice that we have implicitly excluded the possibility £ < —V, the reason
being that in this case (2.92) would be replaced by

YE(x) = acosh <7'2m|E+V|x>

h

which for > 0 has a positive logarithmic derivative (0;¢g(z)/¢¥r(x)) which
cannot continuously match the negative logarithmic derivative of the solution
in the second region given in (2.93). Therefore quantum theory is in agreement
with classical mechanics about the impossibility of having states with total
energy less than the minimum of the potential energy.
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The solutions of the Schrédinger equation on the whole axis can be found
by solving the system:

4 cos VM (E+V)L _ b o= V/2mIBIL/(2h)

2h
V2m(E + V \/27” f}‘f V)L \/27;;\E| b o~ VZMIEIL/(2R) (3 g4)

dividing previous equations side by side we obtain the continuity condition
for the logarithmic derivative:

\/Qm ZET'L+ s \/ElfV (2.95)

In order to discuss last equation let us introduce the variable

2m(E + V)L

o (2.96)

8
Il

and the parameter
y=v2mVL/2h , (2.97)

and let us plot together the behav-
ior of the two functions tanz and
Vi — )/ = /EJE+ V). In
the figure we show the case 32 = 20.
From a qualitative point of view the
figure shows that energy levels, corre-
sponding to the intersection points of
the two functions, are quantized, thus
confirming also for the case of po-
tential wells the discrete energy spec-
trum predicted by Bohr’s theory. In
particular the plot shows two inter- 0 Xi|n / Xo ¥
sections, the first for v = z1 < 7/2, z

the second for 7 < & = x9 < 37/2.

Notice that quantization of energy derives from the physical requirement
of having a bound state solution which does not diverge but instead vanishes
outside the well: for this reason the external solution is parametrized in terms
of only one parameter. The reduced number of available parameters allows
for non-trivial solutions of the homogeneous linear system (2.94) only if the
energy quantization condition (2.95) is satisfied.

The number of possible solutions increases as y grows and since y > 0
it is anyway greater than zero. Therefore the square potential well in one
dimension has always at least one bound state corresponding to an even wave
function. It can be proved that the same is true for every symmetric well
in one dimension (i.e. such that V(—z) = V(z) < 0). On the contrary, an
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extension of this analysis (see in particular the discussion about the spherical
well in Section 2.9) shows that in the three-dimensional case the existence of
at least one bound state is not guaranteed any more.

Let us now consider the case of odd solutions: we must choose a wave
function which vanishes in the origin, so that the cosine must be replaced by
a sine in (2.92). Going along the same lines leading to (2.95) we arrive to the
equation

2m(E+ V)L |E|

= — . 2-
cot o E+V (2.98)

Using the same variables x and y
as above, we have the correspond-
ing figure on the side, which shows
that intersections are present only
ify > /2, 1.e.if V > 72h*/(2mL?)
(which by the way is also the condi-
tion for the existence of at least one /
Y,

bound state in three dimensions). 0 /}2 S ‘u

Notice that the energy levels found
in the odd case are different from those found in the even case. In particular
any possible negative energy level can be put in correspondence with only one
wave function (identified by neglecting a possible irrelevant constant phase
factor): this implies that, in the present case, dealing with solutions having a
definite transformation property under the symmetry of the problem (i.e. even
or odd) is not a matter of choice, as it is in the general case, but a necessity,
since those are the only possible solutions. Indeed a different kind of solution
could only be constructed in presence of two solutions, one even and the other
odd, corresponding to the same energy level.

The number of independent solutions corresponding to a given energy level
is usually called the degeneracy of the level. We have therefore demonstrated
that, for the potential square well in one dimension, the discrete energy levels
have always degeneracy equal to one or, stated otherwise, that they are non-
degenerate. This is in fact a general property of bound states in one dimension,
which can be demonstrated for any kind of potential well.

It is interesting to apply our analysis to the case of an infinitely deep
well. Obviously, if we want to avoid dealing with divergent negative energies
as we deepen the well, it is convenient to shift the zero of the energy so
that the potential energy vanishes inside the well and is V' outside. That is
equivalent to replacing in previous formulae F 4+ V by F and |E| by V — E;
moreover, bound states will now correspond to energies E < V. Taking the
limit V' — oo in the quantization conditions given in (2.95) and (2.98), we
obtain respectively tan v2mFEL/(2h) = +o00 and — cot v2mEL/(2h) =
so that vV2mEL/(2h) = (2n — 1)7/2 and vV2mE L/(2h) = nm with n =
1,2, ... Finally, combining odd and even states, we have
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2mFE
n L=nm: n=12,...
h
and the following energy levels
n2r2h>
n = ——— - 2.
2m L2 (2.99)

The corresponding wave functions vanish outside the well while in the region
|x| < L/2 the even functions are y/2/Lcos (2n — 1)ma/L and the odd ones
are \/2/Lsin 2nmx /L, with the coefficients fixed in order to satisfy (2.44). It
is also possible to describe all wave functions by a unique formula:

[\

Ye, () =0 for |z|> £ (2.100)

While all wave functions are contin- :
uos in |x| = L/2, their derivatives are
not, as in the case of the potential
barrier proportional to the Dirac delta I
function. The generic solution ¥g, has

the behaviour showed in the figure, l
where the analogy with the electric
component of an electromagnetic wave _I-/ 2
reflected between two mirrors clearly

appears. Therefore the infinitely deep

well can be identified as the region be-

tween two reflecting walls.

If the wave amplitude vanishes over the mirrors, the distance between
them must necessarily be an integer multiple of half the wavelength; this is
the typical tuning condition for a musical instrument and implies wavelength
and energy quantization. The exact result agrees with that of Problem 2.4.

Going back to the analogy with electromagnetic waves, the present situa-
tion corresponds to a one-dimensional resonant cavity. In the cavity the field
can only oscillate according to the permitted wavelengths, which are A\, =
2L/n for n =1,2,... corresponding to the frequencies v,, = ¢/\,, = nc/(2L),
which are all multiple of the fundamental frequency of the cavity.

Our results regarding the infinitely deep well can be easily generalized to
three dimensions. To that purpose, let us introduce a cubic box of side L with
reflecting walls. The condition that the wave function vanishes over the walls
is equivalent, inside the box and choosing solutions for which the dependence
on x,y and z is factorized, to:

L/2
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8 nzwz+£ Ny T +£ nz7r2+£
Yy = || T30 (L 2) i ™ (yL 2) gn (L 2), (2.101)

where we have assumed the origin of the coordinates to be placed in the center
of the box. The corresponding energy coincides with the kinetic energy inside
the box and can be obtained by writing the Schrédinger equation in three
dimensions:
h2

*% (af + 83 + 33) wnx,ny,nz = Enx,ny,nz¢nx,ny,nz ) (2102)

leading to
w2 h?

2 2 2
Enpinym. = L2 [nx +ny + nz} . (2.103)

This result will be useful for studying the properties of a gas of non-interacting
particles (perfect gas) contained in a box with reflecting walls. Following the

same analogy as above one can study in a similar way the oscillations of an
electromagnetic field in a three-dimensional cavity, with proper frequencies

given by v, n,n. = (¢/2L),/n2 +nZ + nZ.

2.7 The Harmonic Oscillator

The one-dimensional harmonic oscillator can be identified with the mechanical
system formed by a particle of mass m bound to a fixed point (taken as the
origin of the coordinate) by an ideal spring of elastic constant k and vanishing
length at rest. This is equivalent to a potential energy V(z) = kz?/2. In
classical mechanics the corresponding equation of motion is

mi+ kx =0,
whose general solution is
x(t) = X cos(wt + @),

where w = /k/m = 2wv and v is the proper frequency of the oscillator.
At the quantum level we must solve the following stationary Schrodinger
equation:
2
mw
5 v*Y)p(r) = EYp(r) . (2.104)
In order to solve this equation we can use the identity

mw? h mw? h
- Ly, L,
mw? hw

) fw h?
= — 2 f@) + 5 0. f(2) - 5 0:(af(2)) — 505 f(2)

h2
_ " a2
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K2 mw hw
= —2—8§f( )+ T$2f($) - Tf(x)
2 2
= (;‘—mag n %IQ - %”) f(z), (2.105)

which is true for any function f which is derivable at least two times.

It is important to notice the operator notation used in last equation, where
we have introduced some specific symbols, (/mw?/2 = + (h/v/2m) 0,) or
(—(h?/2m) 02 + (mw?/2) 2 — hw/2), to indicate operations in which deriva-
tion and multiplication by some variable are combined together. These are
usually called operators, meaning that they give a correspondence law be-
tween functions belonging to some given class (for instance those which can
be derived n times) and other functions belonging, in general, to a different
class.

In this way, leaving aside the specific function f, equation (2.105) can be
rewritten as an operator relation

@x_ia @x+ia — _h_282+mw2x2_h_w
V 72 Vom © V 2 Vom )\ 2m * 2 2

(2.106)
and equations of similar nature can be introduced, like for instance:

mwQIJr h P mwai h P
2 Vom 2 NG

mw? h mw? h
— — ——0, ——0, | = hw. 2.107
( > T )( > o ) w.  (2107)

In order to shorten formulae, it is useful to introduce the two symbols:

_ mw? h _ hw 10
Xy = (\/ 5t + —%&g) =\ <OZ$ + a&) (2.108)

in which the constant o = /mw/k has be defined, corresponding to the
inverse of the typical length scale of the system. That allows us to rewrite
(2.107) in the simpler form:

X X —X_ X, =hw. (2.109)
If, extending the operator formalism, we define
2
=-——082+ —2?2, (2.110)
m

we can rewrite (2.106) as:



72 2 Introduction to Quantum Physics
hw

X_Xo=H-=", (2.111)
then obtaining from (2.109):
hw
XyXo=H+ (2.112)

The Schrodinger equation can be finally written as:

The operator formalism permits to get quite rapidly a series of results.
a) The wave function which is solution of the equation

mw? R
5 zo () + am

is also a solution of (2.113) with E = fiw/2. In order to compute it we can
rewrite (2.114) as:

Xytho(z) =

Optho(z) =0 | (2.114)

(%wo(a:) — —o2x
vol@)

hence, integrating both members:

2
a” o

1n¢0(37) =Cc— 7‘17 )
from which it follows that
Yo(x) = e e /2,

where the constant ¢ can be fixed by the normalization condition given in
(2.44), leading finally to

_ (MWN\T  _mwa?/(2R)
bolz) = (Fh) e . (2.115)
We would like to remind the need for restricting the analysis to the so-called
square integrable functions, which can be normalized according to (2.44). This
is understood in the following.

b) What we have found is the lowest energy solution, usually called the
ground state of the system, as can be proved by observing that, for every
normalized solution g (x), the following relations hold:

h dzg(z)* m_wa — L@w m_wa + Laz VE(2)
oo 2 V2m 2 V2m

= /OO dz| X vp(z)]* = /00 dz g (x)” <E - h_w) Vi(z)

—o0 —o00 2

—E-—>0, (2.116)
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where the derivative in X_ has been integrated by parts, exploiting the van-
ishing of the wave function at = fo0. Last inequality follows from the fact
that the integral of the squared modulus of any function cannot be negative.
Moreover it must be noticed that if the integral vanishes, i.e. if £ = hw/2,
then necessarily X v¥g = 0, so that g is proportional to ¥y. That proves
that the ground state is unique.

c) If ¢ satisfies (2.104) then X ¢ p satisfies the same equation with F
replaced by F F hw, i.e. we have

HX:tp = (EF hw)X1p . (2.117)

Notice that X1 g vanishes if and only if g = 1o while X_t g never vanishes:
one can prove this by verifying that if X_1g = 0 then g behaves as ¢y but
with the sign + in the exponent, hence it is not square integrable. In order to
prove equation (2.117), from (2.111) and (2.112) we infer, for instance:

hw

Xi X Xvp =Xy (H - —> Ve(z) = <H+ 7) Xyp(z)

=Xy (E - —> Vp(r) = <E - h—w) Xyp(z) (2.118)

from which (2.117) follows in the + case.

Last computations show that operators combine in a fashion which resem-
bles usual multiplication, however their product is strictly dependent on the
order in which they appear. We say that the product is non-commutative;
that is also evident from (2.109), which expresses what is usually known as
the commutator of two operators.

Exchanging X_ and X in previous equations we have:

X X X ¢p=X (H+—> Yp(z) = <Hh—w)X Y (r)

=X_ (E+—> VE(z) = <E+ﬁ—°")x VE(z) (2.119)

which completes the proof of (2.117).
d) Finally, combining points (a—c), we can show that the only possible
energy levels are:

E, = (n + %) hw. (2.120)

In order to prove that, let us suppose instead that (2.104) admits the level
E = (m+1/2)hw+ d, where 0 < § < hw, and then repeatedly apply X+ to
g up to m—+1 times. IkawE = 0 with k <m+1and X¥ ¢ # 0, then we

would have X (X _]ff ¥g) = 0 which, as we have already seen, is equivalent
to Xffli/)E ~ 1)g, hence to HXffli/JE = hw/2¢ . However equation (2.117)
implies HXifle = (E — (k—1)hw)g, hence E = (k —1/2)hw, which is in
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contrast with the starting hypothesis (6 # 0). On the other hand X fﬁz/}E #£0
even for kK = m + 1 would imply the presence of a solution with energy less
that fiw/2, in contrast with (2.116). We have instead no contradiction if § = 0
and k =m+ 1.

We have therefore shown that the spectrum of the harmonic oscillator
consists of the energy levels E,, = (n+ 1/2) hw. We also know from (2.117)
that ~ X" is a possible solution with £ = E,,: we will now show that this
is actually the only possible solution.

e) Any wave function corresponding to the n-th energy level is necessarily
proportional to X™g:

g, ~ X" . (2.121)

We already know that this is true for n = 0 (ground state). Now let us suppose
the same to be true for n = k and we shall prove it for n = k 4+ 1, thus
concluding our argument by induction. Let ¢ g, ,, be a solution corresponding
to Ej41, then, by (2.117) and by the uniqueness of ¢, , we have

XJr’ll)EkJrl = (M/)Ek (2122)

for some constant a # 0, with ¢ g, o< X*4)y. By applying X_ to both sides of
last equation we obtain

hw
X,X+1/)Ek+1 = <H — ?> 1/}Ek+1 = (k + 1) hw 1,/}Ek+1
= X_avp, < X_X*y = X ey, (2.123)

which proves that also 9, , is proportional to X f*lwo.
In order to find the correct normalization factor, let us first find it for
YE,.,, assuming that ¢ g, is already correctly normalized. We notice that

- - * o * hw
/ dz |X_wEk|2 = / dx"/}EkX-i-X—"/)Ek = / dx’l/)Ek (H+ 7) VE,

— 00 — 00 — 00
oo

= hw(k—i—l)/ dz |Yg, |* = hw(k+ 1), (2.124)
where in the first equality one of the X_ operators has been integrated by

parts and in the second equality equation (2.112) has been used. We conclude
that ¢¥g,,, = (hw(k+1))"/2X_1pp, , hence, setting for simplicity ¢, = g, :

. (fT_w)nuJo = @Aw% (2.125)

where one defines AT = X_ /vhw.

That concludes our analysis of the one-dimensional harmonic oscillator,
which, based on an algebraic approach, has led us to finding both the pos-
sible energy levels, given in (2.120), and the corresponding wave functions,
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described by (2.115) and (2.121). In particular, confirming a general property
of bound states in one dimension, we have found that the energy levels are
non-degenerate. The operators X, and X_ permit to transform a given so-
lution into a different one, in particular by rising (X_) or lowering (X ) the
energy level by one quantum hw.

Also in this case, as for the square well, solutions have definite transforma-
tion properties under axis reflection, x — —x, which follow from the symmetry
of the potential, V(—z) = V(z). In particular they are divided in even and
odd functions according to the value of n, 1, (—z) = (—=1)"9,(z), as can be
proved by noticing that 1y is an even function and that the operator X _
transforms an even (odd) function into an odd (even) one.

Moreover we notice that, according to (2.121), (2.115) and to the expres-
sion for X_ given in (2.108), all wave functions are real. This is also a general
property of bound states in one dimension, which can be easily proved and
has a simple interpretation. Indeed, suppose ¥ g be the solution of the sta-
tionary Schrodinger equation (2.58) corresponding to a discrete energy level
E; since obviously both E and the potential energy V(z) are real, it follows,
by taking the complex conjugate of both sides of (2.58), that also % is a
good solution corresponding to the same energy. However the non-degeneracy
of bound states in one dimension implies that g must be unique. The only
possibility is 1% o« ¥ g, hence ¥} = e®1p, so that, leaving aside an irrelevant
overall phase factor, ¥ g is a real function.

On the other hand, recalling the definition of the probability current den-
sity J given in (2.43), it can be easily proved that the wave function is real if
and only if the current density vanishes everywhere. Since we are considering
a stationary problem, the probability density is constant in time by defini-
tion and the conservation equation (2.27) implies, in one dimension, that the
current density J is a constant in space (the same is not true in more than
one dimension, where that translates in J being a vector field with vanishing
divergence, see Problem 2.48). On the other hand, for a bound state J must
surely vanish as |z| — oo, hence it must vanish everywhere, implying a real
wave function: in a one-dimensional bound state there is no current flow at
all.

Our results admit various generalizations of great physical interest. First of
all, let us consider their extension to the isotropic three-dimensional harmonic
oscillator corresponding to the following Schriodinger equation:

n’ 2 2 2 mw? o, 2 2
~5 (02 +05+02)ve + - (2> +y* + 2°) g = Evg, (2.126)
where ¥ = ¢Yg(x,y,2) is the three-dimensional wave function. This is the
typical example of a separable Schrodinger equation: if we look for a partic-
ular class of solutions, written as the product of three functions depending
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separately on z, y and z, then equation (2.126) becomes equivalent? to three
independent equations for three one-dimensional oscillators along x, y and z.
Therefore we conclude that the quantized energy levels are in this case:

Enpnymn. =hw <nx +ny+n,+ g) , (2.127)

and that the corresponding wave functions are

anm,ny,nz (a:, Y, Z) = Yn, (x)d}ny (y)d}nz (Z) . (2-128)

Notice that, according to (2.127) and (2.128), in three dimensions several
degenerate solutions can be found having the same energy, corresponding to
all possible integers n,,n,,n, such that n, 4+ ny, +n, = n where n is a non-
negative integer. The number of such solutions is (n + 1)(n + 2)/2.

Since we have looked for particular solutions, having the dependence on
x, y and z factorized, it is natural to ask if in this way we have exhausted the
possible solutions of equation (2.126). In some sense this is not true: since the
Schrodinger equation is linear, we can make linear combinations (with complex
coefficients) of the (n + 1)(n + 2)/2 degenerate solutions described above,
obtaining new solutions having the same energy F,, = (n + 3/2)hw but not
writable, in general, as the product of three functions of z, y and z. However
we have exhausted all the possible solutions in some other sense: indeed it is
possible to demonstrate that no further solution can be found beyond all the
possible linear combinations of the particular solutions in equation (2.128). In
other words, all the possibile solutions of equation (2.126), which are found
for E = (n+3/2) hw, form a linear space of dimension (n+1)(n+2)/2, having
the particular solutions in equation (2.128) as an orthonormal basis. We have
thus found a possible complete set of solutions of equation (2.126): we shall
find a different complete set (i.e. a different basis) for the same problem in
Section 2.9 (see also Problem 2.48).

A further generalization is that regarding small oscillations around equilib-
rium for a system with N degrees of freedom, whose energy can be separated
into the sum of the contributions from N one-dimensional oscillators having,
in general, different proper frequencies (v; , i = 1,...,N). In this case the
quantization formula reads

N
1
Bl mn) = D huws (n + 5) , (2.129)

i=1

and the corresponding wave function can be written as the product of the
wave functions associated with every single oscillator.

2 This is clear if we divide both sides of equation (2.126) by v¢g: the resulting
equation requires that the sum of three functions depending separately on z, y
and z be a constant, implying that each function must be constant separately.
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Let us now take a short detour by recalling the analysis of the electromag-
netic field resonating in one dimension. It can be shown that, from a dynamical
point of view, the electromagnetic field can be described as an ensemble of
harmonic oscillators, i.e. mechanical systems with definite frequencies which
have been discussed in last Section. Applying the result of this Section we con-
firm Einstein’s assumption that the electromagnetic field can only exchange
quanta of energy equal to hw = hr. That justifies the concept of a photon as
a particle carrying an energy equal to hv. At the quantum level the possible
states of an electromagnetic field oscillating in a cavity can thus be seen as
those of a system of photons, corresponding in number to the total quanta of
energy present in the cavity, which bounce elastically between the walls.

2.8 Periodic Potentials and Band Spectra

In previous Sections we have encountered and discussed situations in which the
energy spectrum is continuous, as for particles free to move far to infinity with
or without potential barriers, and other cases presenting a discrete spectrum,
like that of bound particles. We will now show that other different interesting
situations exist, in particular those characterized by a band spectrum. That
is the case for a particle in a periodic potential, like an electron in the atomic
lattice of a solid.

An example, which can be treated in a relatively simple way, is that in
which the potential energy can be written as the sum of an infinite number
of thin barriers (Kronig-Penney model), each proportional to the Dirac delta
function, placed at a constant distance a from each other:

V(z) = i Vi(x —na). (2.130)
It is clear that:
V(z+a)=V(z), (2.131)

so that we are dealing with a periodic potential. Our analysis will be limited
to the case of barriers, i.e. V > 0.

Equation (2.131) expresses a symmetry property of the Schrodinger equa-
tion, which is completely analogous to the symmetry under axis reflection
discussed for the square well and valid also in the case of the harmonic oscil-
lator. With an argument similar to that used in the square well case, it can
be shown that for periodic potentials, i.e. invariant under translations by a, if
g (x) is a solution of the stationary Schrodinger equation then g (z + a) is
a solution too, corresponding to the same energy, so that, by suitable linear
combinations, the analysis can be limited to a particular class of functions
which are not changed by the symmetry transformation but for an overall
multiplicative constant. In the case of reflections that constant must be +1,
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since a double reflection must bring back to the original configuration. In-
stead, in the case of translations x — x + a, solutions can be chosen so as to
satisfy the following relation:

YE(z+a) = ap(),

where « is in general a complex number. Clearly such functions, like plane
waves, are not normalizable, so that we have to make reference to the collec-
tive physical interpretation, as in the case of the potential barrier. In this case
probability densities which do not vanish in the limit || — oo are accept-
able, but those diverging in the same limit must be discarded anyway. That
constrains « to be a pure phase factor, o = e"‘zﬁ7 so that

Yz +a) = e Pp(z). (2.132)

This is therefore another application of the symmetry principle enunciated in
Section 2.6.

The wave function ¢ g (z) must satisfy both (2.132) and the free Schrédinger
equation in each interval (n — 1)a < z < na:

52
—%ain@?) = Evp(z),
which has the general solution

wE(x) _ anei‘/m z/h + bne*i‘/m a/h
Finally, at the position of each delta function, the wave function must be
continuous while its first derivative must be discontinuous with a gap equal
to (2mV/h*)ipg(na). Since, according to (2.132), the wave function is pseudo-
periodic, these conditions will be satisfied in every point z = na if they are
satisfied in the origin.

The continuity (discontinuity) conditions in the origin can be written as

ag +bg =ay + by,

V2mE 2mYy
1 ;Ln (a1 —by—ag+ bo) = % (ao + bo) s (2.133)

while (2.132), in the interval —a < z < 0, is equivalent to:

iv2mEz/h + boefi\/ 2mEz/h

aleim(az+a)/h n blefi\/QmE(era)/h — ol® (aoe .
(2.134)
Last equation implies:
aq = ei(¢—\/2mEa/h)aO : by = ei(¢+\/2mEa/h)b07

which replaced in (2.133) lead to a system of two homogeneous linear equation
in two unknown quantities:
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i(p— 2mE o 12mY i V2mE . [2mYV
<1e(q5 QEE)u/me)ao(le((ﬁ 25E)+1\/fmﬁ>b00
<1—ei(¢‘—@“>)ao+ <1—ei(¢+@“>>b0=0. (2.135)

The system admits non-trivial solutions (ag, by # 0) if and only if the deter-
minant of the coefficient matrix does vanish; that is equivalent to a second
order equation for e'®:

(1 _ ei(0-5Ea) —i@%) (1 O 2$E“))

which can be rewritten in the form:

¢ — (2008( Z;ZIEa> +1/2fm%sin< Q;HEa>>ei¢+l

=% _ 246 +1=0. (2.137)

Equation (2.137) can be solved by a real ¢ if and only if A? < 1, as can
be immediately verified by using the resolutive formula for second degree
equations.

We have therefore an inequality, involving the energy E together with
the amplitude V and the period a of the potential, which is a necessary and
sufficient condition for the existence of physically acceptable solutions of the
Schrédinger equation:

(cos( 2;7Ea>+\/g%sin< 2;_;”Ea>> <1, (2.138)

o [ V2mE EV_2.2 V2mE
cos 5 a 2Eﬁ2sm > a

mY . [V2mE 2mE
+2,/ﬁﬁsm< - a> cos( - a) <1 (2.139)

hence

and therefore
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2(\/2mE> m V2 ,2< 2mE>
1 — cos a sin a

h 2F 12
a)

\/72 . 2mE
Eh
\/7% i < 2mEa cos( 2;7Ea> <0, (2.140)

_(1_ m V2 sin E
N 2F 2 h
leading finally to:

cot < 2m ) % ( \/;h> (2.141)

Fig. 2.5. The plot of inequality (2.141) identifying the first three bands of al-
lowed values of vV2mE a/h for the choice of the Kronig—Penney parameter v =
h?/(maV) = 1/2

Both sides of last inequality are plotted in Fig. 2.5 for a particular choice
of the parameter v = h*/(maV) = 1/2. The variable used in the figure
is * = vV2mEFEa/h, so that the two plotted functions are f; = cotz and
fa = (yx — 1/(yx))/2. The intervals where the inequality (2.141) is satisfied
are those enclosed between x; and 7, 9 and 27, x3 and 37 and so on. Indeed
in these regions the uniformly increasing function f5 is greater than the os-
cillating function f1. The result shows therefore that the permitted energies
correspond to a series of intervals (z,, nm), which are called bands, separated
by a series of forbidden gaps.

As we shall discuss in the next Chapter, electrons in a solid, which are
compelled by the Pauli exclusion principle to occupy each a different energy
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level, may fill completely a certain number of bands, so that they can only
absorb energies greater than a given minimum quantity, corresponding to the
gap with the next free band: in such situation electrons behave as bound
particles. Alternatively, if the electrons fill partially a given band, they can
absorb arbitrarily small energies, thus behaving as free particles. In the first
case the solid is an insulator, in the second it is a conductor.

Having determined the phase ¢(F) from (2.137) and taking into account
(2.132), it can be seen that, by a simple transformation of the wave function:

Yp(z) = ?E e/ (1) = eFPE /Ry () | (2.142)
equation (2.132) can be translated into a periodicity constraint:

Vp(z+a) =g(x).

Therefore wave functions in a periodic potential can be written as in (2.142),
i.e. like plane waves, which are called Bloch waves, modulated by periodic
functions Vg (z).

It must be noticed that the momentum associated with Bloch waves,
p(E) = (h/a)p(E), cannot take all possible real values, as in the case of
free particles, but is limited to the interval (—hn/a, hn/a), which is known
as the first Brillouin zone. This limitation can be seen as the mathematical
reason underlying the presence of bands.

On the other hand, the relation which in a given band gives the electron
energy as a function of the Bloch momentum (dispersion relation) is very
intricate from the analytical point of view. It is indeed the inverse function of
p(E) = (h/a) arccos(A(E)) with A(E) defined by (2.137). For that reason we
limit ourselves to some qualitative remarks.

By noticing that in the lower ends of the bands, x,, n = 1,2,..., the
parameter A in (2.137) is equal to

i n i n 1
cos T, + STn _ ST <’y Tn + > = (=1)"* (2.143)
Y Tn 2 Y Tn

we have: el¢|, = (—=1)"*!. Hence ¢(z,) = 0 for odd n and ¢(z,,) = £ for
even n. Instead in the upper ends, x = nm, we have A = cosnm = (—1)" hence
¢(nm) = 0 for even n and ¢(nw) = +x for odd n. Moreover, for a generic A
between —1 and 1, there are two solutions: A £ iy/1 — A2 corresponding to
opposite phases (¢(E) = £ arctan (v'1 — A2/A)) interpolating between 0 and
+.

Therefore, based on Fig. 2.5, we come to the conclusion that in odd bands
the minimum energy corresponds to states with p = 0, while states at the
border of the Brillouin zone have the maximum possible energy. The opposite
happens instead for even bands. Finally we observe that the derivative dE/dp
vanishes at the border of the Brillouin zone, where A2 = 1 and A has a
non-vanishing derivative, indeed we have
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dE  a (d(arccos A(E)) ! L a V1- A2
< dE > =*3 dA(E)/dE (2.144)

dp R

2.9 The Schrodinger Equation in a Central Potential

In the case of a particle moving in three dimensions under the influence of a
central force field, the symmetry properties of the problem play a dominant
role. The problem is that of solving the stationary Schrédinger equation:

VR (r) + V() = Bys(r), (2,145

where the position of the particle has been indicated, as usual, by the three-
vector r, The symmetries of the problem correspond to all possible rotations
around the origin. The action of rotations on positions can be expressed in
the same language of Appendix A, representing r by the column matrix with
elements z, ¥y, z, and associating a rotation with a 3 x 3 orthogonal matrix R
satisfying RT = R~! and with unitary determinant, acting on the position
vectors by a row by column product as follows: » — Rr. The invariance of the
potential under rotations implies that the rotated wave function g (R™1r) is
also a solution of equation (2.145) corresponding to the same energy.

Our purpose is to exploit the consequences of the rotation invariance in
the analysis of solutions of equation (2.145). The standard method is based
on Group Theory, however we do not assume our readers to be Group Theory
experts, hence we have to use a different approach. The only Group Theory
result that we shall exploit, as we have already done few times in the preceding
part of this text, is what we have called Symmetry principle: if the Schrodinger
equation is left invariant by a coordinate transformation, one can always find
a suitable set of solutions which do not change but for a phase factor under
the given transformation. By suitable set we mean that all square integrable,
or locally square integrable solutions of physical interest can be written as
linear combinations of elements of the set.

We start by considering, among all possible rotations, those around one
particular axis, for instance the z axis. These transform x — 2/ = zcos¢ —
ysing and y — 1y’ = ycos¢ + xsin¢@, while z is left unchanged. An equiv-
alent and simpler way of representing this rotation, making use of complex
combinations of coordinates, is:

oy =2 +iy =eFry  and 2=z (2.146)
A further choice is that of spherical coordinates (r, 0, ), defined by

xy =rsinfexp(tip) and z=rcosh . (2.147)
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The given rotation is equivalent to the translation ¢ — ¢’ = ¢ + ¢. In the
present case, according to the symmetry principle, we consider solutions of
(2.145) that transform according to ¢p — e@wE under the particular ro-
tation above. This phase must necessarily be a linear function of ¢, as it is
clear by observing that, if we consider two subsequent rotations around the
same axis with angles ¢ and ¢’, we have @(¢) + @(¢') = (¢ + ¢'). Combin-
ing this result with the condition that, if ¢ = 27, the wave function must be
left unchanged, i.e. (27) = 2mm with m any relative integer, we obtain, in
spherical coordinates:

$m(r) = Ppm(r,0,0) =Yg m(r,0) €™ . (2.148)

It is an easy exercise to verify that:
. ., 0
—ih(x0y — YO )V E,m(r) = —1h%¢E7m(r) =mhg m(r), (2.149)

thus showing that the wave function satisfies Bohr’s quantization rule for the
z component of angular momentum.

Notice the evident benefit deriving from making use of vectors with com-
plex components (x4, z) to indicate the position. Indeed, using these coordi-
nates, equation (2.148) becomes:

VEm(T) = Ym (g, 2, 2) = xls?glll(m)qﬂm(x_kx_,z) ) (2.150)

since zyx_ and z give a choice of coordinates invariant under the above
rotations. With the same choice of coordinates equation (2.149) becomes:

h(x40p4 — 2_0p— )VE m (1) = Mg m(r), (2.151)

where one has 0,+ = (9, F19y)/2. Now an important remark is necessary,
the above equations, translated into the operator notation described in Sec-
tion 2.7, introduce the operator

L, = —ih(z0y — y0y) = —ih0, = h(r40p4 — - 0g—) (2.152)
satisfying the operator equation
Lobpm(r) = mhpgm(r) . (2.153)

The operator iL ., being proportional to the ¢-derivative, appears as the gen-
erator of the rotations around the z-axis, in much the same way as the x
derivative generates translations of functions of the z-variable.? This prop-
erty of generating rotations extends to the other components of the angular
momentum which, in complex coordinates, correspond to the operators:

3 We refer to the equation: exp(a d/(dz))f(z) = Yool (@™ /nt) d*/(da) f(z) =
f(z + a), which is true for any analytic function f(z).
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Ly = (L, +tiL,) = £7(220,5 — 240,) , (2.154)

which, acting on solutions of equation (2.145), generate new, possibly trivial,
solutions. This is a consequence of the rotation invariance of equation (2.145)
and can also be shown using the commutation relations between the angular
momentum components and the operator appearing on the left-hand side of
the Schrédinger equation.

This operator, H = —h?/2m V24V (r), has been introduced in Section 2.7
and is called the Hamiltonian operator. We have, for i = 4, z:

[Li,H)=L; (—%VQ + V(r)) - (—%VQ + V(r)) L;=0, (2.155)

where the symbol [, | stands for the commutator of two operators. Indeed,
taking into account that the Laplacian operator is written as
V? =40,,0,_ + 0%, (2.156)

we have:

V2Ly = £h(40,4.05— + 02)(220,5 — 24.0,) = L V? F 140, (0px — Ou)

=L, V?
V2L, = W40,4 0y + 03 (0105 —_0,_)
= L,V? 4+ 410,40y — 40y_0py = L,V? . (2.157)

That proves that [L;, V2] = 0. On the other hand also [L;,V(r)] = 0
since, for a generic function of 72 we have: [L;, f(r?)] = f'(r?)(Lir?) =
f'(r®)(Li(wsz— + 2?)) = 0. We can thus write the final result HL;p =
L;HYg = FEL;yp, which proves that L;yg is also a solution of equa-
tion (2.145).

For future use, we can compute here the commutation relations of the
angular momentum components: 4,

[L.,Ly] = +h*(240py — 20y ) (22055 — ©40)
$h2(228ﬁF —230,) (24004 — _0y—)
= h*(220,5 —24+0.) = +hLy

[L+, L,] = —7’12(22(%, - z+8z)(2281+ - 1'782)
+h%(220, 4 — 2_0.)(220,— — x,0.)
= 2h* (24 Oy + 20.) — 20*(2_0,p_ + 20.)
= 2hL, . (2.158)
4 The commutation relations of the angular momentum components can also be

rewritten, in a more compact form, as [v - L,w - L] = ifi(v Aw) - L, where v and
w are two generic vectors.
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We also define the square angular momentum operator:

1
LP=LI+L+L}= St Lo+L-Ly)+ L2=L_Li+L?+hL,, (2.159)
and we notice that L? commutes with each of the angular momentum com-
ponents. For completeness we give the commutation rules of the angular mo-
mentum components and coordinates:

[szz] =0 5 [szle:] = iﬁx:ﬁ: 3 [L:taz} = :th:i:
[Lt,z4] ==%2hz , [Li,z4|=0. (2.160)

A further indication concerning the action of the operators L1 on the solutions
YE,m of the Schrédinger equation follows from equation (2.150). Indeed, for
non-negative m, we have:

L+xTz/3m(x+m_, z) = h(220,_ — x+82)x’fz[}m(x+x_, z) (2.161)

— hx’f“ (228,;”71[},”(:5_5_33_, z) — 821&m(:13+x_, z)) ,

whose right-hand side can be written as xTHq&mH(erx_,zL if it does
not vanish. As a matter of fact, the right-hand side vanishes if and only
if azqﬂm(:mrx_,z) = 2z8(x+x7)z/3m(m+x_,z), that is if ¥, is a function of
zy2x_ + 2% = r2. An analogous calculation gives:

Loa™)_m(zpx_,2) = h(220,— — 240.)2™)_m(zp2_, 2)
= ha™! (x+x_ (2z8(x+m7)1&_m(x+x_,z) (2.162)

- zafm(x+vaz)) +2m212)7m(x+33732)) .

Here again the right-hand side can be written as x’f‘lz@,m+1(x+x,, z) if it
does not vanish, that is if ¢_, (z12_,2) # (zpx_)"™F(r) for some F and
hence if 2™ _,, # x " F(r).

Analogous results are obtained replacing L1 with L_ and x4 with z.
Thus we can conclude that the action of L on solutions of equation (2.145) of
the form (2.150), either generates a new solution with m increased/decreased
by one, or gives zero if the solution has the form =% F(r) .

Having analyzed the action of the angular momentum components on the
solutions of the Schrodinger equation, we search now for sets of solutions
whose transformation properties under rotations are particularly simple. Ac-
tually, the solutions we are looking for are degenerate multiplets being also
irreducible under rotations, meaning by that the minimal multiplets of so-
lutions having the same energy E and transforming into each other under
rotations in such a way that no sub-multiplet exists, whose components do
not mix with the remnant of the multiplet: the reason for doing so is that in
this way we shall automatically characterize the solutions of the Schrodinger
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equation according to their transformations properties under the symmetry of
the problem, finding also many features of them which are valid independently
of the particular central field under consideration.

Since rotations act homogeneously on the complex Cartesian coordinates,
leaving 72 invariant, we consider solutions which can be written as the product
of a generic homogeneous polynomial P;(r) of degree ! in the components of
r, by a function fg(r) which is rotation invariant, that is

YE(r) =Pu(r) fe(r) . (2.163)

Taking into account equation (2.150) and the above analysis about the action
of the angular momentum components on the solutions of the Schrodinger
equation, we better specify equation (2.163) considering solutions:

VY Lm(r) = I'S?;L(m)pz,m(xwﬂZ)fE,z(r) , (2.164)
where p; ,, is a homogeneous polynomial of degree | — |m/| in the components
of r and fg,; does not depend on m, since this is changed by the action of L1
while fg; is not. Therefore, discussing the action of the components L;, we
can limit our study to the polynomials, forgetting fg ;.

The first problem we meet in this search is that the decomposition in
equation (2.163) is not unique, homogeneity does not guarantee irreducibility,
since 72 is a homogeneous polynomial of degree two and also a function of
r. In other words, we must get rid of possible r? factors. This can be done
starting from m = —I, that is from the polynomial p;; = z! | and applying n
times L, on it, until for n = ny; + 1 we find a vanishing result. Any rotation
leaves invariant the linear space spanned by this set of homogeneous degree
| polynomials since this is done by all the angular momentum components.
Indeed the action of L, does it by construction, that of L, is equivalent to
the multiplication by Am and the action of L_, which annihilates z! , can be
computed from that of the other components using the commutation relations
(2.158) .

It is clear that ny; < 2[. Indeed the action of L on our homogeneous
polynomials

2™ p (ryx_,2)
sign(m)& t,m )
reduces the power of x_, if this is positive, and then increases the power of
x4 up to [ times reaching cz!, for some constant c. A further action of L
would give zero since a homogeneous polynomial of degree [ cannot contain a
factor zl_:rl. Thus the set of homogeneous polynomials of degree [ obtained in
this way does not contain more than 27 4+ 1 elements. We shall verify that, in
fact, this set contains 2] + 1 elements for values of m ranging from —I[ to [.

To this purpose, let us notice that x! is a harmonic homogeneous polyno-
mial, since from equation (2.156) it follows that V2! = 0. For the same
reason, and due to the commutation property (2.157), all the polynomi-
als obtained by applying n times L, on z! are harmonic and homoge-
neous. Being harmonic these polynomials do not vanish if n < 2[. Indeed
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we have seen, discussing equation (2.163), that L+x’ipl7_k = 0 if and only
if p;._ = (z42_)"FF(r) which is impossible since 2* p; _; must be a poly-
nomial. Therefore the repeated action of L, does not vanish until we reach
a homogeneous polynomial xj_plyq. Now we see from equation (2.162) that a
further action of Ly does not give a vanishing result unless p; 4 is a function
of r2 only, that is p; , oc (r?)(=9/2 provided that (I — ¢)/2 be an integer. It
is a trivial exercise to verify that xi(rQ)(l_Q)/ 2 is not harmonic unless ¢ = I
and hence the harmonic polynomial xl+ is reached.

In this way we have identified 2] + 1 harmonic homogeneous polynomi-
als of degree I. We now show that we have found a basis for the whole set
of harmonic homogeneous polynomials. Indeed, starting from the just found
polynomials and multiplying them by suitable powers of 72, we can generate
sets of independent homogeneous polynomial of any degree j. For j = 2n the
number of these polynomials is 2j +1+2(j —2)+---+ 1 =2n?+3n+ 1,
while, for j =2n+1itis 2j+14+2(j —2)+1+---+ 3 = 2n? + 5n + 3, thus
for any j we have the number (j + 1)(j + 2)/2. This is exactly the number
of independent monomials of degree [ in three variables (x4, z). Indeed these
monomials are identified by two integers, e.g. the exponents of xz; and x_,
whose sum runs between 0 and I. The number of possible choices is given by
the sum of integers between 1 and j + 1 which is just (j+ 1)(j +2)/2. If there
were more linearly independent harmonic homogeneous polynomials of degree
I, we would have built more linearly independent homogeneous polynomials
of the considered degrees, which is impossible.

Now we have to construct explicitly a basis of independent homogeneous
harmonic polynomials of degree I. We choose the form:

Vim =2V pim(cpr_/4,2), (2.165)

for m > 0, and
Vi—m = (=1)"V],, - (2.166)
Taking into account equation (2.156) and equation (2.165), the Laplace equa-

tion for these polynomials is easily translated into the differential equation for
p1m(t, z), that is:

0 0? 0?
Using the expansion
[((l—m)/2]
pl,m(ta z) = Z c(l,m, k) (7t)k gmmo2k ) (2.168)

k=0

where [(I —m)/2] stands for the integer part of (I —m)/2, we translate equa-
tion (2.167) into a recursive equation for the coefficients

(l—m-=2k)(l—m—-2k-1)

c(lym,k+1) = (m~+k+1)(k+1)

c(l,m, k), (2.169)
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which shows that ¢(I,m,k + 1) vanishes if k exceeds [(I —m)/2], therefore
the found solutions to equation (2.167) are indeed polynomials. The recursive
relation is solved by

(I —m)!m!
(m+ k)1 —m — 2k)!k!
Textbooks consider two different choices of ¢(I, m, 0). The first one is ¢(l, m, 0) =
1, which for m = 0 and replacing xyx_ = 1 — 22 leads to the Legendre poly-
nomials:

c(l,m, k) = c(l,m,0) . (2.170)

— 2 ke ! 2-1\" l—m—2k
=0 K

which have an important role in the theory of scattering from a central poten-
tial.

The second choice aims at orthonormality for the spherical harmonics,
which we are going to define in the following (see equation (2.179)). This

second choice is
N [@+1)(1+m)
c(l,m,0) = (—5) \/m , (2.172)

from which we get, for m > 0,

Vim(r) = (_:%_>m\/(2l+1)(l —Z:rn)!(l—m)! (2.173)

W—il:)/m Ll-m—2k (7 z+z7)k
= (m+ k)1 —m — 2k)k! 4 '

We can now evaluate the action of the operator L? given in equation (2.159) on
the function F(r)Y; . This is equal to F(r)L?Y., since F(r) is annihilated
by any angular momentum component. Furthermore L?Y, ,,, does not depend
on the value of m since L? commutes with L. Thus it is sufficient to compute
L2y, ~ L22!, = L.(L.+h)2, = h*l(I+1)a!,, where we have used L 2% = 0.
In conclusion, we have

L2F(M)Yim = B2+ D)E@)Yim - (2.174)

At this point we insert: ¥, (7) = fEg.i1(r)Vi,m(r) into the Schrédinger equa-
tion. Considering first the term involving the Laplacian operator and noticing
that Y;m(7) is harmonic, that Vr = »/r and that 7 - VY, ., (1) = 1Y (7)
since Vi, (r) is a homogeneous polynomial of degree I, we can easily evaluate

V1P Yim () = Vim(P)V2 fe1(r) + 2V f51(r) - VY im(r)

=YVim(r)V. (;ffEl(r)) +2 fE+(r)r -V Y1m(7)
= Vim(r) { no(r) + 200+ 1)fE’;(T)] . (2.175)
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Hence, leaving the factor Y; ., (r) out, the stationary Schrédinger equation
becomes:
B2

2m

[ Ear) +2(0+ 1)M] +V () fea(r) = Efg(r). (2.176)

r

If we make the substitution fgp; = xg,;/r'*! and leave a factor 1/r'*! out,
we obtain:

2

I R+ 1
)+ [M

Com 2mr?

+ V(r)} xei(r) = Exg,.(r), (2.177)
which is completely analogous to the one-dimensional stationary Schrodinger
equation in presence of the potential energy obtained by adding the term
h21(1+1)/(2mr?) to V(r). Since the factor h*I(Il + 1) corresponds to the ac-
tion of the operator L? on the wave function, we see that this term corresponds
to the centrifugal potential energy L?/(2mr?) appearing in the classical me-
chanics analysis of the motion in a central field. We can conclude that the
wave function:

V() = X2y, iy = X2y, g ) (2178)

corresponds to a state with squared angular momentum L? = h*[(I + 1) and
L. = hm. In equation (2.178) we have put into evidence that Y, (r)/r! =
Y m(r/r) is a homogeneous function of degree zero in r, hence it only depends
on polar angles. In the following we shall apply a usual simplified terminology,
calling what is shown in equation (2.178) a multiplet of solutions with angular
momentum (%)I.

In current textbooks the functions Y7, (6 , ¢) are called spherical harmon-
ics. They satisfy the orthonormalization condition:

2m 1
/ d(p/ dcosf Yﬁm(g, ép)Yi/’m/ (9, QD) = §l,l’§m,m’ . (2179)
0 -1

We notice that, given the normalization above for the spherical harmonics,
the solution in equation (2.178) describes a state in which the particle has a
probability distribution |xg,(r)|? in the radial coordinate r, i.e. |x g, (7)|* dr
gives the probability of finding the particle in the range [r,r + dr]. Legendre’s
polynomials satisfy instead the following relation

1
o 25[7[' o
/1 dePi@)Pr(x) = 525, R(1)=1. (2.180)

It is interesting to consider the transformation properties of the particular
solutions given in equation (2.178) under a reflection of all coordinate axes,
ie. (z,y,2) — (—x,—y, —z), which is also known as Parity transformation. A
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central potential is invariant under parity (r — r) hence, following the same
argument given at the beginning of Section 2.6, it is always possible to choose
a particular complete set of solutions of the stationary Schrédinger equation
which are invariant under parity, apart from a constant factor which can only
be +1 (even or odd solutions). For an even potential in one dimension, the
spectrum of bound states is always non-degenerate and that implies that only
even or odd solutions can be found. In the case of a central potential in three
dimensions, instead, it is apparent that equation (2.177) is independent of m,
so that the solutions written in equation (2.178) have at least degeneracy 2{+1,
corresponding to the different possible values of m; such degeneracy is related
to rotational invariance. Therefore it is not obvious a priori that the solutions
given in equation (2.178) have well defined transformation properties under
parity. However, since they are written as a function of r times a homogeneous
polynomial of degree [ in the coordinates, in fact they have a well defined
parity under reflection of all coordinates, which is equal to (—1)!, i.e. solutions
with even (odd) angular momentum are parity even (odd).

For reader’s convenience, we give the explicit form of spherical harmonics
up tol = 2:

1 3 3 :
Yoo=1/—; Yi9=14/-—cos#, Y1i1:$\/—sin96i“/’;
’ 47 ’ 47 ’ s
Yoo = i(3 cos?f — 1) Y5 = 15 sin 0 cos § eti¥
2’0_”167r ) 2,¢1—¥\/87T
15 9, gy
Yo 40 = 3on sin“ 0 e . (2.181)

The construction of spherical harmonics starting from harmonic and homo-
geneous polynomials guarantees that spherical harmonics give a complete set
of functions of polar angles. This means that any function F(r,0,¢) can be
expanded in the form:

F(r,0,¢) = Z Z Yim(0,9) f1m(r) - (2.182)

=0 m=—1

In this expansion r appears as a parameter, in the sense that the expansion
holds true for any fixed value of r. We should clarify in which sense the above
expansion converges. It turns out that it converges in the topology of square
integrable functions of the polar angles, with the measure appearing in equa-
tion (2.179). This is by no means surprising, since for limited r, i.e. in a ball,
which is a compact sub-manifold of the three-dimensional space, any square
integrable function can be expanded in polynomials of the space coordinates®
and we have seen how these polynomials can be built from harmonic homo-
geneous polynomials which are directly related to spherical harmonics. This

5 This is a consequence of the Stone-Weierstrass theorem.
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fact, together with the linearity of the Schrodinger equation, implies that the
search for solutions should be limited to functions of the form (2.178), whose
radial part has to be determined. For this reason we now consider the solution
of the radial equations (2.176) and (2.177).

In the case of piecewise constant potentials V'(r), similar to those discussed
in the one-dimensional case, the analysis strategy does not change and one has
only to pay special attention to the additional constraint that the wave func-
tion must vanish in r = 0, otherwise the related probability density would be
divergent. In particular, in the S wave case (that being the usual way of indi-
cating the case I = 0), equation (2.177) is exactly equal to the one-dimensional
Schrodinger equation, therefore the solution can be obtained as a linear com-
bination of functions like sin(y/2m(E — V) r/k) and cos(y/2m(E — V) r/h)
for E > V and exp(++/2m(V — E) r/h) in the opposite case. Therefore, in
the case of a spherical potential well:

V(r)=-VO(R —r), (2.183)

where ¥y > 0 and O(x) is the step function (©(z) = 1 for z > 0 and
O(z) = 0 for = < 0), the radial equation coincides with the one-dimensional
Schrédinger equation for the parity odd wave functions in a square well of
width 2R. Thus one can find the equation for the binding energy in (2.98).

For [ > 0 sine and cosine and exponentials must be replaced by new special
functions (which are called spherical Bessel functions), which can be explicitly
constructed using the recursive equation:

[+1
¢ Xp+1(r) = ——=xpa(r) - Xga(r), (2.184)

whose validity can be directly checked writing equation (2.177), for V (r) = 0,

in the form: W)
Jr
X (1) + [iQZ - T] xei(r) =0. (2.185)

If for instance we want to study the possible bound states in P wave (i.e.
I = 1) for the potential well above, setting the energy to —B and defining

k = y/2mB/h*, we must connect the internal solution sin(gr)/qr — cos(qr),

which vanishes in r = 0, with the external solution which vanishes as r — oo,
i.e. ae=*("=R)(1/kr + 1). This leads to the system:

q K

sin(¢R) — qR cos(qR) u 1+ kR

sin(qR)(1 — ¢*R?) — qR cos(qR) 1+ &R+ k*R?
a .

q K

Therefore, setting y = v/2mVy R/, x = ¢R and hence kR = \/y? — 22, one
has the transcendental equation:
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y? — 22

y2 + Z.QW ’

For 0 < z < y the equation requires 0 < tanz/x < 1, which is realized only
if x > w. This implies the absence of [ = 1 bound states for y < 7, while we
see, comparing with the one-dimensional case, that the first [ = 0 bound state
appears for y = m/2. Notice that if no bound state can be found for [ = 0,
none will be found for [ # 0 as well, since a non-zero angular momentum acts
as a repulsive centrifugal contribution to the effective potential entering the
radial equation (2.177). Hence no bound state is found for the spherical well
ify<m/2.

Another case of great interest is obviously the study of bound states in
a Coulomb potential, which permits an analysis of the energy levels of the
hydrogen atom. To that aim let us consider the motion of a particle of mass
m in a central potential V (r) = —e?/(4megr), where € is the vacuum dielectric
costant and e is (minus) the charge of the (electron) proton in MKS units;
m is actually the reduced mass in the case of the proton-electron system,
m = memy/(Mme + mp), which is equal to the electron mass within a good
approximation. In this case it is convenient to start from (2.176), which we
rewrite as

tanxr = x

fBa(r) 2me? 2mB
2y B = =

where B = —F is the binding energy. Before proceeding further, let us per-
form a change of variables in order to work with dimensionless quantities:
we introduce the Bohr radius ag = 4meph?®/(me?) ~ 0.52 107*° m and the
Rydberg energy constant Er = hR = me*/(2h%(4meg)?) ~ 13.6 eV, which
are the typical length and energy scales which can be constructed in terms
of the physical constants involved in the problem. Equation (2.186) can be
rewritten in terms of the dimensionless radial variable p = r/ag and of the
dimensionless binding energy B/Er = A2, with A > 0, as follows:

ai(p) +2(0 + 1)%@) + %fx,l(ﬂ) =X faulp). (2.187)

Ba(r) +2(0+1) fBa(r), (2.186)

4meg

Let us first consider the asymptotic behavior of the solution as p — oo: in this
limit the second and the third term on the left hand side can be neglected,
so that the solution of (2.187) is asymptotically also solution of fY,(p) =
N fra(p), ie. fai(p) ~ e for p > 1. The asymptotically divergent behavior
must obviously be rejected if we are looking for a solution corresponding
to a normalizable bound state. We shall therefore write our solution in the
form fx;(p) = hxi(p)e >, where hy ;(p) must be a sufficiently well behaved
function as p — oo. The differential equation satisfied by hy ;(p) easily follows
from (2.187):

200 +1 2
’A',z+< (: )QA) &,ﬁ;(lfk(lﬂ))m,l:o. (2.188)
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We shall write hy ;(p) as a power series in p, thus finding a recursion relation
for its coefficients, and impose that the series stops at some finite order so as
to keep the asymptotic behaviour of fy ;(p) as p — oo unchanged.

In order to understand what is the first term p° of the series that we have
to take into account, let us consider the behavior of (2.188) as p — 0. In this
case hy; ~ p° and it can be easily checked that (2.188) is satisfied at the
leading order in p only if s(s — 1) = —2s(I + 1), whose solutions are s = 0
and s = —2] — 1. Last possibility must be rejected, otherwise the probability
density related to our solution would be divergent in the origin. Hence we
write:

o0

hai(p) =co+c1p+ i+ e+ = Z enp” (2.189)
h=0

with ¢y # 0. Inserting last expression in (2.188), we obtain the following
recurrence relation for the coefficients c¢y,:
Ah+14+1)-1
c
h+1)(h+20+1) "

%+1:2( (2.190)

which, apart from an overall normalization constant fixing the starting coef-
ficient ¢, completely determines our solution in terms of [ and \. However if
the recurrence relation never stops, it becomes asymptotically (i.e. for large
h):

2\

Ch4+1 = 7 Ch,

which can be easily checked to be the same relation relating the coefficients in
the Taylor expansion of exp(2Ap). Therefore, if the series does not stop, the
asymptotic behavior of fy ;(p) changes, bringing back the unwanted divergent
behavior fy;(p) ~ e*. The series stops if and only if the coefficient on the
right hand side of (2.190) vanishes for some given value h = k > 0, hence

1

H—-1= =—.
ANk+1+1) 0 = A e

(2.191)
In this case hy ;(p) is simply a polynomial of degree k in p, which is completely
determined (neglecting an overall normalization) as a function of [ and k:
these polynomials belong to a well known class of special functions and are
usually called associated Laguerre polynomials. We have therefore found that,
for a given value of [, the admissible solutions with negative energy, i.e. the
hydrogen bound states, can be enumerated according to a non-negative integer
k and the energy levels are quantized according to (2.191).
If we replace k by a new integer and strictly positive quantum number n
given by:
n=k+l+1=\", (2.192)
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which is usually called the principal quantum number, then the energy levels
of the hydrogen atom, according to (2.191) and to the definition of A, are
given by
B, —-Lr_ __met
n 8egh?n?’

in perfect agreement with the Balmer—Rydberg series for line spectra and with
the qualitative result obtained in Section 2.2 using Bohr’s quantization rule.

It is important to notice that, in the general case of a motion in a central
field, energy levels related to different values of the angular momentum [
are expected to be different, and they are indeed related to the solutions
of different equations of the form given in (2.176). Stated otherwise, the only
expected degeneracy is that related to the rotational symmetry of the problem,
leading to degenerate wave function multiplets of dimension 2/+1, as discussed
above. However, in the case of the Coulomb potential, we have found a quite
different result: according to (2.192), for a fixed value of the integer n > 0,
there will be n different multiplets, corresponding to I = 0,1,...,(n — 1),
having the same energy. The degeneracy is therefore

n—1

> @i+1)=n?

=0

instead of 2] + 1. Unexpected additional degeneracies like this one are usually
called “accidental”, even if in this case degeneracy is not so accidental. Indeed
the problem of the motion in a Coulomb (or gravitational) field has a larger
symmetry than simply the rotational one. We will not go into details, but just
remind the reader of a particular integral of motion which is only present,
among all possible central potentials, in the case of the Coulomb (gravita-
tional) field: that is Lenz’s vector, which completely fixes the orientation of
classical orbits. Another central potential leading to a similar “accidental”
degeneracy is that corresponding to a three-dimensional isotropic harmonic
oscillator. Actually, the Coulomb potential and the harmonic oscillator are
joined in Classical Mechanics by Bertrand’s theorem, which states that they
are the only central potentials whose classical orbits are always closed.

Let us give the explicit form of the hydrogen wave functions in a few cases.
Writing them in a form similar to that given in (2.178), and in particular as

¢n,l,m(rv 97 ¢) = Rn,l(r)yvl,m (9, 90) P

we have

Ry(r) = 2(ao) %% exp(—r/ao) ,

Roo(r) = 2(2%)73/2 (1 — 2%0) exp(—r/2aq) ,
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Ry1(r) = (2a0)73/2%§0 exp(—7/2ap) .

We complete our introduction to the Schrodinger equation with central po-
tentials reconsidering the case of the isotropic harmonic oscillator, that we
shall discuss in a moment. We briefly recall the main results. The Schrodinger
equation:

h2 2 k 2
—5 Vit 5 | e = Eyp (2.193)

written in the form (2.126), appears separable in Cartesian coordinates and it
is possible to find solutions written as the product of one-dimensional solutions

Yngny . (T,Y,2) = Yn, (2)Vn, (Y)n. (2), and the corresponding energy is the
sum of one-dimensional energies,

By, = hw(ng +ny +n. +3/2) = hw(n+3/2),

where n = ng; + ny + n, and w = /k/m. In particular the ground state
wave function is ¢ (1) = (a?/7)%/* exp(—a?r?/2), where o = \/mw/h is the
inverse of the typical length scale of the system introduced in equation (2.108).
Using the operator formalism we introduce three raising operators

N

V2

1 1 1
T x = _— -
Y e <‘” a@)
1 1 1
Ay = =¥ === (o~ 10,
Y Vhw V2 (ay a?
1 1 1
Al = —7 = — ~ -9, , 2.194
© Vhw V2 <az o > ( )

and we write the generic solution shown above in the form:

T\ne ( ATy (AT 7=
(A3)" (A))" (AL) bolr) (2.195)

’(/}nz,ny,nz (-7773/’2) = T 1 1
v/ nzlng!n,!

where the square root in the denominator is the normalization factor (see
equation (2.125)). As we have shown in Section 2.7, these solutions are degen-
erate, in the sense that there are (n + 1)(n + 2)/2 solutions corresponding to
the same energy E, = hw(n+3/2) if n = ng + ny + n., and form a complete
set. They also have the same transformation properties under reflection of
all coordinate axes (parity transformation): indeed, since the ground state is
parity even and each raising operator is parity odd, it is apparent that the so-
lution corresponding to ng, ny, n, has parity (—1)"=+mv+": = (—1)". However
they have no well defined angular momentum property, their form does not
correspond to that shown in equation (2.178). Our purpose is to identify the
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solutions with well defined angular momentum quantum numbers, that is [
and m: they will form an alternative complete set, i.e. a different orthonormal
basis for the linear space of solutions corresponding to each energy level.

With this purpose it is useful to study the commutation rules of the angular
momentum components with the raising operators and to take into account
that the ground state is rotation invariant, that is L;ipo(r) =0, for i = £,z .
In order to simplify the commutation rules we adapt our raising operators to
the choice of complex coordinates x4, z introducing:

1 2 .
Al = 7 (aazi — Ea”) = Al +i4] . (2.196)

They satisfy the commutation rules :

(L, AL) = +2nAl | [Ly, AL =0, (2.197)

which coincide with those given in equation (2.160), after the substitution
ALHzandAlei.

Due to the same correspondence and to the rotation invariance of )y,
given a polynomial P(z4,z_,z2) in the coordinates and the wave function
P(xy,x—, z)1ho(r), together with another wave function written in the opera-
tor formalism as P(AL AT Ao (r), we can state that if

LiP(l‘Jr,:L',,Z)i/}()(T) = Qi(IJrvxfaZ)wO(r)v (2198)

then
LiP(AL, AT, ATy (r) = Qu(AT, AT, Al)gso (). (2.199)

Notice that the AT operators commute among themselves, thus P(AE_, Al Al)

is a well defined differential operator and P(AI_, AT Ao (r) is a well defined
wave function. The left-hand sides of the above equations are computed by
repeatedly commuting L; with the coordinates z4,x_,z, in the first equa-
tion, and with the raising operators Ai, At, Al in the second one, until L;
reaches and annihilates 1y. The strict correspondence of the commutation
rules guarantees the validity of the above equations.®

Hence in particular, considering the harmonic homogeneous polynomials
given in equation (2.173) and recalling that:

5 This one-to-one correspondence between the action of the generators of rota-
tions on the coordinates and on the raising operators can be generalized to other
linear, in fact unitary, transformations of the coordinates, transforming homo-
geneous polynomials into homogeneous polynomials of the same degree. These
transformations act within degenerate multiplets of solutions of the Schrédinger
equation and clarify the origin of the additional degeneracy which is found for
the central harmonic potential.
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L2V g,z 2)00(r) = B2+ DY (x4, 2, 2)tbo(r) (2.200)

and that
L.Yim(g, -, 2)tho(r) = hmYim (x4, 2-, 2)to(r)] (2.201)

we have:

L2V (AL, AT ALY o (r) = B2+ 1)V m (AL, AT A )po(r) , (2:202)
and
LY (AL AT, ALY (r) = hmdpm (AL, AT Ao (r) . (2.203)

In this way we have identified a degenerate set of solutions of the Schrédinger
equation corresponding to the energy E; = fiw(l+3/2)E and with the angular
momentum given above. However this does not exhaust the solutions with the
same energy. Indeed for any positive integer k < [[/2], considering that

Lle—Qk,m (x-‘r’ Z—, z) <r2>k"/}0(r)
=121 —2k) (1 — 2k + D)Y1—op m(zy, z—, 2) () FPo(r)  (2.204)
and that
LYiokm @y, -, 2)(r?) 4o (r) = hmdiap m (24, 2, 2)(r%) o (r) (2.205)
we have
L2V opm (AL AT, AD (AL AT + (AD)2) R4 (r) (2.206)
= R2(1 = 2k)(I — 2k + D)V1_apm (AL, AT ANy AL AT 4 (AD)2) g (r)
and
LYi—om(AL AT AN (AT AT 4 (AD)2) kg (r)
= hmYi_apm(AL, AL AD (AL AL 4 (A1) Pyo(r). (2:207)

Therefore we have 21 — 4k + 1 further solutions with the same energy E; and
angular momentum [ — 2k. Notice that we have not considered the problem of
normalizing the above wave functions. In this way, for any [, we have identified

QI+ + @ -4+ +...=1+1)(1+2)/2

independent solutions with energy E;. These solutions form a complete degen-
erate set, i.e. a new basis, alternative to that described by equation (2.128),
for the linear space of solutions of energy FE;. Their angular momenta corre-
spond to all possible non-negative integers ranging from ! down to zero (or
one), but keeping the same parity of I. This last property can be easily un-
derstood, recalling that all solutions belonging to the same energy level of
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the isotropic harmonic oscillator have the same transformation properties un-
der parity (they are even or odd depending on the parity of [, i.e. they have
parity (—1)l), and that, on the other hand, the solutions with fixed angular

momentum [ have parity (—1).

Suggestions for Supplementary Readings
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ing Company Inc., Menlo Park 1985)

e E. Persico: Fundamentals of Quantum Mechanics (Prentice - Hall Inc., Engle-
wood Cliffs 1950)

Problems

2.1. A diatomic molecule can be simply described as two point-like objects of
mass m = 10726 Kg placed at a fixed distance d = 107? m. Describe what are
the possible values of the molecule energy according to Bohr’s quantization
rule. Compute the energy of the photons which are emitted when the system
decays from the (n 4 1)-th to the n-th energy level.

Answer: Ent1 — E, = (B?/21)(n + 1)? — (R*/20)n* = (2n + 1)A?/(md?) ~
1.1 1072*(2n 4 1) J. Notice that in Sommerfeld’s perfected theory, mentioned in
Section 2.2, the energy of a rotator is given by E, = h?n(n +1)/2I, so that the
factor 2n 4 1 in the solution must be replaced by 2n + 2.

2.2. An artificial satellite of mass m = 1 Kg rotates around the Earth along a
circular orbit of radius practically equal to that of the Earth itself, i.e. roughly
6370 Km. If the satellite orbits are quantized according to Bohr’s rule, what
is the radius variation when going from one quantized level to the next (i.e.
from n ton + 1)7

Answer: If g indicates the gravitational acceleration at the Earth surface, the
radius of the n-th orbit is given by 7, = n2h2/(m2R2g). Therefore, if r, = R,
O0Tn = rng1 — o =~ 2h/(my/Rg) ~ 2.6 1073 m.
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2.3. An electron is accelerated through a potential difference AV = 108 V,
what is its wavelength according to de Broglie?

Answer: The energy gained by the electron is much greater than mc?, therefore it is
ultra-relativistic and its momentum is p ~ E/c . Hence X ~ hc/e AV ~ 12.4 107 m.
The exact formula is instead A = hc/\/(eAV + mec?)? — m2ct.

2.4. An electron is constrained to bounce between two reflecting walls placed
at a distance d = 102 m from each other. Assuming that, as in the case of
a stationary electromagnetic wave confined between two parallel mirrors, the
distance d be equal to n half wavelengths, determine the possible values of
the electron energy as a function of n.

Answer: B, = h®m*n?/(2md?) ~ n? 6.03 1072 J.

2.5. An electron of kinetic energy 1 eV is moving upwards under the action
of its weight. Can it reach an altitude of 1 Km? If yes, what is the variation
of its de Broglie wavelength?

Answer: The maximum altitude reachable by the electron in a constant gravi-
tational field would be h = T/mg ~ 1.6 10'° m. After one kilometer the kinetic
energy changes by §T/T ~ 5.6 1078, hence A/\ ~ 2.8 10 8. Since the starting
wavelength is A = h/v/2mT ~ 1.2 107° m, the variation is 6\ ~ 3.4 1077 m.

2.6. Ozone (O3) is a triatomic molecule made up of three atoms of mass
m ~ 2.67 10726 Kg placed at the vertices of an equilateral triangle with sides
of length [. The molecule can rotate around an axis P going through its center
of mass and orthogonal to the triangle plane, or around another axis I which
passes through the center of mass as well, but is orthogonal to the first axis.
Making use of Bohr’s quantization rule and setting [ = 10719 m, compare the
possible rotational energies in the two different cases of rotations around P
or L.

Answer: The moments of inertia are Ip = mi?> = 2.67 107%¢ Kgm2 and Iy, =
ml2/2 = 1.34 10746 Kng. The rotational energies are then Er, = 2Ep, =
R*n?/2I; ~n® 421073 J .

2.7. A table salt crystal is irradiated with an X-ray beam of wavelength
A = 2.5 10710 m, the first diffraction peak (dsinf = )) is observed at an
angle equal to 26.3°. What is the interatomic distance of salt?

Answer: d= \/sinf ~5.6107 m .

2.8. In (3 decay a nucleus, with a radius of the order of R = 10~ m, emits
an electron with a kinetic energy of the order of 1 MeV = 10% eV. Compare
this value with that which according to the uncertainty principle is typical
of an electron initially localized inside the nucleus (thus having a momentum



100 2 Introduction to Quantum Physics
p~ h/R).

Answer: The order of magnitude of the momentum of the particle is p ~ /R ~
1072° N s, thus pc ~ 3 107'? J, which is much larger that the electron rest energy
mec? ~ 8 107 J. Therefore the kinetic energy of the electron in the nucleus is
about pc = 3.15 10712 J ~ 20 MeV.

2.9. An electron is placed in a constant electric field € = 1000 V/m directed
along the x axis and going out of a plane surface orthogonal to the same axis.
The surface also acts on the electron as a reflecting plane where the electron
potential energy V(x) goes to infinity. The behaviour of V(x) is therefore as
illustrated in the following figure.

V(x)

Evaluate the order of magnitude of the minimal electron energy according to
Heisenberg’s Uncertainty Principle.

Answer: The total energy is given by ¢ = p?/2m + V(z) = p*/2m + efx, with
the constraint x > 0. From a classical point of view, the minimal energy would be
realized for a particle at rest (p = 0) in the minimum of the potential. The uncer-
tainty principle states instead that dp dz ~ h, where dz is the size of a region around
the potential minimum where the electron is localized. Therefore the minimal total
energy compatible with the uncertainty principle can be written as a function of dz
as E(6x) = h?/(2mdz?) 4 e£6z (5z > 0) and has a minimum

3 (526252

€min ~Y =

1/3
5 ) ~0.610"*eV.

m
2.10. An atom of mass M = 10726 Kg is attracted towards a fixed point by
an elastic force of constant k¥ = 1 N/m; the atom is moving along a circular
orbit in a plane orthogonal to the x axis. Determine the energy levels of the
system by making use of Bohr’s quantization rule for the angular momentum
computed with respect to the fixed point.

Answer: Let w be the angular velocity and r the orbital radius. The centripetal
force is equal to the elastic one, hence w = y/k/M. The total energy is given by
E = (1/2)Mw?r® + (1/2)kr®> = Mw?r® = Lw, where L = Mwr? is the angu-
lar momentum. Since L = nh, we finally infer FE,, = nhw ~ n 1.05 1072 J ~
n 0.66 1077 eV.

2.11. Compute the number of photons emitted in one second by a lamp of
power 10 W, if the photon wavelength is 0.5 1076 m.
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Answer: The energy of a single photon is F = hv and v = ¢/\ = 6 10'* Hz, hence
E ~ 4107 J. Therefore the number photons emitted in one second is 2.5 10*°.

2.12. A particle of mass m = 1072® Kg is moving along the x axis un-
der the influence of a potential energy given by V(z) = wv4/|z|, where

v =10"1% J m~'/2. Determine what is the order of magnitude of the minimal
electron energy according to the uncertainty principle.

Answer: The total energy of the particle is given by

2
p
E=—4uvy/|z|.
o ToVzl
If the particle is localized in a region of size éz around the minimum of the potential
(z = 0), according to the uncertainty principle it has a momentum at least of the
order of dp = h/dx. It is therefore necessary to minimize the quantity

h2
FE + vViox

~ omox?

with respect to dz, finally finding that

K2yt 1/5
Euin ~ <7) (21/5 T+ 2—9/5) ~ 0.092 eV.

It is important to notice that our result, apart from a numerical factor, could be
also predicted on the basis of simple dimensional remarks. Indeed, it can be easily
checked that (h2v*/m)/% is the only possible quantity having the dimensions of an
energy and constructed in terms of m, v and h, which are the only physical constants
involved in the problem. In the analogous classical problem % is missing, and v and
m are not enough to build a quantity with the dimensions of energy, hence the
classical problem lacks the typical energy scale appearing at the quantum level.

2.13. An electron beam with kinetic energy equal to 10 eV is split into two
parallel beams placed at different altitudes in the terrestrial gravitational field.
If the altitude gap is d = 10 cm and if the beams recombine after a path of
length L, say for which values of L the phases of the recombining beams are
opposite (destructive interference). Assume that the upper beam maintains
its kinetic energy, that the total energy is conserved for both beams and that
the total phase difference accumulated during the splitting and the recombi-
nation of the beams is negligible.

Answer: De Broglie’s wave describing the initial electron beam is proportional to
exp(ipr/h—iEt/h), where p = v/2mE}, is the momentum corresponding to a kinetic
energy Fi and E = Ej, +mgh is the total energy. The beam is split into two beams,
the first travels at the same altitude and is described by the same wave function, the
second travels 10 cm lower and is described by a wave function o exp(ip’z /hi—iFt/h)
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where p’ = \/QmE,’c = \/Qm(Ek + mgd) (obviously the total energy F stays un-
changed). The values of L for which the two beams recombine with opposite phases
are solutions of (p’ — p)L/h = (2n + 1)m where n is an integer. The smallest value
of Lis L = wh/(p’ — p). Notice that mgd ~ 1073 J < 10 eV =~ 1.6 107** J hence
p' —p ~ V2mEg(mgd/2Ey) and L ~ 2rhEy/(mgdy/2mEy) ~ 696 m. This experi-
ment, which clearly demonstrates the wavelike behaviour of material particles, has
been really performed but using neutrons in place of electrons: the use of neutrons
has various advantages, among which that of leading to smaller values of L because
of the much heavier mass, as it is clear from the solution. That makes the setting of
the experimental apparatus simpler.

2.14. An electron is moving in the x — y plane under the influence of a mag-
netic induction field parallel to the z-axis. What are the possible energy levels
according to Bohr’s quantization rule?

Answer: The electron is subject to the force ev A B where v is its velocity. Clas-
sically the particle, being constrained in the x — y plane, would move on circular
orbits with constant angular velocity w = eB/m, energy E = 1/2 mw?r? and any
radius r. Bohr’s quantization instead limits the possible values of r by mwr? = nh.
Finally one finds E = 1/2 nhw = nheB/(2m). This is an approximation of the
exact solution for the quantum problem of an electron in a magnetic field (Landau’s
levels).

2.15. The positron is a particle identical to the electron but carrying an oppo-
site electric charge. It forms a bound state with the electron, which is similar
to the hydrogen atom but with the positron in place of the proton: that is
called positronium. What are its energy levels according to Bohr’s rule?

Answer: The computation goes exactly along the same lines as for the proton—
electron system, but the reduced mass p = m?/(m + m) = m/2 has to be used in
place of the electron mass. energy levels are thus

me4

Eyn=——s55—.
" 16e2h2n?

2.16. A particle of mass M = 1072? Kg is moving in two dimensions under
the influence of a central potential
V=or,

where o = 10° N. Considering only circular orbits, what are the possible val-
ues of the energy according to Bohr’s quantization rule?

Answer: Combining the equation for the centripetal force necessary to sustain
the circular motion, mw?r = o, with the quantization of angular momentum,
mwr? = nh, we obtain for the total energy, E = 1/2 mw?r? + or, the following

quantized values
9 o9\ 1/3
En:g<h0> n?3 ~2n*? Gev .
m
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Notice that the only possible combination of the physical parameters available in
the problem with energy dimensions is (h%c?/m)'/®. The potential proposed in this
problem is similar to that believed to act among quarks, which are the elemen-
tary constituents of hadrons (a wide family of particles including protons, neutrons,
mesons ...); o is usually known as the string tension. Notice that the lowest en-
ergy coincides, identifying 0 = e£, with that obtained in Problem 2.9 using the
uncertainty principle for the one-dimensional problem.

2.17. The momentum probability distribution for a particle with wave func-
tion ¥ (x) is given by

0o 1 ) B
dr—=e" P2/ (z) 2 = | (p)]? .
[ degme ) = 10
Compute the distribution for the following wave function (z)=e~*/2 /a /2
(a is real and positive) and verify the validity of the uncertainty principle in
this case.

Answer: §(p) = (ha)®/? /(v/47(p?* + h?a?/4)) hence

AQ_E Ood 27a|z|_3
=5 T T e =
—oo

A2 _ (ha)3 oo dp p2 _ a2h2
B A R S

so that AZA2 = h?/2 > h?/4.

2.18. Show that a wave packet described by a real wave function has always
zero average momentum. Compute the probability current for such packet.

Answer: From the relation

Mmz/ o e ()

oo

and ¥*(z) = ¢(x) we infer

oo
- 1 ipayn -
P = [ o ) = b
e VR
hence |1(p)|? = |¢)(—p)|?. The probability distribution function is even in momen-
tum space, so that the average momentum is zero. The probability current is zero as
well, in agreement with the average zero momentum, i.e. with the fact that there is
not net matter transportation associated to this packet. Notice that the result does

not change if ¥ (z) is multiplied by a constant complex factor el?,

2.19. The wave function of a free particle is

igx

h

1 P
v = V2Ph [P dace
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at time ¢ = 0. What is the corresponding probability density p(x) of locating
the particle at a given point 7 What is the probability distribution function
in momentum space? Give an integral representation of the wave function at
a generic time ¢, assuming that the particle mass is m.

Answer: The probability density is p(z) = |1 (x)|*> = h/(wPx?)sin?® (Pz/h) while
Y(z,t) = (1/V2Ph) f_PP dqei(quth/Qm)/hA The distribution in momentum in in-
stead given by |i(p)[? = ©(P? — p*)/2P, where O is the step function, O(y) = 0
for y < 0 and O(y) = 1 for y > 0. Notice that for the given distribution we have
A2 = 0. The divergent variance is strictly related to the sharp, step-like distribution
in momentum space; indeed A2 becomes finite as soon as the step is smoothed.

2.20. An electron beam hits the potential step sketched in the figure, coming
from the right. In particular, the potential energy of the electrons is 0 for
x < 0and =V = —300 eV for x > 0, while their kinetic energy in the original
beam (thus for x > 0) is Ej = 400 ¢V. What is the reflection coefficient?

V(x)

Answer: The wave function can be written, leaving aside an overall normalization
coefficient which is not relevant for computing the reflection coefficient, as

P(z) = be *'* for z <0 , Y(z) =e " 4 ae™® for x>0

where k = 2mEy/h = \/2m(E +V)/h and k' = \/2m(Ek —V)/h = V2mE/#k;
m is the electron mass and £ = E, — V is the total energy of the electrons. The
continuity conditions at the position of the step read

b=1+a, bk’ = (1 —a)k,
hence

b— 2 a_lfk'/k

T+ kE 1+ kK
and

k+K ) oEyvi2/EELY) 9

2.21. An electron beam hits the same potential step considered in Prob-
lem 2.20, this time coming from the left with a kinetic energy £ = 100 eV.
What is the reflection coefficient in this case?

/ 2 —
R=|af = (k—k) _2E4+V-2/E(E+V) 1

Answer: In this case we write:

w(x) _ eik/x + be—ik/x fOI‘ T < 0 , d)(x) _ aeikx fOI‘ > 07
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where again k = \/2m(E + V)/h and k' = v2mE/h with E = E}, being the total

energy. By solving the continuity conditions we find:

po KIk=1 o p e <k’—k>2_ 2E+V-2/EE+V) 1

1tk k+ kK 9

C2E+V+2/EE+Y) 9

We would like to stress that the reflection coefficient coincides with that obtained
in Problem 2.20: electron beams hitting the potential step from the right or from
the left are reflected in exactly the same way, if their total energy E is the same,
as it is in the present case. In fact this is a general result which is valid for every
kind of potential barrier and derives directly from the invariance of the Schrédinger
equation under time reversal: the complex conjugate of a solution is also a solution.
It may seem a striking result, but it should not be so striking for those familiar with
reflection of electromagnetic signals in presence of unmatching impedances.

Notice also that there is actually a difference between the two cases, consisting
in a different sign for the reflected wave. That is irrelevant for computing R but
significant for considering interference effects involving the incident and the reflected
waves. In the present case interference is destructive, hence the probability density
is suppressed close to the step, while in Problem 2.20 the opposite happens. To
better appreciate this fact consider the analogy with an oscillating rope made up
of two different ropes having different densities (which is a system in some sense
similar to ours), and try to imagine the different behaviors observed if you enforce
oscillations shaking the rope from the heavier (right-hand in our case) or from the
lighter (left-hand in our case) side. As extreme and easier cases you could think of a
single rope with a free end (one of the densities goes to zero) or with a fixed end (one
of the densities goes to infinity): the shape of the rope at the considered endpoint is
cosine-like in the first case and sine-like in the second case, exactly as for the cases
of respectively the previous and the present problem in the limit V — oco.

2.22. An electron beam hits, coming from the right, a potential step similar
to that considered in Problem 2.20. However this time —) = —10 eV and the
kinetic energy of the incoming electrons is E = 9 eV. If the incident current
is equal to J = 1072 A, compute how many electrons can be found, at a given
time, along the negative = axis, i.e. how many electrons penetrate the step
barrier reaching positions which would be classically forbidden.

Answer: The solution of the Schrodinger equation can be written as
P(z) = ce” " for z<0, Y(x) =a e’ +be PN for >0

where p = v2mE and p’ = \/2m(V — E). Imposing continuity in = = 0 for both
() and its derivative, we obtain ¢ = 2a/(1 + ip’/p) and b=a(1 — ip'/p)/(1 + ip’ /p).
It is evident that |b|* = |a|?, hence the reflection coefficient is one. Indeed the prob-
ability current J(z) = —ih/(2m)(¢* 0z — 1029™) vanishes on the left, where we
have an evanescent wave function, hence no transmission. Nevertheless the prob-
ability distribution is non-vanishing for < 0 and, on the basis of the collective
interpretation, the total number of electrons on the left is given by

2|al*hp?

V= [ s = jeenyer) = S
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The coefficient a can be computed by asking that the incident current Jo = eJ =
elal®*p/m = 1072 A. The final result is N ~ 1.2.

2.23. An electron is confined inside a cubic box with reflecting walls and an
edge of length L = 2 1072 m. How many stationary states can be found with
energy less than 1 eV? Take into account the spin degree of freedom, which
in practice doubles the number of available levels.

Answer: Energy levels in a cubic box are En, n,.n, = m°h*(n2 4+ nj + n2)/(2mL?),
where m = 0.911 1073 Kg and ng,ny,n. are positive integers. The constraint
E < 1 eV implies n2 +n§ +n? < 10.7, which is satisfied by 7 different combinations
((1,1,1), (2,1,1), (2,2,1) plus all possible different permutations). Taking spin into
account, the number of available levels is 14.

2.24. When a particle beam hits a potential barrier and is partially transmit-
ted, a forward going wave is present on the other side of the barrier which,
besides having a reduced amplitude with respect to the incident wave, has
also acquired a phase factor which can be inferred by the ratio of the trans-
mitted wave coefficient to that of the incident one. Assuming a thin barrier
describable as

V(z)=vd(z),

and that the particles be electrons of energy £ = 10 eV, compute the value
of v for which the phase difference is —7/4.

Suppose now that we have two beams of equal amplitude and phase and
that one beam goes through the barrier while the other goes free. The two
beams recombine after paths of equal length. What is the ratio of the recom-
bined beam intensity to that one would have without the barrier?

Answer: On one side of the barrier the wave function is e'V2mFe/h 4 g g=1V2mEz/h

while it is b V2" E*/h on the other side. Continuity and discontinuity constraints
read 1+a=0>b and b—1+a = \/2m/Evb/h , from which b = (14 iy/m/2Ev/h)~!
can be easily derived. Requiring that the phase of b be —m/4 is equivalent to
/m/2Ev/h = 1, hence v ~ 2.0 1072% J m.

With this choice of v the recombined beam is [1+1/(1 + i)]eimz/h. The ratio
of the intensity of the recombined beam to that one would have without the barrier
is |[14+1/(1 +1)]/2|* = 5/8.

2.25. If a potential well in one dimension is so thin as to be describable by a
Dirac delta function:

V(z) = -V Lix)
where V is the depth and L the width of the well, then it is possible to
compute the bound state energies by recalling that for a potential energy of
that kind the wave function is continuous while its first derivative has the
following discontinuity:

lig (00 + €) = Duh(w — €)) = — 3 VLY(0)
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What are the possible energy levels?

Answer: The bound state wave function is

ae VEMET/R for >0 and aeV? B/ for g <0

where the continuity condition for the wave function has been already imposed.
B = |E| is the absolute value of the energy (which is negative for a bound state).
The discontinuity condition on the first derivative leads to an equation for B which
has only one solution, B = mV?L?/(2h?), thus indicating the existence of a single
bound state.

2.26. A particle of mass m moves in the following one-dimensional potential:
1
V(z) =v(ad(z — L)+ ad(z+ L) — Z@(L2 —2%)),

where O is the step function, ©(y) = 0 for y < 0 and O(y) = 1 for y > 0.
Constants are such that
2mvl (7‘(‘)2
R \4)
For what values of @ > 0 are there any bound states?

Answer: The potential is such that V(—z) = V(x): in this case the lowest en-
ergy level, if any, corresponds to an even wave function. We can thus limit the
discussion to the region z > 0, where we have ¢(z) = coskz for x < L and

P(x) = ae™P® for © > L, with the constraint 0 < k < +/2mw/(h?L) = n/(4L),
since B = \/2mw/(h*L) — k2 must be real in order to have a bound state, hence

kL < /4. Continuity and discontinuity constraints, respectively on 1 (x) and 9’ (z)
in 2 = L, give: tan kL = (3 + 2mwva/h?)/k. Setting y = kL, we have

w2 2 2
Vie —Y t+ 1w

Y

tany =

The function on the left hand side grows from 0 to 1 in the interval 0 < y < 7/4,
while the function on the right decreases from co to am/4 in the same interval.
Therefore an intersection (hence a bound state) exists only if o < 4/7.

2.27. An electron moves in a one-dimensional potential corresponding to a
square well of depth V = 0.1 eV and width L = 3 10~!° m. Show that in
these conditions there is only one bound state and compute its energy in the
thin well approximation, discussing also the validity of that limit.

Answer: There is one only bound state if the first odd state is absent. That
is true if y = v2mVL/(2h) < 7/2, which is verified in our case since, using
m = 0.911 107*° Kg, one obtains y ~ 0.243 < 7/2.

Setting B = —F, where E is the negative energy of the bound state, B is
obtained as a solution of
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L\/2m(V - B) _\/ B
tan oh “\V\v_-B"

The thin well limit corresponds to V' — oo and L — 0 as the product V' L is kept
constant. Neglecting B with respect to V' we can write

con V2mVI?\ _ |B
2K Vv

In the thin well limit V L? — constant - L — 0, hence we can replace the tangent by
its argument, obtaining finally B = mV?2L?/(2h?) ~ 0.59 10™2 eV, which coincides
with the result obtained in Problem 2.25. In this case the argument of the tangent
is y ~ 0.24 and we have tan 0.24 ~ 0.245; therefore the exact result differs from that
obtained in the thin well approximation by roughly 4 %.

2.28. An electron moves in one dimension and is subject to forces correspond-
ing to a potential energy:

V(z) =V[-d(zx) +d(x — L)].

What are the conditions for the existence of a bound state and what is its
energy if L=10"" mand V=210"2Jm ?

Answer: A solution of the Schrédinger equation corresponding to a binding en-
ergy B = —F can be written as

Y(z) =eV?m B h for z <0,

(x) = aeV2mBT/N 4 pemVEIMBT/A gy 0<z<L,

—Vv2mBuz/h

() = ce for L<uz.

Continuity and discontinuity constraints, respectively for the wave function and for
its derivative in x = 0 and x = L, give: a+b=1,a—-b—1= —\/2m/BV/h ,
aeVBmBL/h 4 — ¢ aqeVEmBL/M _p 4= —c\/2m/BV/h .

The four equations are compatible if e¥V3™EL/" = (1- Qf"jj )™', which has a

non-trivial solution B # 0 for any L > 0 . Setting y = 1/2B/mh/V the compatibil-
ity condition reads e2mVLY/R® 1/(1 —y?) . Using the values of L and V given in
the text one obtains e2™VL/"* > 1, hence 2BA?/(mV?) ~ 1 within a good approx-
imation, i.e. B ~ mV?/(2h?), which coincides with the result obtained in presence
of a single thin well. This approximation is indeed equivalent to the limit of a large
distance L (hence Q2MVL/A® 1) between the two Dirac delta functions; it can be
easily verified that in the same limit one has b ~ 1 and a ~ 0, so that, in practice,
the state is localized around the attractive delta function in = 0, which is the
binding part of the potential, and does not feel the presence of the other term in
the potential which is very far away.

As L is decreased, the binding energy lowers and the wave function amplitude,
hence the probability density, gets asymmetrically shifted on the left, until the bind-
ing energy vanishes in the limit L — 0. In practice, the positive delta function in
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x = L acts as a repulsive term which asymptotically extracts, as L — 0, the particle
from its thin well.

2.29. A particle of mass M = 10726 Kg moves along the z axis under the
influence of an elastic force of constant k = 1075 N/m. The particle is in its
ground state: compute its wave function and the mean value of 22, given by

Joo dwa® |y () ?
2o dalip(a)?

(@) =

Answer:

kM \YE kMa? /2h 2 1 n —19 2
1/)(:5)—(71_27#) e ; <w)—§—7510 m°.

2.30. A particle of mass M = 1072% Kg moves in a 3-dimensional isotropic
harmonic potential of elastic constant & = 10 N/m. How many states have
energy less than 2 1072 eV?

Answer: En,.nyn, = h\/k/M(3/24+ns+mny+n.). Therefore Ernyony . < 2:1072 eV
is equivalent to ng+ny+n. < 1.54, corresponding to 4 possible states, (nz, ny,n.) =
(0,0,0), (1,0,0), (0,1,0), (0,0,1).

2.31. A particle of mass M = 10726 Kg moves in one dimension under the
influence of an elastic force of constant & = 107¢ N/m and of a constant force
F = 107'% N acting in the positive = direction. Compute the wave function
of the ground state and the corresponding mean value of the coordinate x,
given by -

Joo daaly(@)]?

) = T @

Answer: As in the analogous classical case, the problem can be brought back to
a simple harmonic oscillator with the same mass and elastic constant by a simple
change of variable, y =  — F//K, which is equivalent to shifting the equilibrium
position of the oscillator. Hence the energy levels are the same as for the harmonic
oscillator and the wave function of the ground state is

’

1/8
w2h

o) = (
while (z) = F/k = 107° m.
2.32. A particle of mass m = 1073 Kg and kinetic energy equal to 50 eV hits

a square potential well of width L = 2 10719 m and depth V =1 eV. What
is the reflection coefficient computed up to the first non-vanishing order in %?
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Answer: Let us choose the square well endpoints in x = 0 and x = L and fix
the potential to zero outside the well. Let s, 9. and 14 be respectively the wave
functions for z < 0, 0 < z < L and x > L. If the particle comes from the left, then
ws — ei\/mx/h Ta e—i\/msc/fi7 wc - ei\/mx/h +ec e—i\/mx/h and
Vg = d eV2mE®/M where a and ¢ are necessarily of order V/2E while b and d are
equal to 1 minus corrections of the same order. Indeed, as V' — 0 the solution must
tend to a single plane wave. By applying the continuity constraints we obtain:

l4a=b+c,
14
l—a~b—ct —
a c+ 2E
Wem(EFV)L —i/2m(B+V)L/h V L i2m(BAVILE . —i/2m(B+V)L/R
be +ce 7(b+2E)e ce ,

which are solved by a ~ % (e2V2m(E+VIL/R _ 1) and

4F
v o, 2m(E+ V)L 4
R = 152 5in <f ~0.96 10 ~.

2.33. A particle of mass m = 1073° Kg is confined inside a line segment of
length L = 107% m with reflecting endpoints, which is centered around the
origin. In the middle of the line segment a thin repulsive potential barrier,
describable as V(x) = Wé(z), acts on the particle, with W =2 10728 J m.
Compare the ground state of the particle with what found in absence of the
barrier.

Answer: Let us consider how the solutions of the Schrédinger equation in a line seg-
ment are influenced by the presence of the barrier. Odd solutions, contrary to even
ones, do not change since they vanish right in the middle of the segment, so that the
particle never feels the presence of the barrier. In order to discuss even solutions, let
us notice that they can be written, shifting the origin in the left end of the segment,
as s ~ sin (vV2mEz/h) for x < L/2 and ¢4 ~ sin (vV2mE(L — x)/h) for © > L/2.
Setting z = v2mFEL/(2h) the discontinuity in the wave function derivative in the
middle of the segment gives tan z = —22h%/(mLW) ~ —10" 2. Hence we obtain,
for the ground state, E ~ %7’[’2(1 —2 107" ~ 275 107" J, slightly below the
first excited level.

Notice that, increasing the intensity of the repulsive barrier W from 0 to co, the
fundamental level grows from m2h2/(2mL?) to 2n%h?/(mL?), ie. it is degenerate
with the first excited level in the W — oo limit. There is no contradiction with the
expected non-degeneracy since, in that limit, the barrier acts as a perfectly reflecting
partition wall which separates the original line segment in two non-communicating
segments: the two degenerate lowest states (as well as all the other excited ones)
can thus be seen as two different superpositions (symmetric and antisymmetric) of
the ground states of each segment.

2.34. An electron beam corresponding to an electric current I = 10712 A
hits, coming from the right, the potential step sketched in the figure. The
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potential energy diverges for x < 0 while it is —V = —10eV for 0 < x < L
and 0 for z > L, with L = 107" m. The kinetic energy kinetic energy of the
electrons is E; = 0.01 eV for x > L. Compute the electric charge density as
a function of x.

Answer: There is complete reflection in z = 0, hence the current density is zero along
the whole axis and we can consider a real wave function. In particular we set ¢(x) =

asin(v2mE(x—L)/h+¢) for x > L and ¢ (x) = bsin(y/2m(E + V)z/h) for 0 < z <
L. Continuity conditions read bsin(y/2m(E + V)L/h) = asin ¢ ~ bsin(vV2mV L/h),

beos(y/2m(E +V)L/h)=+/E/(E+V)acos¢ ~+/E/Vacos¢$ ~ bcos(v2mV L/h)

(notice that v2mVL/h ~ 0.57 rad hence cos(v2mV L/h) ~ 0.85 ). That fixes
VE/V tan (V2mVL/h) ~ tan ¢ ~ ¢ and b = a\/E/V / cos(v2mV L/h) , while the

incident current fixes the value of a, I = ea®+/2FE/m. Finally we can write, for the

charge density,
2mE
o1 %st(—V;Zl(x—LH(b)

for x > L and

ep~ 1

mE . (\/QmE x)
212 A

for 0 < x < L.

2.35. Referring to the potential energy given in Problem 2.34, determine the
values of V' for which there is one single bound state.

Answer: It can be easily realized that any possible bound state of the potential
well considered in the problem will coincide with one of the odd bound states of the
square well having the same depth and extending from —L to L. The condition for
the existence of a single bound state is therefore 7/2 < vV2mV L/h < 37/2 .

2.36. A ball of mass m = 0.05 Kg moves at a speed of 3 m/s and without
rolling towards a smooth barrier of thickness D = 10 cm and height H = 1 m.
Using the formula for the tunnel effect, give a rough estimate about the prob-
ability of the ball getting through the barrier.

Answer: The transmission coefficient is roughly

2 .
T ~ exp (—%\/Qm(mgH — _m211 )> =103 1072

2.37. What is the quantum of energy for a simple pendulum of length l = 1 m
making small oscillations?
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Answer: In the limit of small oscillations the pendulum can be described as a
harmonic oscillator of frequency v = 271w = 271'\/9_/l7 where g ~ 9.8 m/s is the
gravitational acceleration on the Earth surface. The energy quantum is therefore
hv =3.1107% J.

2.38. Compute the mean value of 22 in the first excited state of a harmonic
oscillator of elastic constant k and mass m.

Answer: The wave function of the first excited state is ¥1 o« z e’V k’m/(‘mz),

hence
oo _ 2./
(2®) = Jote Y de — §,/h_2
a foo 220-72\/Fm/A2 g, T2V Ekm-

2.39. A particle of mass M moves in a line segment with reflecting endpoints
placed at distance L. If the particle is in the first excited state (n = 2), what
is the mean quadratic deviation of the particle position from its average value,
fe. y/(x2) — ()2 ?

Answer: Setting the origin in the middle of the segment, the wave function is
Y(z) = /2/Lsin(2rz/L) inside the segment and vanishes outside. Obviously
(z) = 0 by symmetry, while

L
2_2 2 2 . 2 271'3:' _ 2 1 1
<x>_L/_£x - ( L )dm_L (12 87r2)
2

whose square root gives the requested mean quadratic deviation.

2.40. An electron beam of energy E hits, coming from the left, the following

potential barrier: V(z) = Vd(x) where V is tuned to fiy/2E/m. Compute the
probability density on both sides of the barrier.

Answer: The wave function can be set to e** 4+ a e 7*** for z < 0 and to b €** for
x > 0, where k = v/2mE/h. Continuity and discontinuity constraints for ) and 1’
in x = 0 lead to

2
1 1 ikh” 1
“mr T Tm o Tirn

‘my ‘my

The probability density is therefore p = 1/2 for x > 0, while for x > 0 it is p =
3/2 — /2sin(2kx + 7 /4).

2.41. A particle moves in one dimension under the influence of the potential
given in Problem 2.34. Assuming that

L
\/QmVE:g—i—é, with d <1,

show that, at the first non-vanishing order in § , one has B ~ V§2, where
B = —F and F is the energy of the bound state. Compute the ratio of the
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probability of the particle being inside the well to that of being outside.

Answer: The depth of the potential is slightly above the minimum for having
at least one bound state (see the solution of Problem 2.36), therefore we expect
a small binding energy. In particular the equation for the bound state energy, which

can be derived by imposing the continuity constraints, is cot (w /2m(V — B)L/h) =
—+/B/(V — B). The particular choice of parameters implies B < V, so that
cot (\ S2m(V = B)L/h) ~ cot(n/2(1 — B/(2V)) +68) =~ —6 + 7B/(4V) ~ —/BJV,

hence B ~ V§2. Therefore the wave function is well approximated by k sin (wx/2L)

inside the well and by ke~ V2mB@—L)/F ~ pe=md(z—L)/2L

outside, where k is a nor-
malization constant. The ratio of probabilities is 7d/2: the very small binding energy

is reflected in the large probability of finding the particle outside the well.

2.42. A particle of mass m = 1073° Kg and kinetic energy E = 13.9 eV hits
a square potential barrier of width L = 107! m and height V = E. Compute
the reflection coefficient R.

Answer: Let us fix in £ = 0 and in « = L the edges of the square poten-
tial barrier, and suppose the particle comes from the left. The wave function
is () = e +a e for x < 0 and ¢(z) = d e*® for x > L, where
k= +V2mE/h ~ 2 10 m~!. Instead for 0 < x < L the wave function satisfies
the differential equation 1" = 0, which has the general integral v/(z) = bz + c. The
continuity conditions for ¢ and ¢’ in £ = 0 and = = L read

l4a=c; ik(l—a)=b; bL+c=de*; b=ikde"".
Dividing last two equations and substituting the first two we get

kL
T %L—2'

k°L? 1
R=laf’ = — = ~ =.
4+ k212 2
It is interesting to verify that the same result can be obtained by taking carefully
the limit £ — V in equation (2.72).

2.43. A particle whose wave function is, for asymptotically large negative
times (that is —t > m/(hkoA)), a Gaussian wave packet
W(z,t) = /dkei(kw—hk2t/(2m))e—(k—ko)z/(2A)2

1

with ko/A > 1, interacts in the origin through the potential V(z) = Vi(z)
and its wave function splits into reflected and transmitted components. Con-
sidering values of the time for which the spreading of the packets can be
neglected, that is |t| < m/(lhA?) (see Section 2.4), compute the transmitted
and reflected components of the wave packet.

Answer: The Gaussian wave packet has been studied in detail in Section 2.4, it
is therefore straightforward to check that, for large negative times, the solution that
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we are seeking is a wave packet centered in x = vt, with v = hko/m, i.e. a packet
approaching the barrier from the left and hitting it at ¢ ~ 0.

It has been shown in Section 2.5.2 (see also Problem 2.24) that the generic
solution of the time independent Schrédinger equation, obtained in the case of a
single plane wave €’*® hitting the barrier from the left, is

Yi(z) = O(—x)[exp(ikz) — ik/(k + k) exp(—ikz)] + O(x)k/(k + ik) exp(ikz)

where O is the step function (O(z) = 0 for z < 0 and ©(z) = 1 for z > 0) and
Kk =mV/h%.

The present problem consists in finding a solution of the time dependent
Schrodinger equation which, for asymptotically large negative times and x < O,
must be a given superposition of progressive plane waves corresponding to the in-
coming wave packet. Given the linearity of the Schrodinger equation, the solution
must be a linear superposition of the generic solutions given above, with the same
coefficients of the incoming packet, i.e.

e 1Rt/ (2m) —(k—ko)?/(24)%

1
z,t) = ———= | dk Yr(x
o) = e [aw oo
This decomposes into two components for x < 0 and a single transmitted component
for z > 0.

The first, ingoing component on the negative semi-axis, which corresponds to
Yr(z) = exp(ikz), is a standard Gaussian packet which, as discussed above, crosses
the origin for ¢ ~ 0 and hence disappears for larger times. On the contrary, as
we shall show in while, the second, reflected component describes a packet moving
backward, which crosses the origin for ¢t ~ 0, hence appears as a part of the solution
for < 0 for positive times (i.e. after reflection of the original packet), when it must
be taken into account. In much the same way we shall compute the transmitted
component, which is a packet moving forward and which appears on the positive
semi-axis for positive times. Now we work out the details, this can be done using
equation (2.52).

We represent the transmitted and reflected wave packets by

1 oo
W\/_w dtexp(—FT/R(k,x,t))
Fr(k,z,t) = (k — ko)?/(24)? — i(kz — hk*t/(2m)) — In(k/(k + i))
Fr(k,z,t) = (k — ko)?/(2A)? + i(kx + hk*t/(2m)) — In(—ik/(k + i) .

Then we have the equations:
OFr(k,x,t) = (k — ko) /A® — i(x — htk/m + r/(k(k + ix))) = 0

O Fr(k,z,t) = (k — ko) /A% +i(z + htk/m —i/(k +ik)) = 0 .
The equation for Fr has three solutions: ki ~ ko, k2 ~ 0 and k3 ~ —ik up to
corrections of order A?. The first solution has a second derivative of order 1/A?
to be compared with the second derivatives of the other two solutions, which are
of order 1 /A47 hence it is the dominant solution, in the same sense discussed in

Section 2.4 (see equation (2.52)), thus we concentrate on it. Setting again v = hko/m
we have k1 = ko +iA%(z — vt + x/(ko(ko +ix))) + O(A*) and
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Fr(ki,z,t) = Fr(ko,z,t) — 8;%FT(k:0,x,t)(k:1 — k0)2/2 =

—i(kox — hkgt/(2m)) — In(ko/ (ko +ik)) + [z — vt + K/ (ko(ko + k)] A%/2) + O(A?) .
Therefore we have a wave packet centered in & = vt — k/(k3 + x2). An analogous
analysis on the reflected packet gives:

FR(k‘l,ZC,t) = FR(ko,w,t) — aiFR(k‘o,:C,t)(kl — k0)2/2 =

i(kox + hkjt/(2m)) — In(—ix/ (ko + ik)) + (z + vt — i/ (ko + ik))*A%/2) + O(A) .
Now the packet is centered in 2 = —vt + x/(k§ + x?) .

The result is almost as anticipated, apart from the fact that the appearance of
the transmitted and reflected wave packets is delayed (advanced) with respect to the
time the incoming packet hits the potential barrier (well). For large, positive times
the particle is in a superposition of reflected and transmitted state, the probability of
finding it in one of the two states after a measurement of its position (i.e. the integral
of the probability density over the corresponding packets) is given approximately by
the reflection or transmission coefficients computed for k ~ ko.

2.44. A particle of mass m moves in one dimension under the influence of the
potential

V(z) = VoO(z) — Vi(a) .

IfV=310"% J m and m = 1073° Kg, identify the values of V4 for which
the particle has bound states. Assuming the existence of a bound state whose
binding energy is B < Vj, compute the ratio of the probabilities for the par-
ticle to be found on the right and on the left-hand side of the origin.

Answer: The wave function of a bound state with energy —B would be

Yp(x) = N[O(—z) exp(V2mBz/h) + O(z) exp(—+/2m(B + Vo)z /h)]

where © is the step function, N is the normalization factor and the condition v/ B +
VB+V, = \/%V/h must be satisfied. Since v/Vo < VB++v/B + V, < oo the above
condition has a solution provided \/%V/h > /Vi, hence for Vp < 2mV2/FL2 ~
1.62 1071 J ~ 1 eV. The probabilities for the particle to be found on the right and
on the left of the origin are respectively N2h/(21/2m(B + V;)) and N2k /(2v/2mB),

their ratio for small B is \/B/Vo ~ 1/2m/VoV/h — 1.

2.45. A particle of mass m is bound between two spherical perfectly reflect-
ing walls of radii R and R + A. The potential energy between the walls
is Vo = —h®mw%/(2mA?). If the total energy of the particle cannot exceed
Ey = 6h%/(2mR?) compute, in the A — 0 limit in which the particle is
bound on the sphere of radius R, the maximum possible value of its superfi-
cial probability density on the intersection point of the sphere with the positive
z axis.

Answer: In the A — 0 limit, the radial Schrodinger equation tends to the one-
dimensional Schrodinger equation of a particle between two reflecting walls with po-
tential energy between the walls equal to V = —h?w?/(2mA?) + (1 4+ 1)h?/(2mR?)
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(see equation(2.177)). Therefore the possible energy values are E,; = (n? —

DR*?/(2mA?) 4+ 1(1 + 1)A%/(2mR?). Only the energies E1,; = I(I + 1)h?/(2mR?)
remain finite as A — 0. In spherical coordinates, the corresponding wave functions
are, in the A — 0 limit, ¥, = \/2/(AR?)sin(n(r — R)/A)Y1,m (0, ¢).

The harmonic functions Y; ., with m # 0 are proportional to powers of x4
(see equations (2.165) and (2.178)), hence they vanish on the z axis, therefore and
on account of the energy bound, among the possible solutions, we only consider
VU0 for 0 < I < 2. Forgetting the radial dependence which, in the A — 0 limit
corresponds to a probability density equal to 6(r — R), these are Wy o = 1/(Rv/47),
W10 = v/3/4mcos /R and Wo o = /5/167 (3cos® 0 — 1)/R. The wave function of
the particle with the above constraints is written as the linear combination ag ¥o,0 +
a1 ¥1,0 + a2 W20, with the normalization condition |ao|2 + |a1|2 + |ag|2 =1.0n
the positive z axis the wave function is 1/v/4x[ao + v/3a1 + V/5az]/R? . Tt is fairly
obvious that the maximum absolute value is reached when a9 = a; = 0, hence the
maximum superficial probability density of the particle is 5/(47R?). The result can
be generalized to the case in which different values of the angular momentum can be
reached, indeed it can be proved, considering equations (2.171), (2.172) and (2.173),
that [¥;,0(0 = 0)]* = (21 + 1) /(47 R?).

2.46. A particle of mass m moves in three dimensions under the influence of
the central potential V (r) = —h%a/(2mR) 6(r — R), with « positive. Compute
the values of o for which the particle has a bound state with non-zero angular
momentum.

Answer: For zero angular momentum (S-wave), the solution to the differential
equation for the radial wave function x(r) defined in equation (2.178), satisfying the
regularity conditions in the origin and at infinity, is equivalent to the odd solution
for the one-dimensional double well potential given in Problem 2.47 (setting L = R),
hence x< o sinh(kr) for r < R and x> x exp(k(R —r)) for r > R, the bound state
energy being E = —h*k?/(2m) with k > 0. We know, from Problem 2.47, that such
solution exists only if a > 1.

We consider now the P-wave case (I = 1). The solution satisfying the correct
regularity conditions can be obtained from that written in the S-wave case by ap-
plying the recursive equation (2.184). It is, up to an overall normalization factor,
X< = sinh(kr)/(kr) — cosh(kr) for r < R and x> = aexp(k(R —r))[1/(kr) + 1] for
r > R. The continuity conditions at » = R, written in terms of kR = x, are given by
sinh z/x —coshx = a(1+x)/x and cosh z/x —sinh x(1+22)/2* +a(14+1/x+1/2?) =
a(sinh /2% —cosh /) , from which we have tanh x = 2(1+2z—2%/a)/(1+z+2%/a) .
We know that the graphs of both sides of this equation cross at most once for z > 0
since we have seen in the one-dimensional case, e.g. in Section (2.6), that a thin po-
tential well has at most a single bound state. It remains to be verified if they cross.
The graphs are tangent to each other in the origin and, for x — oo, the left-hand side
tends to +1 and the right-hand side to —1, therefore if the left-hand side is steeper
in the origin the graphs do not cross, otherwise they cross once and there is a bound
state. Considering the Taylor expansions of both sides we have tanhz ~ x — 2®/3
and z(1 + = — 2%/a)/(1 + z + 2%/a) ~ 2 — 2®/a. The conclusion is that there is
a bound state if o > 3. It should be clear that if no bound state can be found for
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Il =1 (ie. @ < 3), none will be found for [ > 1 as well, because of the increased
centrifugal potential.

2.47. A particle of mass m moves along the x axis under the influence of the
double well potential:

V(z)=-V[§(x+ L)+ d6(z—L)],

with ¥V > 0 . Study the solutions of the stationary Schrodinger equation. Since
the potential is even under x reflection, the solutions are either even or odd.
Show that in the even case there is a single solution for any value of L, dis-
cuss the range of values of the binding energy B and, in particular, how B
depends on L for small L, i.e. when (L) = 2mVL/h* < 1. Compute the
“force” between the two wells in this limit. In the odd solution case, compute
the range of a(L) for which there are bound solutions and compare the even
with the odd binding energies.

Answer: Starting from the even case, we write the solution between the wells
as ¢r(x) = coshkz, with B = h*k?/(2m), and the external solution as ¥g(z) =
aexp(—k(|z| — L)). The continuity conditions on the wells give: a = cosh(kL) and
k(sinh(kL)+4a) = a(L) cosh(kL)/L. Setting kL = y we get the transcendental equa-
tion tanhy = a(L)/y— 1. This equation has a single solution y(a(L)), corresponding
to a single bound state, for any positive value of a(L). In particular for small a(L)
also y(a(L)) is small and the equation is approximated by y — ¢*/3 = o(L)/y — 1
which, up to the second order in «(L), has the positive y solution y(a(L)) =
a(L) — o®(L). The corresponding binding energy is computed noticing that B =
R?y?/(2mL?), from which we have B = 2mV?/h? — 8m?*V*L/h* + O(a*(L)). This
implies that there is an attractive force between the two wells which, in the small
a(L) limit, is equal to F = 8m2V3/h4, furthermore B < Bpaz = 2mV2/h2; notice
that Bmaz is the binding energy for a single well —2V4§(x), which is indeed the limit
of V(z) as L — 0. For large (L) also y(a(L)) is large and the transcendental equa-
tion is well approximated by 1 = a(L)/y — 1, which gives y(a(L)) = «(L)/2, so that
the binding energy reaches its minimum value Byin = mV? / (2h2), which coincides
with the binding energy of a single well.

In the odd case the solution between the wells becomes 1 (x) = sinh kz while
the external one does not change, therefore the transcendental equation becomes
tanhy = y/(a(L) — y). Here the right-hand side is concave downward and positive,
while the left-hand side is concave upward and positive for 0 < y < a(L), it has a
singularity in «(L) and it is negative beyond the singularity. Therefore the equation
has a solution for 0 < y < « if, and only if, the left-hand side is steeper in the origin
than the right-hand side, that is if «(L) > 1. For large values of a(L), y(a(L)) tends
to a(L)/2 from below; notice that in the even case the same limit is reached from
above.

In conclusion, for any value of the distance between the two wells, there is an
even solution, whose binding energy is larger than that of a single well; on the
contrary an odd solution exists only if L > h?/(2mV), with a binding energy lower
than that of a single well. In the limit of large separation between the two wells,
both the odd and the even level approach the energy of a single well, one from
above and the other from below, i.e. we get asymptotically two degenerate levels.
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The presence of two slightly splitted levels (the even ground state and the odd first
excited state) is a phenemenon common to other symmetric double well potentials;
an example is given by the Ammonia molecule (NHjs), in which the Nitrogen atom
has two symmetric equilibrium positions on both sides of the plane formed by the
three Hydrogen atoms.

2.48. A particle of mass m is constrained to move on a plane surface where it
is subject to an isotropic harmonic potential of angular frequency w. Which
are the stationary states which are found, for the first excited level, by separa-
tion of variables in Cartesian coordinates? Show that the probability current
density for such states vanishes. Are there any stationary states belonging
to the same level having a non-zero current density? Find those having the
maximum possible current density and give a physical interpretation for them.

Answer: For the first excited level, E1 = 2hw, the two following stationary states
are found in Cartesian coordinates (see equations (2.128) and (2.125)):

V2028 a2y

VT ’
where a = \/mw/h. In both cases the current density

ﬂa2y67a2<z2+y2)/2

Nz

Y10 = Yo,1 =

ih h
J = —5= (0§ —$VT) = I (V)

m m
vanishes, since the wave functions are real. However it is possible to find different
stationary states, corresponding to linear combinations of the two states above,
having a non-zero current. Indeed for the most general state, which up to an overall

irrelevant phase factor can be written as

Y =ahio+ /1 —a2ePo

where a € [0, 1] is a real parameter, the probability current density is

4
J = 2h—aefaz(g”z“ﬂ) ay\/1—a?sing j
mm
where (jz,jy) = (—y,z). The current field is independent, up to an overall factor,
of the particular state chosen and describes a circular flow around the origin, hence
in general a state with a non-zero average angular momentum; moreover V - J =0,
as expected for a stationary state. The current vanishes for a = 0,1 or ¢ = 0, 7 and
is maximum for a = 1/\/5 and ¢ = +7/2, corresponding to the states:

1 oa? 2,2 2y /9 a2_22/2
Y+ = — (Y1,0 £ 1%0,1 = e YD/ 2 L) = —e T 2
V2 ( ) NG (@ £1y) VT
where 12 = z? + y?, which are easily recognized as the states having a well defined

angular momentum L = £/ (compare for instance with equation (2.150)).
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Introduction to the Statistical Theory
of Matter

In Chapter 2 we have discussed the existence and the order of magnitude
of quantum effects, showing in particular their importance for microscopic
physics. We have seen that quantum effects are relevant for electrons at ener-
gies of the order of the electron-volt, while for the dynamics of atoms in crys-
tals, which have masses three or four order of magnitudes larger, significant
effects appear at considerably lower energies, corresponding to low tempera-
tures. Hence, in order to study these effects, a proper theoretical framework is
needed for describing systems made up of particles at thermal equilibrium and
for deducing their thermodynamical properties from the (quantum) nature of
their states.

Boltzmann identified the thermal contact among systems as a series of
shortly lasting and random interactions with limited energy exchange. These
interactions can be considered as collisions among components of two differ-
ent systems taking place at the surface of the systems themselves. Collisions
generate sudden transitions among the possible states of motion for the parts
involved. The sequence of collision processes is therefore analogous to a series
of dice casts by which subsequent states of motion are chosen by drawing lots.

It is clear that in these conditions it is not sensible to study the time evo-
lution of the system, since that is nothing but a random succession of states of
motion. Instead it makes sense to study the distribution of states among those
accessible to the system, i.e. the number of times a particular state occurs in
N different observations. In case of completely random transitions among all
the possible states, the above number is independent of the particular state
considered and equal to the number of observations N divided by the total
number of possible states. In place of the distribution of results of subsequent
observations we can think of the distribution of the probability that the system
be in a given state: under the same hypothesis of complete randomness, the
probability distribution is independent of the state and equal to the inverse
of the total number of accessible states.

However the problem is more complicated if we try to take energy conser-
vation into account. Although the energy exchanged in a typical microscopic
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collision is very small, the global amount of energy (heat) transferred in a great
number of interactions can be macroscopically relevant; on the other hand,
the total energy of all interacting macroscopic systems must be constant.

The american physicist J. Willard Gibbs proposed a method to evaluate
the probability distribution for the various possible states in the case of ther-
mal equilibrium®. His method is based on the following points.

1) Thermal equilibrium is independent of the nature of the heat reservoir,
which must be identified with a system having infinite thermal capacity (that
is a possible enunciation of the so-called zero-th principle of thermodynamics).
According to Gibbs, the heat reservoir is a set of AN systems, identical to
the one under consideration, which are placed in thermal contact. N is so
great that each heat (energy) exchange between the system and the reservoir,
being distributed among all different constituent systems, does not alter their
average energy content, hence their thermodynamical state.

2) Gibbs assumed transitions to be induced by completely random colli-
sions. Instead of following the result of a long series of random transitions
among states, thus extracting the probability distribution by averaging over
time evolution histories, Gibbs proposed to consider a large number of si-
multaneous draws and to take the average over them. That is analogous to
drawing a large number of dice simultaneously instead of a single die for a
large number of times: time averages are substituted by ensemble averages.
Since in Gibbs scheme the system-reservoir pair (Macrosystem) can be iden-
tified with the N + 1 identical systems in thermal contact and in equilibrium,
if at any time the distribution of the states occupied by the various systems is
measured, one has automatically an average over the ensemble and the occu-
pation probability for the possible states of a single system can be deduced.
On the other hand, computing the ensemble distribution does not require the
knowledge of the state of each single system, but instead that of the number
of systems in each possible state.

3) The macrosystem is isolated and internal collisions induce random
changes of its state. However, all possible macrosystem states with the same
total energy are assumed to be equally probable. That clearly implies that the
probability associated to a given distribution of the N'+ 1 systems is directly
proportional to the number of states of the macrosystem realizing the given
distribution: this number is usually called multiplicity. If 7 is the index distin-
guishing all possible system states, any distribution is fixed by a succession
of integers {N;}, where N; is the number of systems occupying state i. It is
easy to verify that the multiplicity M is given by

! Notice that the states considered by Gibbs in the XIX century were small cells
in the space of states of motion (the phase space) of the system, while we shall
consider quantum states corresponding to independent solutions of the stationary
Schrodinger equation for the system. This roughly corresponds to choosing the
volume of Gibbs cells of the order of magnitude of N , where N is the number
of degrees of freedom of the system.
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M({N:}) = % 3.1)

with the obvious constraint

Y Ni=N. (3.2)

4) The accessibility criterion for states is solely related to their energy
which, due to the limited energy exchange in collision processes, is reduced
to the sum of the energies of the constituent systems. Stated otherwise, if E;
is the energy of a single constituent system when it is in state i, disregarding
the interaction energy between systems, the total energy of the macrosystem
is identified with:

Erot = ZEN =NU. (3.3)
1

Thus U can be identified with the average energy of the constituent systems:
it characterizes the thermodynamical state of the reservoir and must therefore
be related to its temperature in some way to be determined by computations.
5) Gibbs identified the probability of the considered system being in state
¢ with: B
Ni
bi = N
where the distribution {N;} is the one having maximum multiplicity among
all possible distributions:

(3.4)

MEN:}) = M{N:}) ¥ {Ni},

i.e. that is realized by the largest number of states of the macrosystem. We
call p; the occupation probability of state i.

The identification made by Gibbs is justified by the fact that the multiplic-
ity function has only one sharp peak in correspondence of its maximum, whose
width (AM /M) vanishes in the limit of an ideal reservoir, i.e. as N' — o.
Later on we shall discuss a very simple example, even if not very significant
from the physical point of view, corresponding to a system with only three
possible states, so that the multiplicity M, given the two constraints in (3.2)
and (3.3), will be a function of a single variable, thus allowing an easy com-
putation of the width of the peak.

6) The analysis of thermodynamical equilibrium described above can be
extended to the case in which also the number of particles in each system
is variable: not only energy transfer by collisions can take place at the sur-
faces of the systems, but also exchange of particles of various species (atoms,
molecules, electrons, ions and so on). In this case the various possible states of
the system are characterized not only by their energy but also by the number
of particles of each considered species. We will indicate by ngs) the number of
particles belonging to species s and present in state i; therefore, besides the
energy FE;, there will be as many fixed quantities as the number of possible
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species characterizing each possible state of the system. The distribution of
states in the macrosystem, {N;}, will then be subject to further constraints,
besides (3.2) and (3.3), related to the conservation of the total number of
particles for each species, namely

SN = N (3.5)

for each s. The kind of thermodynamical equilibrium described in this case is
very different from the previous one. While in the first case equilibrium cor-
responds to the system and reservoir having the same temperature (77 = T3),
in the second case also Gibbs potential ¢(*) will be equal, for each con-
strained single particle species separately. In place of g(s) it is usual to consider
the quantity known as chemical potential, defined as u(®) = ¢(®) /N4, where
N4 = 6.02 10% is Avogadro’s number.

The distributions corresponding to the two different kinds of equilibrium
are named differently. For a purely thermal equilibrium we speak of Canoni-
cal Distribution, while when considering also particle number equilibrium we
speak of Grand Canonical Distribution. We will start by studying simple sys-
tems by means of the Canonical Distribution and will then make use of the
Grand Canonical Distribution for the case of perfect quantum gasses.

As the simplest possible systems we shall consider in particular an isotropic
three-dimensional harmonic oscillator (Einstein’s crystal) and a particle con-
fined in a box with reflecting walls. Let us briefly recall the nature of the
states for the two systems.

FEinstein’s crystal

In this model atoms do not exchange forces among themselves but in rare
collisions, whose nature is not well specified and whose only role is that of
assuring thermal equilibrium. Atoms are instead attracted by elastic forces
towards fixed points corresponding to the vertices of a crystal lattice.

The attraction point for the generic atom is identified by the coordinates
(mga, mya, m,a), where my, m,, m, are relative integer numbers with |m;|a <
L/2: L is the linear size and a is the spacing of the crystal lattice, which is
assumed to be cubic. To summarize, each atom corresponds to a vector m of
components Mg, My, M.

Hence Einstein’s crystal is equivalent to a large number of isotropic har-
monic oscillators and can be identified with the macrosystem itself. According
to the analysis of the harmonic oscillator made in previous Chapter, the mi-
croscopic quantum state of the crystal is characterized by three non-negative
integer numbers (Ng m, Ny m, 1s,m) for every vertex (m). The corresponding
energy level is given by

3
Enx,m,ny,m,nz,m = Z hw <nz,m + Ny.m + Nz m + §> . (36)
m
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It is clear that several different states correspond to the same energy level:
following the same notation as in Chapter 2, they are called degenerate.

In our analysis of the harmonic oscillator we have seen that states described
as above correspond to solutions of the stationary Schrodinger equation, i.e. to
wave functions depending on time through the phase factor e '£4/" There-
fore the state of the macrosystem would not change in absence of further
interactions among the various oscillators, and the statistical analysis would
make no sense. If we instead admit the existence of rare random collisions
among the oscillators leading to small energy exchanges, then the state of the
macrosystem evolves while its total energy stays constant.

The particle in a box with reflecting walls

In this case the reservoir is made up of N different boxes, each containing
one particle. Energy is transferred from one box to another by an unspecified
collisional mechanism acting through the walls of the boxes. We have seen in
previous Chapter that the quantum states of a particle in a box are described
by three positive integer numbers (k;, ky, k.), which are related to the wave
number components of the particle and correspond to an energy

h2r?
2mL2

2 2 2
E = (ky + K, + k5] (3.7)

3.1 Thermal Equilibrium by Gibbs’ Method

Following Gibbs’ description given above, let us consider a system whose states
are enumerated by an index ¢ and have energy E;. We are interested in the
distribution which maximizes the multiplicity M defined in (3.1) when the
constraints in (3.2) and (3.3) are taken into account. Since M is always posi-
tive, in place of it we can maximize its logarithm

I M({N;}) =InA1 = InN;!. (3.8)

If N is very large, thus approaching the so-called Thermodynamical Limit
corresponding to an ideal reservoir, and if distributions corresponding to neg-
ligible multiplicity are excluded, we can assume that all N;’s get large as well.
In these conditions we are allowed to replace factorials by Stirling formula:

InN!'~N(InN-1). (3.9)
If we set N; = Nx;, then the logarithm of the multiplicity is approximately

In M{N;}) ~ =N ai(lnz; — 1), (3.10)

and the constraints in (3.2) and (3.3) are rewritten as:
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> Bai=U. (3.11)

In order to look for the maximum of expression (3.10) in presence of the con-
straints (3.11), it is convenient to apply the method of Lagrange’s multipliers.

Let us remind that the stationary points of the function F(x1,...,z,) in
presence of the constraints: Gj(z1,...,2,) = 0, with j = 1,...,k and k < n,
are solutions of the following system of equations:

0
6.Z'i

F(xy,...,x +Z/\G T1,enty)| =0, i=1,..n,

and of course of the constraints themselves. Therefore we have n+ k equations
in n+k variables z;, ¢ =1,...,n, and A;, j = 1,..., k. In the generic case, both
the unknown variables x; and the multipliers A; will be determined univocally.
In our case the system reads:

L4

IHM*BN(Z EJZ']fU)‘FOéN(ZIj*l)
J J

0
= 7N6_.Z'l ; [:L'j(hl Tj — 1) + ﬂE]’Ij — axj]
=Nz +pE; —a] =0 (3.12)

where —(3 and « are the Lagrange multipliers which can be computed by
making use of (3.11).

Taking into account (3.4) and the discussion given in the introduction to
this Chapter, we can identify the variables x; solving system (3.12) with the
occupation probabilities p; in the Canonical Distribution, thus obtaining

Inp; +1+BE; —a=0, (3.13)

hence
pi = e 1 TAEte = | o= BE: (3.14)

where § must necessarily be positive in order that the sums in (3.11) be
convergent. The constraints give:

e PE: 1 d
= — 1 —BE; = _——
S ﬁdE nze 3dE;

U= zi:Eipi = 1nze—5E =7 an (3.15)
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where we have introduced the function

Z=Y e PP, (3.16)
J

which is known as the partition function.

The second of equations (3.15) expresses the relation between the Lagrange
multiplier 3 and the average energy U, hence implicitly between § and the
equilibrium temperature. It can be easily realized that in fact 3 is a universal
function of the temperature, which is independent of the particular system
under consideration.

To show that, let us consider the case in which each component system
S can be actually described in terms of two independent systems s and s/,
whose possible states are indicated by the indices ¢ and a corresponding to
energies e; and €,. The states of S are therefore described by the pair (a, 1)
corresponding to the energy:

Ea,i = €41+ €.

If we give the distribution in terms of the variables z,; = N, ; JN and we
repeat previous analysis, we end up with searching for the maximum of

I M({Nai}) > =N apj(Iny; — 1), (3.17)

b,j

constrained by:

E Th,j = 17
b,j

> (ev+ej)m; =U. (3.18)

b,j

Following previous analysis we finally find:

1 d
ai — T, 1 27
Pa. ﬂdEa,i .
d
U=—35mZ, (3.19)

but Z is now given by:
A :Ze_ﬁ(ﬁb"l‘ej) :Z Ze—ﬁebe—ﬁw :Ze—ﬁeb Ze—ﬁej =77y  (3.20)
b,j b J b J

so that the occupation probability factorizes as follows:
e—Bleatei) e~ Bea g—Bei
Pa,i = 7 - Zs Zs’ = PaPi -
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We have therefore learned that the two systems have independent distribu-
tions, but corresponding to the same value of §: that is a direct consequence
of having written a single constraint on the total energy (leading to a single
Lagrange multiplier § linked to energy conservation), and on its turn this is an
implicit way of stating that the two systems are in contact with the same heat
reservoir, i.e. that they have the same temperature: hence we conclude that
0 is a universal function of the temperature, 5 = G(T'). We shall explicitly
exploit the fact that 3(T) is independent of the system under consideration,
by finding its exact form through the application of Gibbs method to systems
as simple as possible.

3.1.1 Einstein’s Crystal

Let us consider a little cube with an edge of length L and, following Gibbs
method, let us put it in thermal contact with a great (infinite) number of
similar little cubes, thus building an infinite crystal corresponding to the
macrosystem, which is therefore imagined as divided into many little cubes.
Actually, since by hypothesis single atoms do not interact with each other but
in very rare thermalizing collisions, we can consider the little cube so small as
to contain a single atom, which is then identified with an isotropic harmonic
oscillator: we shall obtain the occupation probability of its microscopic states
at equilibrium and evidently the properties of a larger cube can be deduced
by combining those of the single atoms independently.

We recall that the microscopic states of the oscillator are associated with
a vector n having integer non-negative components, the corresponding energy
level being given in (2.127). We can then easily compute the partition function
of the single oscillator:

o 0o oo o) 3
Z, = Z Z Z e—ﬁﬁw(nm+ny+nz+3/2) — e—36ﬁw/2 lz (e—ﬁﬁw)"]
Nge=0mny=0mn.=0 n=0
o—Bhw/2 73 oPhw/2 13
_ [m} _ [W} . (3.21)

The average energy is then:

0 0 efhw/2 3hw [P 41
U= *—hlZO =—-3—1In = (W) . (322)

toJe] 0B efhw —1 2

Approaching the classical limit, in which 7 — 0, this result gives direct in-
formation on (. Indeed in the classical limit Dulong—Petit’s law must hold,
stating that U = 3kT where k is Boltzmann’s constant. Instead, since
e ~ 1 4 Bhw as b — 0, our formula tells us that in the classical limit
we have U ~ 3/, which is also the result we would have obtained by directly
applying Gibbs method to a classical harmonic oscillator (see Problem 3.12).
Therefore we must set
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1
B= T
This result will be confirmed later by studying the statistical thermodynamics
of perfect gasses. The specific heat, defined as
ou
C=—
or’
can then be computed through (3.22):

_ 080U 1 35 agn | 1 e+l
9T IO kT?2 e — 1 (e — 1)?
3712002 ehw/kT

kT2 (ehw/kT _ 1)2 '

(3.23)

Setting « = kT /hw, the behavior of the atomic specific heat is shown in
Fig. 3.1. It is clearly visible that when x > 1 Dulong-Petit’s law is repro-
duced within a very good approximation. The importance of Einstein’s model
consists in having given the first qualitative explanation of the violations of
the same law at low temperatures, in agreement with experimental measure-
ments showing atomic specific heats systematically below 3k. Einstein was
the first showing that the specific heat vanishes at low temperatures, even
if failing in predicting the exact behavior: that is cubic in T in insulators
and linear in conductors (if the superconducting transition is not taken into
account), while Einstein’s model predicts C' vanishing like e~ "/*T The dif-
ferent behaviour can be explained, in the insulator case, through the fact that
the hypothesis of single atoms being independent of each other, which is at
the basis of Einstein’s model, is far from being realistic. As a matter of fact,
atoms move under the influence of forces exerted by nearby atoms, so that
the crystal lattice itself is elastic and not rigid, as assumed in the model. In
the case of conductors, instead, the linear behavior is due to electrons in the
conducting band.

Notwithstanding the wrong quantitative prediction, Einstein’s model fur-
nishes the correct qualitative interpretation for the vanishing of the specific
heat as T" — 0. Since typical thermal energy exchanges are of the order of kT
and since the system can only exchange quanta of energy equal to Aiw, we infer
that if kT < hw then quantum effects suppress the energy exchange between
the system and the reservoir: the system cannot absorb any energy as the
temperature is increased starting from zero, hence its specific heat vanishes.
Notice also that quantum effects disappear as kT > hw, when the typical
energy exchange is much larger then the energy level spacing of the harmonic
oscillator: energy quantization is not visible any more and the system behaves
as if it were a classical oscillator.

Therefore we learn whether quantum effects are important or not from the
comparison between the quantum energy scale of the system and the thermal
energy scale, hence from the parameter hw/kT.
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Fig. 3.1. A plot of the atomic specific heat in Einstein’s model in k units as a func-
tion of z = hw/kT, showing the vanishing of the specific heat at low temperatures
and its asymptotic agreement with Dulong—Petit’s value 3k

3.1.2 The Particle in a Box with Reflecting Walls

In this case Gibbs reservoir is made up of N boxes of size L. The state of the
particle in the box is specified by a vector with positive integer components
ks, ky, k. corresponding to the energy given in (3.7). The partition function
of the system is therefore given by

> > > 522k2k2k2 52223
2= 33 S e BRI (S L
o=1ky=1k,=1 k=1
For large values of 3, hence for small temperatures, we have:

Z ~ ( %mLz)S , (3.25)

because the first term in the series on the right hand side of (3.24) dominates
over the others. Instead for large temperatures, noticing that the quantity
which is summed up in (3.24) changes very slowly as a function of k, we can
replace the sum by an integral:

22 3
62}imL2 k? ~ dk ﬁsz2 >
2= (Soi) = ([Cae
omL?\ ? < e 3_ m %LS_ m \?
:(W) (/0 dre )—(zﬁﬁr) F‘(W) v.(3.26)
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We conclude that while at low temperatures (/3 2'3;—7}; > 1) the mean energy

tends to 5 o 5 o
d hem e

U——-——|-330—— | =3——= 3.27

T < h 2mL2) omL2’ (3:27)

i.e. to the energy of the ground state of the system, at high temperatures

(ﬁzhrifz < 1) we have

d 3 3 3
U—>—% [an—i—E (lnm—lnﬁ—ln(Zﬂ'fﬁ))} = o = 5kT. (3.28)
This confirms that g = ,%T, since the system under consideration corresponds
to a perfect gas containing a single particle, whose mean energy in the classical
limit is precisely 3kT'/2, if T is the absolute temperature.

3.2 The Pressure and the Equation of State

It is well known that the equation of state for a homogeneous and isotropic
system fixes a relation among the pressure, the volume and the temperature
of the same system when it is at thermal equilibrium. We shall discuss now
how the pressure of the system can be computed once the distribution over
its states is known.

The starting point for the computation of the pressure is a theorem which
is valid both in classical and quantum mechanics and is known as the adiabatic
theorem. In the quantum version the theorem makes reference to a system de-
fined by parameters which change very slowly in time (where it is understood
that a change in the parameters may also change the energy levels of the sys-
tem) and asserts that in these conditions the system maintains its quantum
numbers unchanged. What is still unspecified in the enunciation above is what
is the meaning of slow, i.e. with respect to which time scale. We shall clarify
that by an example.

Let us consider a particle of mass M moving in a one-dimensional seg-
ment of length L with reflecting endpoints. Suppose the particle is in the n-th
quantum state corresponding to the energy E,, = h*n’n?/(2ML?) (see equa-
tion (2.99)) and that we slowly reduce the distance L, where slowly means
that |6L|/L < 1 in a time interval of the order of h/AE,, where AE, is
the energy difference between two successive levels. In this case the adiabatic
theorem applies and states that the particle keeps staying in the n-th level as
L is changed. That of course means that the energy of the particle increases
as we bring the two endpoints closer to each other, §F,, = (0F,,/OL)JL, and
we can interpret this energy variation as the work that must be done to move
them. On the other hand, assuming the endpoints to be practically massless,
in order to move them slowly we must exactly balance the force exerted on
them by the presence of the particle inside, which is the analogous of the
pressure in the one-dimensional case. Therefore we obtain the following force:
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_dEn(L) _ h*n2n?
dL. ~ MIL3

F(n,L) = (3.29)
If we now consider the three-dimensional case of the particle in a box of volume
V = L3, for which, according to (2.103), we have:

R n2n?  h%n|*x?
E,(V) = = 3.30

we can generalize (3.29) replacing the force by the pressure:

CdBe(V) 1 dE,  2E(V)

P V)=-—0 =730 a 3 v

(3.31)

Our choice to consider the pressure P instead of the force is dictated by
our intention of treating the system without making explicit reference to the
specific orientation of the cubic box. The force is equally exerted on all the
walls of the box and is proportional to the area of each box, the pressure being
the coeflicient of proportionality.

Having learned how to compute the pressure when the system is in one
particular quantum state, we notice that at thermal equilibrium, being the
i-th state occupied with the probability p; given in (3.15), the pressure can be
computed by averaging that obtained for the single state over the Canonical
Distribution, thus obtaining:

1 OFE;
_ —BE; (V) 9L
P=— § e ok (3.32)

In the case of a particle in a cubic box, using the result of (3.31), we can write:

2 Nt e AER(V) 2U
3V > Z k= 3y (3.33)
K ky ko =0

which represents the equation of state of our system. In the high temperature
limit, taking into account (3.28), we easily obtain

P =" (3.34)

which coincides with the equation of state of a classical perfect gas made up
of a single atom in a volume V.

Starting from the definition of the partition function Z in (3.16), we can
translate (3.32) into a formula of general validity:

1 olnZz

T (3.35)
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3.3 A Three Level System

In order to further illustrate Gibbs method and in particular to verify what
already stated about the behavior of the multiplicity function in the limit of an
ideal reservoir, N — oo (i.e. that it has only one sharp peak in correspondence
of its maximum whose width vanishes in that limit), let us consider a very
simple system characterized by three energy levels £y =0, F5 = ¢ and E3 =
2¢, each corresponding to a single microscopic state. Let U be the total energy
of the macrosystem containing N copies of the system; it is obvious that
U < 2Ne. The statistical distribution is fixed by giving the number of copies in
each microscopic state, i.e. by three non-negative integer numbers N7, No, N3

constrained by:
N1+ N+ N3 =N, (3.36)

and by:
Noe+2N3e=U . (3.37)

the multiplicity of the distribution is

NI

M = NINING

(3.38)
The simplicity of the model lies in the fact that, due to the constraints, there is
actually only one free variable among Ny, No and N3 on which the distribution
is dependent. In particular we choose N3 and parametrize it as

N3 = SCN
Solving the constraints given above we have:

NQZ%-Q.’ENE(’U/—2LU)N,

where the quantity u = U/(e/N) has been introduced, which is proportional
to the mean energy of the copies U = ue, and:

N=(1—-u+2z)N.

The fact that the occupation numbers N; are non-negative integers implies
that x must be greater than the maximum between 0 and u — 1, and less than
u/2. Notice also that if u > 1 then N3 > N7. We must exclude this possibility
since, as it is clear from the expression of the Canonical Distribution in (3.15),
at thermodynamical equilibrium occupation numbers must decrease as the
energy increases. There are however cases, like for instance those encountered
in laser physics, in which the distributions are really reversed (i.e. the most
populated levels are those having the highest energies), but they correspond
to situations which are not at thermal equilibrium.

In the thermodynamical limit, A — oo, we can also say, neglecting distri-
butions with small multiplicities, that each occupation number N; becomes
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very large, so that we can rewrite factorials by using Stirling formula (3.9),
and the expression giving the multiplicity as:

NN
N ((u = 200 N) 2N (1 = - )N TV

N
=c (a:_l(u - Qm)_(“_%)(l —u+ x)_(l_“+”)) ,

M(z) ~c

(3.39)

where c is a constant, which will not enter our considerations.

The important point in our analysis is that the expression in brackets in
(3.39) is positive in the allowed range 0 < z < u/2 and has a single maximum,
which is strictly inside that range. To find its position we can therefore study,
in place of M, its logarithm

InM(z)~-N(zhz+ (u—2z)In(u—22)+ (1 —u+z)In(l —u+x)),
whose derivative is
(In M(2)) = =N (Inz — 2In(u — 22) + In(1 —u +2)) ,

and vanishes if
r(1—u+z) = (u—2x)°. (3.40)

Equation (3.40) shows that, in the most likely distribution, Nz is the geometric
mean of N1 and N3. Hence there is a number z < 1 such that Ny, = 2N; and
N3 = 22N;. According to the Canonical Distribution, z = e~#¢. Equation
(3.40) has real solutions:

14 3u+ /(1 + 3u)? — 12u?
T = .
6

The one contained in the allowed range 0 < x < u/2 is

14 3u— /(1 +3u)? — 12u?

XM 6

We can compute the second derivative of the multiplicity in x; by using the
relation:

M (z) = -N(Inz —2In(u — 22) + In(1 —u + z)) M(x),

and, obviously, M’(zas) = 0. Taking into account (3.40) we have then:

I _ 1 4 1
M (IM) = N<_.Z'M Jru_er 1+mM—u) M(QSM)
_ 1+ 3u—6x)
= N M ). (3.41)

Replacing the value found for x;; we arrive finally to:
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" 2 _ 2
/E\/(/I(ECMM))N 9v/(1 +3u)2 —12u < 18w (3.42)

(\/(1 F3u)? — 1242 — 1)

This result, and in particular the fact that M”(xzps) is of the order of
~NM(zxpr) as N — oo, so that

M(xpr) — M(x)

M) ~N(z—xzp)?,

demonstrates that the multiplicity has a maximum whose width goes to zero
as 1/vN. That is also clearly illustrated in Fig. 3.2. Therefore, in the limit
N — oo, the corresponding probability distribution tends to a Dirac delta

function v
P(z) = _ M@ —d(x—xpm).

Jo' dyM (y)
This confirms that the probability is concentrated on a single distribution (a
single x in the present case), which coincides with the most probable one. Even
if there are exceptions to this law, for instance in some systems presenting a
critical point (like the liquid-vapor critical point), that does not regard the
systems considered in this text, so that the equilibrium distribution can be
surely identified with the most likely one.

A

.2 4 B

Fig. 3.2. Two plots in arbitrary units of the multiplicity distribution M (z) of the N-
elements Gibbs ensemble of the three level model. The comparison of the distribution
for N =1 (left) and N/ = 1000 (right) shows the predicted fast reduction of the
fluctuations for increasing N

In Fig. 3.2 the plots of the function given in (3.39) are shown for an arbitrary
choice of the vertical scale. We have set « = 1/2 and we show two different
cases, N'=1 (left) and N = 1000 (right).
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Making always reference to the three-level
system, we notice that the ratios of the oc-

cupation numbers are given by 4 |
_ oBe_ __TM 1 1
z=e = —
u— 2%
V14+6u—3u?+u—1 +
= . (3.43 1
4 _ 2u ( ) .5‘-
The plot of z as a function of u is given on
the side and shows that in the range (0,1) i e b
we have 0 < z < 1. Hence § — o0 asu — 0 .5 1 u

and 8 — 0 asu — 1.

3.4 The Grand Canonical Ensemble
and the Perfect Quantum Gas

We shall describe schematically the perfect gas as a system made up of a great
number of atoms, molecules or in general particles of the same species, which
have negligible interactions among themselves but are subject to external
forces. We can consider for instance a gas of particles elastically attracted
towards a fixed point, or instead a gas of free particles contained in a box
with reflecting walls. We will show detailed computations for the last case,
since it has several interesting applications, but the reader is invited to think
about the generalization of the results that will be obtained to the case of
different external forces.

The states of every particle in the box can be described as we have done for
the single particle in a box, see Paragraph 3.1.2. However, classifying the states
of many identical particles raises a new problem of quantum nature, which
is linked to quantum indistinguishability and to the corresponding statistical
choice.

The uncertainty principle is in contrast with the idea of particle trajectory.
If a particle is located with a good precision at a given time, then its velocity
is highly uncertain and so will be its position at a later time. If two identical
particle are located very accurately at a given time ¢ around points r1 and 72,
their positions at later times will be distributed in a quite random way; if we
locate again the particles at time ¢ + At we could not be able to decide which
of the two particles corresponds to that initially located in r; and which to
the other.

The fact that the particles cannot be distinguished implies that the prob-
ability density of locating the particles in two given points, p(r1,72), must
necessarly be symmetric under exchange of its arguments:

p(r1,m2) = p(rz,m1). (3.44)
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Stated otherwise, indices 1 and 2 refer to the points where the two particles
are simultaneously located but in no way identify which particle is located
where.

If we consider that also in the case of two (or more) particles the probability
density must be linked to the wave functions by the relation:

p(Tl, TQ) = W}(Tla T2)|2 ’

then, taking (3.44) into account, we have that:
P(ry,r) = €V eh(re, 7)),

where ¢ cannot depend on positions since that would change the energy of
the corresponding state. A double exchange implies that ¢ = 1, so that
e = 41. Therefore we can state that, in general, the wave function of two
identical particles must satisfy the following symmetry relation

¢<’l"1,’f‘2> = iiﬂ(’l"Q,’l"ﬂ. (345)

Since identity among particles is equivalent to the invariance of Schrodinger
equation under coordinate exchange, we conclude that equation (3.45) is yet
another application of the symmetry principle introduced in Section 2.6.

Generalizing the same argument to the case of more than two particles, it
can be easily noticed that the sign appearing in (3.45) must be the same for
all identical particles of the same species. The plus sign applies to photons,
to hydrogen and helium atoms, to diatomic molecules made up of identical
atoms and to many other particles. There is also a large number of particles
for which the minus sign must be used, in particular electrons, protons and
neutrons. In general, particles of the first kind are called bosons, while particles
of the second kind are named fermions.

As we have seen at the end of Section 2.3, particles may have an internal
angular momentum which is called spin, whose projection (hs) in a given
direction, e.g. in the momentum direction, can assume the values (S — m)h
where m is an integer such that 0 < m < 2S5 and S is either integer or half-
integer. In case of particles with non-vanishing mass one has an independent
state for each value of m. This is not true for massless particles. Indeed,
e.g. for a photon, the spin momentum projection assumes only two possible
values (+h), corresponding to the independent polarizations of light. A general
theorem (spin-statistics theorem) states that particles carrying half-integer
spin are fermions, while those for which S is an integer are bosons.

Going back to the energy levels of a system made up of two particles in a
box with reflecting walls, they are given by

m2h? 2 2 2 2 2 2
E= Iz (k2 4+ Kk + k2 + kI o+ ko + ko] . (3.46)
The corresponding states are identified by two vectors (wave vectors) k1 and
ko with positive integer components and, if it applies, by two spin indices s;
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and so. Indeed, as we have already said, the generic state of a particle carrying
spin is described by a wave function with complex components which can be
indicated by ¢(r ,0), where o identifies the single component; in this case
[tp(r, o)|? represents the probability density of finding the particle around r
and in the spin state o.

Indicating by ¥ (r) the wave function of a single particle in a box given
in (2.101), the total wave function for two particles, which we assume to have
well definite spin components s; and s, should correspond to the product
Uiy (T1)Vky (12) 051 61 055,00, DUt (3.45) compels us to (anti-)symmetrize the
wave function, which can then be written as:

Y(r1,72,01,02) = N[ Yk, (71)Vky (T2)061 51 005,55
+ wkz(Tl)wkl (T2)601782602,81]' (347)

However that leads to a paradox in case the two wave vectors coincide, ki =
ks, and the particles are fermions in the same spin state, s; = s3. Indeed
in this case the minus sign has to be used in (3.47), leading to a vanishing
result. The only possible solution to this seeming paradox is Pauli’s Exclusion
Principle, which forbids the presence of two identical fermions having the
same quantum numbers (wave vector and spin in the present example).

The identification of the states of two particles which can be obtained
by exchanging both wave vectors and spin states suggests that a better way
to describe them, alternative to fixing the quantum numbers of the single
particles, is that of indicating which combinations (wave vector, spin state)
appear in the total wave function, and in case of bosons how many times do
they appear: that corresponds to indicating which single particle states (each
identified by k and &) are occupied and by how many particles. In conclusion,
the microscopic state of systems made up of many identical particles (quantum
gas) can be described in terms of the occupation numbers of the quantum
states accessible to a single particle: they can be non-negative integers in the
case of bosons, while only two possibilities, 0 or 1, are left for fermions. For
instance the wave function in (3.47) can be described in terms of the following
occupation numbers:

Nk,o = 5k:,k:1 50,51 + 5k,k260,52 .

3.4.1 The Perfect Fermionic Gas

According to what stated above, we shall consider a system made up of n
identical and non-interacting particles of spin S = 1/2, constrained in a cubic
box with reflecting walls and an edge of length L. Following Gibbs, the box
is supposed to be in thermal contact with A/ identical boxes.

The generic microscopic state of the gas, which is indicated with an index
i in Gibbs construction, is assigned once the occupation numbers {ng s} are
given (with {ng s} = 0 or 1) for every value of the wave vector k and of the
spin projection s = +1/2, with the obvious constraint:
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an7s =n. (3.48)
k,s
The corresponding energy is given by:

h*m? h2r?
Biuy =) 5 (B AK 4B ko =D o —skng.. (3.49)

.8 k,s

Notice that all occupation numbers ng, s refer to the particles present in the
specified single particle state: they must not be confused with the numbers
describing the distribution of the A copies of the system in Gibbs method.
The partition function of our gas is therefore:

2
7 = E e BBk .y — E _BZk s 2m7£2k e,s
{nk,s}rzk,s Nie,s=n {nie,s}:) 2, nk.s=n

- 3 [T v L (3.50)

The constraint in (3.48) makes the computation of the partition function really
difficult. Indeed, without that constraint, last sum in (3.50) would factorize
in the product of the different sums over the occupation numbers of the single
particle states k, s.

This difficulty can be overcome by relaxing the constraint on the number of
particles in each system, keeping only that on the total number 7., of particles
in the macrosystem, similarly to what has been done for the energy. Hence
the number of particles in the gas, n, will be replaced by the average number
i = ngot/N. Also in this case the artifice works well, since the probability
of the various possible distributions of the macrosystem is extremely peaked
around the most likely distribution, so that the number of particles in each
system has negligible fluctuations with respect to the average number 7.

This artifice is equivalent to replacing the Canonical Distribution by the
Grand Canonical one. In practice, the reflecting walls of our systems are given
a small permeability, so that they can exchange not only energy but also par-
ticles. In the general case the Grand Canonical Distribution refers to systems
made up of several different particle species, however we shall consider the
case of a single species in our computations.

Going along the same lines of the construction given in Section 3.1, we
notice that the generic state of the system under consideration, identified by
the index i, is now characterized by its particle number n; as well as by its
energy FE;. We are therefore looking for the distribution having maximum

multiplicity A
|
M (N = [Ty

constrained by the total number of considered systems
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Y Ni=N, (3.51)

by the total energy of the macrosystem

> NiE; =UN (3.52)

and, as an additional feature of the Grand Canonical Distribution, by the
total number of particles of each species. In our case, since we are dealing
with a single type of particles, there is only one additional constraint:

> niNi=nN. (3.53)

If we apply the method of Lagrange’s multipliers we obtain, analogously to
what has been done for the Canonical Distribution, see (3.12),

In p; = —1+4~v—B(E —pn;) , (3.54)

where we have introduced the new Lagrange multiplier Gu, associated with
the constraint in (3.53). We arrive finally, in analogy with the canonical case,
to the probability in the Grand Canonical Distribution:

e~ B(Ei—pni) e~ B(Ei—pni)

pi= Zj e—B(E;—pny) = = ’ (3.55)

where the grand canonical partition function, =, has been implicitly defined.
It can be easily shown that, in the same way as energy exchange (ther-
mal equilibrium) compels the Lagrange multiplier 8 to be the same for all
systems in thermal contact (that has been explicitly shown for the Canonical
Distribution), particle exchange forces all systems to have the same chemical
potential v for each particle species separately. The chemical potential can be
computed through the expression for the average number of particles:

e~ B(Ei—pni)

Let us now go back to the case of the perfect fermionic gas. The Grand
Canonical partition function can be written as:

h2x2

== Z e_B(E{”kws}_“zk,s"’“s) = Z e_ﬁzk,s(2mL2k2_“)”’“~S
{nk,s} {"’c,s}

1
_ Z e—ﬁ(%kz—u)nk,s _ H (1 + e_ﬁ(%kQ_“)) .(3.57)

k,s \nk,s=0 k,s
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Hence, based on (3.55), we can write the probability of the state defined by
the occupation numbers {ng s} as

o%, () e (22252 )

e k,s \ 2mL e amL

p({nk78}> = = = H o (R2x2K2 _ ’ (358>
- ks \1+e 'B( 2m L2 ‘“)

which, as can be easily seen, factorizes into the product of the probabilities
related to the single particle states: p ({nw,s}) = [ . P (k,s), where

o (222 )

2mL2

P (Nk,s) = (3.59)

R27212 .
T —

1+ e_ﬁ( 2mL?

Using this result we can easily derive the average occupation number for the
single particle state, also known as Fermi-Dirac distribution:

1 —5(h27r2k22—u>

e 2mL 1
A . — = = . (3.60
s = D b ) = gy = Sy (360)

This result can be easily generalized to the case of fermions which are subject
to an external force field, leading to single particle energy levels E,, identified
by one or more indices a. The average occupation number of the single particle
state « is then given by:

1

= (3.61)

Na

and the chemical potential can be computed making use of (3.56), which
according to (3.61) and (3.60) can be written in the following form:

_ 1 1
DS v e Rl Dl ez & (3.62)

« k,s 1+e 2mL2

where the second equation is valid for free particles.

We have therefore achieved a great simplification in the description of our
system by adopting the Grand Canonical construction. This simplification can
be easily understood in the following terms. Having relaxed the constraint on
the total number of particles in each system, each single particle state can
be effectively considered as an independent sub-system making up, together
with all other single particle states, the whole system. Each sub-system can
be found, for the case of fermions, in only two possible states with occupation
number 0 or 1: its Grand Canonical partition function is therefore trivially
given by 14exp(—0(E,—u)), with 8 and p being the same for all sub-systems
because of thermal and chemical equilibrium. The probability distribution,
equation (3.59), and the Fermi-Dirac distribution easily follows.
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In order to make use of previous formulae, it is
convenient to arrange the single particle states
k,s according to their energy, thus replacing
the sum over state indices by a sum over state K
energies. With that aim, let us recall that the
possible values of k, hence the possible states,
correspond to the vertices of a cubic lattice
having spacing of length 1. In the nearby fig-
ure we show the lattice for the two-dimensional
case. It is clear that, apart from small correc-
tions due to the discontinuity in the distribu-
tion of vertices, the number of single particle
states having energy less than a given value
is given by

()| ()
ng == i = E3/? (3.63)
8 3 372 ’

which is equal to the volume of the sphere of radius

2mEL

k=
mh

divided by the number of sectors (which is 8 in three dimensions), since k has
only positive components, and multiplied by the number of spin states, e.g. 2
for electrons.

The approximation used above, which improves at fixed particle density
n/L? as the volume L? increases, consists in considering the single particle
states as distributed as a function of their energy in a continuous, instead
of discrete, way. On this basis, we can compute the density of single particle
states as a function of energy:

dTLE _ \/ZmBLB\/E.
dE m2h3

(3.64)

Hence we can deduce from (3.60) the distribution of particles as a function of

their energy:
dn(E)  v2m3L* VE

and replace (3.62) by the following equation:
* dn(E e V2m3L3 E
ﬁ:/ it )dE:/ dEY T VE (3.66)
o dE 0 2R3 14 eBE-w

Equation (3.65) has a simple interpretation in the limit 7' — 0, i.e. as § — oo.
Indeed, in that limit, the exponential in the denominator diverges for all single
particle states having energy greater than u, hence the occupation number



3.4 The Grand Canonical Ensemble and the Perfect Quantum Gas 141

vanishes for those states. The exponential instead vanishes for states having
energy less that u, for which the occupation number is one. Therefore the
chemical potential in the limit of low temperatures, which is also called Fermi
energy Fr, can be computed through the equation:

(ﬁmL)?’
h
ng, = TEJ?;/Q =n. (3.67)

Solving for Er, we obtain:

2

h
Ep = plr=o = =—

5 (37%)"" (3.68)

where p = 71/ L3 is the density of particles in the gas.
In order to discuss the opposite limit, in which T is very large (8 — 0),
let us set z = e A" and rewrite (3.66) by changing the integration variable

(x = BE):
_ V2m3L3 /°° de N3 B V2(mkT)3L3 /OO dx VT (3.69)
233 :

2R3 1+ ze® 0 14 ze '

3

We see from this equation that p must tend to —oco as T — oo, i.e. z must
diverge, otherwise the right-hand side in (3.69) would diverge like 7%/2, which
is a nonsense since 7 is fixed a priori.

Since at high temperatures z diverges, the exponential in the denominator
of (3.60) is much greater than 1, hence (3.65) can be replaced, within a good
approximation, by

NTAY
dn(E) ( ) BE _ 273 BE
T = o VEe PP = ALV Ee™ (3.70)

The constant A, hence u, can be computed through

/ AL*VEe PEJE = 2AL3 / w207 dy = 2AL3— / e P dy

0 0

_ AL
= —AL3—/ e P dy = —AL3dﬂ T 1/ (3.71)

We have therefore A = 2p\/33/7 = ’#v2m3/(x*h?), confirming that

p— —ooas —0(u~Ins/pB).
It is remarkable that in the limit under consideration, in which the distri-
bution of particles according to their energy is given by:

dn(E) \/Ea _BE
T =2 7TL\/Ee , (3.72)
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Planck’s constant has disappeared from formulae. If consequently we adopt
the classical formula for the energy of the particles, E = mwv?/2, we can find
the velocity distribution corresponding to (3.70):

dn(v) _ dn(E)dE _ [2m33% 5 5 5020
0 = dE dv =P - L ve . (3.73)

Replacing G by 1/kT, equation (3.73) reproduces the well known Maxwell
distribution for velocities, thus confirming the identification 8 = 1/kT made
before.

d n{E)
dE

Fig. 3.3. A plot of the Fermi—Dirac energy distribution in arbitrary units for a
fermion gas with Er = 10 for kT" = 0, 0.25 and 12.5. Notice the for the first two
values of kT the distribution saturates the Pauli exclusion principle limit, while for
kT = 12.5 it approaches the Maxwell-Boltzmann distribution

The figure above reproduces the behavior predicted by (3.65) for three dif-
ferent values of k7', and precisely for kT = 0, 0.25 and 12.5, measured in the
arbitrary energy scale given in the figure, according to which Er = 10. The
two curves corresponding to lower temperatures show saturation for states
with energy ' < Ep, in contrast with the third curve which instead repro-
duces part of the Maxwell distribution and corresponds to small occupation
numbers.

Making use of (3.65) we can compute the mean energy U of the gas:

> _dn(FE V2m3L3 [ vV E3
U:/ g E) g _ il ——dE, (3.74)
0 dFE m=2h 0 1 +eﬂ( —p)
obtaining, in the low temperature limit,
373 =\5/3,4/3%2 =\5/3,4/3%2
_ V8m’L 552 _ (3n)>/ /2R (3n)>/°w/°h (3.75)

sp2pd 10mL? - 10mv2/3 7
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where V = L3 is the volume occupied by the gas. At high temperatures we
have instead:

B3 3 = 3/2 —BE B3 3 > 4 —Bx?
U=2p\/—L E°/2e™PPdE = 4p\| —L e dx
s 0 ™ 0
_ 3.8 [T _ 3.
2 ~\/ B> 28

This result reproduces what predicted by the classical kinetic theory and
in particular the specific heat at constant volume for a gram atom of gas:
Cy =3/2kNy =3/2R.

In order to compute the specific heat in the low temperature case, we notice
first that, for large values of 3, equation (3.66) leads, after some computations,

to u = Er —O(372), hence u = Ep also at the first order in 7. We can derive
(3.74) with respect to T', obtaining:

gﬁkT. (3.76)

C=kp

o, V2m3 L3 /°° VE3(E — ) e#F—1)
0

e Gror ik (3.77)

For large values of 8 the exponential factor in the numerator makes the con-
tributions to the integral corresponding to E < p negligible, while the expo-
nential in the denominator makes negligible contributions from F > p. This
permits to make a Taylor expansion of the argument of the integral in (3.77).
In particular, if we want to evaluate contributions of order T', taking (3.67)
into account we obtain:

n * VE3E-FE n [ E—F
C ~ kp? 3”3/ ( F)ZdE:kﬁ23§n/ F-Fr) g
8L /- (cosh LE;EF)) oo (cosh LE;EF))

97 [~ (E-Ep)? _9kKT /°° r \2
k3 —— dE =k d
+ kA 16EFR [m (cosh ﬁ(EfEF))2 nZEF (Coshx) .
2

oo

_3m2kT

—k
"AE,

(3.78)

showing that the specific heat has a linear dependence in T at low tempera-
tures.

The linear growth of the specific heat with T for low temperatures can
be easily understood in terms of the distribution of particles at low 7. In
particular we can make reference to (3.65) and to its graphical representation
shown in Fig. 3.3: at low temperatures the particles occupy the lowest possible
energy levels, thus saturating the limit imposed by Pauli’s principle. In these
conditions most of the particles cannot exchange energy with the external
environment, since energy exchanges of the order of kT, which are typical
at temperature 7', would imply transitions of a particle to a different energy
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level which however is already completely occupied by other particles. If we
refer to the curve corresponding to kT = 0.25 in the figure, we see that only
particles having energies in a small interval of width k7T around the Fermi
energy (Er = 10 in the figure), where the occupation number rapidly goes
from 1 to 0, can make transitions from one energy level to another, thus
exchanging energy with the reservoir and giving a contribution to the specific
heat, which is of the order of k for each particle. We expect therefore a specific
heat which is reduced by a factor kT/Ep with respect to that for the high
temperature case: this roughly reproduces the exact result given in (3.78).

Evidently we expect the results we have obtained to apply in particular to
the electrons in the conduction band of a metal. It could seem that a gas of
electrons be far from being non-interacting, since electrons exchange repulsive
Coulomb interactions; however Coulomb forces are largely screened by the
other charges present in the metallic lattice, and can therefore be neglected,
at least qualitatively, at low energies. We recall that in metals there is one free
electron for each atom, therefore, taking iron as an example, which has a mass
density p,, ~ 5 103 Kg/m? and atomic weight A ~ 50, the electronic density is:
n/V = pm(Na/A)103 ~ 6 1028 particles/m3. Making use of (3.68) we obtain:
Ep ~ (10758 /1.8 107%) (3726 10%)** J ~ 10718 J ~ 6 eV. If we recall that
at room temperature kT ~ 2.5 1072 eV, we see that the order of magnitude of
the contribution of electrons to the specific heat is 3 10~2R per gram atom, to
be compared with 3R, which is the contribution of atoms according to Dulong
and Petit. Had we not taken quantum effects into account, thus applying the
equipartition principle, we would have predicted a contribution 3/2R coming
from electrons. That gives a further confirmation of the relevance of quantum
effects for electrons in matter.

Going back to the general case, we can obtain the equation of state
for a fermionic gas by using (3.35). From the expression for the energy

E; corresponding to a particular state of the gas given in (3.49) we derive
OFE;/0V = —2FE;/3V, hence

2
PV = U, (3.79)

which at high temperatures, where (3.76) is valid, reproduces the well known
perfect gas law. Notice that the equation of state in the form given in (3.79)
is identical to that obtained in (3.33) and indeed depends only on the dis-
persion relation (giving energy in terms of momentum) assumed for the free
particlestates, i.e. the simple form and the factor 2/3 are strictly related to
having considered the particles as non-relativistic (see Problem 3.26 for the
case of ultrarelativistic particles).

3.4.2 The Perfect Bosonic Gas

To complete our program, let us consider a gas of spinless atoms, hence of
bosons; in order to have a phenomenological reference, we shall think in par-
ticular of a mono-atomic noble gas like helium. The system can be studied
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along the same lines followed for the fermionic gas, describing its possible
states by assigning the occupation numbers of the single particle states, with
the only difference that in this case the wave function must be symmetric in
its arguments (the coordinates of the various identical particles), hence there
is no limitation on the number of particles occupying a given single particle
state. The Grand Canonical partition function for a bosonic gas in a box is
therefore

2o Y e n D) - 3 ()

{ne} {nw}
(55 o)
ne=0
= L 3.80
e 350

from which the probability of the generic state of the gas follows:

_ E2x2k2 )
e BZk( 2mr2 M)k

—
—

H< B (P22 ) <1 eﬁ(’fﬁi’fﬂ)» o (3.81)

k

p({nx}) =

which again can be written as the product of the occupation probabilities
relative to each single particle state:

o) =) (1)

The average occupation number of the generic single particle state, k, is thus

_ = 5 h ™ k2_u h W2k2—ﬂ)
N = Z ne p(ng)=(1-e 2mL3 Zn e 2mL2

Nk =0

oA ) 1
- 1-— eiﬁ(h;:if 7#) B eﬁ(h;:if 7#) -1 7

which is known as the Bose—FEinstein distribution. We deduce from last equa-
tion that the chemical potential cannot be greater than the energy of the
ground state of a single particle, i.e.

(3.83)

him?
2mL?’
otherwise the average occupation number of that state would be negative. In

the limit of large volumes, the ground state of a particle in a box has vanishing
energy, hence p must be negative.

p<3
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The exact value of the chemical potential is fixed by the relation

n=> nk=Y_ ﬁ(ﬁw;#) . (3.84)
k

k e \ 2mL? —1

For the explicit computation of u we can make use, as in the fermionic case,
of the distribution in energy, considering it approximately as a continuous

function:
di(E 512 VE
nE) _ jm : (3.85)
dE 9 253 BB _ |

Notice that equation (3.85) differs from the analogous given in (3.65), which
is valid in the fermionic case, both for the sign in the denominator and for a
global factor 1/2 which is due to the absence of the spin degree of freedom.

The continuum approximation for the distribution of the single particle
states in energy is quite rough for small energies, where only few levels are
present. In the fermionic case, however, that is not a problem, since, due to
the Pauli exclusion principle, only a few particles can occupy those levels (2
per level at most in the case of electrons), so that the contribution coming
from the low energy region is negligible. The situation is quite different in
the bosonic case. If the chemical potential is small, the occupation number of
the lowest energy levels can be very large, giving a great contribution to the
sum in (3.84). We exclude for the time being this possibility and compute the
chemical potential making use of the relation:

|m? ka VT
n= 7r2h3 / eB(E H) — 1 27_713 e — 1 (386)

where again we have set z = e## > 1. Defining the gas density, p = /L3,
equation (3.86) can be rewritten as:

o NG 9.3 2
d =7°h —_—. 3.87
/0 Y1 TP (mkT)3 (3:87)

On the other hand, recalling that z > 1, we obtain the following inequality:

o 1 oo oo
/ dx v < —/ dx VT < / dx v ~ 2.315, (3.88)
0 0 r — 1 0 et —1

zeT —1 7 %z et —

which can be replaced in (3.87), giving an upper limit on the ratio p/T%/2.
That limit can be interpreted as follows: for temperatures lower than a certain
threshold, the continuum approximation for the energy levels cannot account
for the distribution of all particles in the box, so that we must admit a macro-
scopic contribution coming from the lowest energy states, in particular from
the ground state. The limiting temperature can be considered as a critical
temperature, and the continuum approximation is valid only if
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h2 2/3

m

T>T, ~4.38

(3.89)

As T approaches the critical temperature the chemical potential vanishes and
the occupation number of the ground state becomes comparable with 72, hence
of macroscopic nature. For temperatures lower than T, the computation of the
total number of particles shown in (3.86) must be rewritten as:

) m3 VE
=7y 2h3 Em— (3.90)

where ny refers to the particles occupying the lowest energy states, while the
integral over the continuum distribution, in which g has been neglected, takes
into account particles occupying higher energy levels. Changing variables in
the integral we obtain:

(mkT)? L3

(3.91)
showing that, for T' < T,, n¢ takes macroscopic values, of the order of mag-
nitude of Avogadro’s number Ny4.

This phenomenon is known as Bose-Einstein condensation. Actually,
for the usual densities found in ordinary gasses in normal conditions, i.e.
p =~ 10%° particles/m?, the critical temperature is of the order of 10=2 °K: for
this combination of temperature and density, interatomic forces are no more
negligible even in the case of helium, so that the perfect gas approximation
does not apply. The situation can be completely different at very low densities,
indeed Bose—Einstein condensation has been recently observed for tempera-
tures of the order of 1079 °K and densities of the order of 10'® particles/m3.

In the opposite situation, for temperatures much greater than 7., the ex-
ponential clearly dominates in the denominator of the continuum distribution
since, analogously to what happens for fermions at high temperatures, one
can show that z > 1. Hence the —1 term can be neglected, so that the distri-
bution becomes that obtained also in the fermionic case at high temperatures,
i.e. the Maxwell distribution.

3.4.3 The Photonic Gas and the Black Body Radiation

We shall consider in brief the case of an electromagnetic field in a box with
“almost” completely reflecting walls: we have to give up ideal reflection in
order to allow for thermal exchanges with the reservoir. From the classical
point of view, the field amplitude can be decomposed in normal oscillation
modes corresponding to well defined values of the frequency and to electric
and magnetic fields satisfying the well known reflection conditions on the box
surface. The modes under consideration, apart from the two possible polar-
izations of the electric field, are completely analogous to the wave functions
of a particle in a box shown in (2.101), that is:
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sin (%klx) sin (%k’yy) sin (%k:zz) cos (%, K2+ k2 + k2 ct) (3.92)

where, as usual, the integers (k;, ky, k.) define the vector k. We have therefore
the following frequencies:

C
ve = 57k (3.93)

Taking into account the two possible polarizations, the number of modes hav-
ing frequency less than a given value v is:

s 8t L313
b= —|k]P = ———, 3.94
ny = Sl = 2 (3.949)
from which the density of modes can be deduced:
dn, 8mL3v?
ny _STLV (3.95)

dv c3

If the system is placed at thermal equilibrium at a temperature T" and we
assume equipartition of energy, i.e. that an average energy kT corresponds to
each oscillation mode, we arrive to the result found by Rayleigh and Jeans for
the energy distribution of the black body? radiation as a function of frequency
(a quantity which can also be easily measured in the case of an oven):

dU(v)  87kT

3,2
- 5L (3.96)

This is clearly a parodoxical result, since, integrating over frequencies, we
would obtain an infinite internal energy, hence an infinite specific heat. From
a historical point view it was exactly this paradox which urged Planck to
formulate his hypothesis about quantization of energy, which was then better
specified by Einstein who assumed the existence of photons.

Starting from Einstein’s hypothesis, equation (3.95) can be interpreted as
the density of states for a gas of photons, i.e. bosons with energy E = hv.
The density of photons given in (3.64) becomes then:

dnp L\’ E?
— == —. 3.97
dE (ﬁc) w2 ( )
For a gas of photons the collisions with the walls of the box, which thermalize
the system, correspond in practice to non-ideal reflection processes in which

photons can be absorbed or new photons can be emitted by the walls. There-
fore, making always reference to a macrosystem made up of a large number of

2 A black body, extending a notion valid for the visible electromagnetic radiation,
is defined as an ideal body which is able to emit and absorb electromagnetic
radiation of any frequency, so that all oscillation modes interacting with (emitted
by) a black body at thermal equilibrium at temperature T' can be considered as
thermalized at the same temperature.
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similar boxes, there is actually no constraint on the total number of particles,
hence the chemical potential must vanish.
The distribution law of the photons in energy is then given by:

2 err — 1

From this law we can deduce the distribution in frequency:

3 2 e V2
dr;(yl/) B (%) (hv) h Bmps_v (3.99)

and we can finally write the energy distribution of the radiation as a function
of frequency by multiplying both sides of (3.99) by the energy carried by each
photon:

dU(v) 8rh 5 V3

= —L°—F— . 3.100
dv c3 e 1 ( )

This distribution was deduced for the first time by Planck and was indeed
named after him.

It is evident that at small frequencies Planck distribution is practically
equal to that in (3.96). Instead at high frequencies energy quantization leads
to an exponential cut in the energy distribution which eliminates the paradox
of an infinite internal energy and of an infinite specific heat. We notice that
the phenomenon suppressing the high energy modes in the computation of the
specific heat is the same leading to a vanishing specific heat for the harmonic
oscillator when kT < hv (the system cannot absorb a quantity of energy less
than the minimal quantum hv) and indeed, as we have already stressed at
the end of Section 2.7, the radiation field in a box can be considered as an
infinite collection of independent harmonic oscillators of frequencies given by
the resonant frequencies of the box.

Suggestions for Supplementary Readings

e F. Reif: Statistical Physics - Berkeley Physics Course, volume 5 (Mcgraw-Hill
Book Company, New York 1965)

e E. Schrodinger: Statistical Thermodynamics (Cambridge University Press, Cam-
bridge 1957)

e T.L.Hill: An Introduction to Statistical Thermodynamics (Addison-Wesley Pub-
lishing Company Inc., Reading 1960)

e F. Reif: Fundamentals of Statistical and Thermal Physics (Mcgraw-Hill Book
Company, New York 1965)
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Problems

3.1. We have to place four distinct objects into 3 boxes. How many possible
different distributions can we choose? What is the multiplicity M of each
distribution? And its probability p?

Answer: We can make 3 different choices for each object, therefore the total num-
ber of possible choices is 3* = 81. The total number of possible distributions is
instead given by all the possible choices of non-negative integers mni,ns2,ns with
n1 +mn2 +ns =4, ie (4+1)(4+ 2)/2 = 15. There are in particular 3 distributions
like (4,0,0), each with p = M/81 = 1/81; 6 like (3,1,0), with p = M /81 =4/81; 3
like (2,2,0), with p = M /81 = 6/81; 3 like (2,1, 1), with p = M/81 = 12/81.

3.2. The integer number k can take values in the range between 0 and 8
according to the binomial distribution:

P(k) = 2_18(2) .

Compute the mean value of k and its mean quadratic deviation.
Answer: k=4; ((k—k)?* =2 .

3.3. Let us consider a system which can be found in 4 possible states, enumer-
ated by the index k = 0,1, 2,3 and with energy E; = ek, where e = 1072 eV.
The system is at thermal equilibrium at room temperature 7' ~ 300°K. What
is the probability of the system being in the highest energy state?

Answer: Z = Y. e PF U = (1/2)Y;_ eke P ~ 1.035 1072 eV;
Pr—s = (1/2)e™38¢ ~ 0.127.

3.4. A diatomic molecule is made up of two particles of equal mass M =
10727 Kg which are kept at a fixed distance L =4 1071° m. A set of N = 10°
such systems, which are not interacting among themselves, is in thermal equi-
librium at a temperature T = 1°K. Estimate the number of systems which
have a non-vanishing angular momentum (computed with respect to their
center of mass), i.e. the number of rotating molecules, making use of the fact
that the number of states with angular momentum nh is equal to 2n + 1.

Answer: If we quantize rotational energy according to Bohr, then the possible energy
levels are B, = n’h?/(ML?) ~ 4.3 10~ *n? eV, each corresponding to 2n+1 different
states. These states are occupied according to the Canonical Distribution. The par-
tition function is Z = 3"°7 (2n+1)e” #*/*T If T = 1°K, then kT ~ 0.862 10~* eV,
hence e~ En/FT ~ g=5.04n% (6.47 10_3)"24 Therefore the two terms with n = 0,1
give a very good approximation of the partition function, Z ~ 1 + 1.94 10~2. The
probability that a molecule has n = 0is 1/Z, hence the number of rotating molecules
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is Np = N(1—-1/2Z) ~ 1.9 10”. If we instead make use of Sommerfeld’s perfected the-
ory, implying n®> — n(n + 1) in the expression for E,, we obtain Z ~ 14 1.25 10~*
and Ng = N(1 — 1/Z) ~ 1.25 10°. In the present situation, being quantum ef-
fects quite relevant, the use of Sommerfeld’s correct formula for angular momentum
quantization in place of simple Bohr’s rule makes a great difference.

3.5. Consider again Problem 3.4 in case the molecules are in equilibrium at
room temperature, T ~ 300°K. Compute also the average energy of each
molecule.

Answer: In this case the partition function is, according to Sommerfeld’s theory:
7= S e,
n=0

with o ~ 0.0168. Since a < 1, (2n + 1)efa”2 is the product of a linear term times
a slowly varying function of n, hence the sum can be replaced by an integral
1

7~ / dn(2n + 1)e """t = — ~ 60
0 o

hence the number of non-rotating molecules is Nng = N/Z ~ 1.67 107. From Z ~
1/ao = kTML?/h?, we get U = —0/031In Z = kT, in agreement with equipartition
of energy.

3.6. A system in thermal equilibrium admits 4 possible states: the ground
state, having zero energy, plus three degenerate excited states of energy e.
Discuss the dependence of its mean energy on the temperature 7.

Answer:

3e efe/kT . . ,
= Tigeor i U@ =0;  lim UT)=7e.

U

3.7. A simple pendulum of length [ = 10 cm and mass m = 10 g is placed
on Earth’s surface in thermal equilibrium at room temperature, 7' = 300°K.
What is the mean quadratic displacement of the pendulum from its equilib-
rium point?

Answer: The potential energy of the pendulum is, for small displacements s << [,
mgs®/2l. From the energy equipartition theorem we infer mgs®/2l ~ kT /2, hence

V/(82) ~ \/kTl/mg=210"""m .

3.8. What is the length of a pendulum for which quantum effects are impor-
tant at room temperature?

Answer: hw ~ kT, so that | = g/w? ~ h?g/(kT)? ~ 6.5 1072® m.
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3.9. A massless particle is constrained to move along a segment of length L;
therefore its wave function vanishes at the ends of the segment. The system
is in equilibrium at a temperature 7. Compute its mean energy as well as the
specific heat at fixed L. What is the force exerted by the particle on the ends
of the segment?

o —BEn,

Answer: Energy levels are given by E, = ncrh/L , hence Z = Y > e =

1/(e™™/L _ 1) from which the mean energy follows

U— _8an . @ 1
- 8,8 - L (1 _ efcﬂh/LkT) ’
and the specific heat
—cmh/LkT

Cr = k(cwh/LkT)Q(l_ewm ,
which vanishes at low temperatures and approaches k at high temperatures; notice
that the equipartition principle does not hold in its usual form in this example, since
the energy is not quadratic in the momentum, hence we have k instead of k/2. The
equation of state can be obtained making use of (3.29) and (3.35), giving for the
force F'=(1/8)(0InZ/OL) = U/L. Hence at high temperatures we have F'L = kT.

3.10. Consider a system made up of N distinguishable and non-interacting
particles which can be found each in two possible states of energy 0 and e.
The system is in thermal equilibrium at a temperature T'. Compute the mean
energy and the specific heat of the system.

Answer: The partition function for a single particle is Z; = 1 + e~ “FT That
for N independent particles is Zy = ZI¥. Therefore the average energy is

Ne

U= 1+ee/kT

and the specific heat is

€ 2 ee/kT
“NE(S)
0=k (57) @y

3.11. A system consists of a particle of mass m moving in a one-dimensional
potential which is harmonic for z > 0 (V = k2?/2) and infinite for x < 0. If
the system is at thermal equilibrium at a temperature T', compute its average
energy and its specific heat.

Answer: The wave function must vanish in the origin, hence the possible energy
levels are those of the harmonic oscillator having an odd wave function. In particu-
lar, setting w = 1/k/m, we have E, = (2n+ 3/2)fiw, with n = 0, 1, ... The partition

function is
—3Bhw/2
7 e
- 1 — e—2Bhw’

so that the average energy is
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U= 3hw 2hw
T2 * e2bhw _ ]

and the specific heat is

eQBﬁw

2
C = k(2ﬁhw) 7(62/67“" — 1)2 .
3.12. Compute the average energy of a classical three-dimensional isotropic
harmonic oscillator of mass m and oscillation frequency v = 27w in equilib-
rium at temperature 7.

Answer: The state of the classical system is assigned in terms of the momentum
p and the coordinate = of the oscillator, it is therefore represented by a point in
phase space corresponding to an energy F(p,z) = p2/2m + mw2x2/2. The canonical
partition function can therefore be written as an integral over phase space

Z = / E’p °x 52 jom —pmwa? /2
= A e e

where A is an arbitrary effective volume in phase space needed to fix how we count
states (that is actually not arbitrary according to the quantum theory, which requires
A ~ h®). A simple computation of Gaussian integrals gives Z = A~ (2r/wf)?, hence
U= —(9/908)InZ = 3kT, in agreement with equipartition of energy.

3.13. A particle of mass m moves in the x — y plane under the influence of an
anisotropic harmonic potential V (x,y) = m(wiz?®/2+wy?/2), with w, < w,.
Therefore the energy levels coincide with those of a system made up of two
distinct particles moving in two different one-dimensional harmonic potentials
corresponding respectively to w, and w,. The system is in thermal equilibrium
at a temperature 7. Compute the specific heat and discuss its behaviour as a
function of T.

Answer: The partition function is the product of the partition functions of the
two distinct harmonic oscillators, hence the average energy and the specific heat
will be the sum of the respective quantities. In particular

(hws)®  ePhes +(hwy)2 ety

¢= kT2 (ePhws—1)2 kT2 (ePhoy—1)2

We have three different regimes: C' ~ 0 if kT < hwy, C' ~ k if hwy < kT < hwy
and finally C ~ 2k if kT > hw,.

3.14. Compute the mean quadratic velocity for a rarefied and ideal gas of
particles of mass M = 1072 Kg in equilibrium at room temperature.

Answer: According to Maxwell distribution, (v?) = 3kT/M ~ 1.2 m?/s>.

3.15. Taking into account that a generic molecule has two rotational degrees
of freedom, compute, using the theorem of equipartition of energy, the av-

erage square angular momentum J2 of a molecule whose moment of inertia
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about the center of mass is I = 1073° Kg m?, independently of the rotation
axis, if the temperature is T' = 300 °K. Discuss the validity of the theorem of
equipartition of energy in the given conditions.

Answer: On account of the equipartition of energy, the average rotational kinetic
energy of the molecule is 2kT = 8.29 107! J = Jj2/2I, thus J2? = 1.66 107°° J s.
The theorem of equipartition of energy is based on the assumption that the en-
ergy, and hence the square angular momentum, be a continuous variable, while, as
a matter of fact (see e.g. Problem 2.1), it is quantized according to the formula
J? = n(n + 1)R%. Therefore the validity of the energy equipartition requires that
the difference between two neighboring values of J? be much smaller than J2, i.e.
(2n +1)/(n(n 4+ 1)) ~ 2/n < 1. In the given conditions n ~ J/h ~ v/1.49 109,
therefore previous inequality is satisfied.

3.16. Consider a diatomic gas, whose molecules can be described schemati-
cally as a pair of pointlike particles of mass M = 10727 Kg, which are kept
at an equilibrium distance d = 2 107!® m by an elastic force of constant
K = 11.25 N/m. A quantity equal to 1.66 gram atoms of such gas is con-
tained in volume V = 1 m3. Discuss the qualitative behaviour of the specific
heat of the system as a function of temperature. Consider the molecules as
non-interacting and as if each were contained in a cubic box with reflecting
walls of size L* = V/N, where N is the total number of molecules.

Answer: Three different energy scales must be considered. The effective volume
available for each molecule sets an energy scale F1 = h?m?/(4ML?) ~ 1.7 1076 eV,
which is equal to the ground state energy for a particle of mass 2M in a cubic
box, corresponding to a temperature 71 = F;/k ~ 0.02°K. The minimum rota-
tional energy is instead, according to Sommerfeld, Es = h%/(Md?) ~ 3.5 1072 eV,
corresponding to a temperature T> = Fa/k ~ 40°K. Finally, the fundamental os-
cillation energy is Es = hiy/2K/M =~ 0.098 eV, corresponding to a temperature
T3 = Ea/k ~ 1140°K. For T1 <« T < T5 the system can be described as a classical
perfect gas of pointlike particles, since rotational and vibrational modes are not yet
excited, hence the specific heat per molecule is C' ~ 3k/2. For To < T < T3 the
system can be described as a classical perfect gas of rigid rotators, hence C' ~ 5k/2.
Finally, for T > T3 also the (one-dimensional) vibrational mode is excited and
C ~ Tk/2. This roughly reproduces, from a qualitative point of view and with an
appropriate rescaling of parameters, the observed behavior of real diatomic gasses.

3.17. We have a total mass M = 107% Kg of a dust of particles of mass
m = 10717 Kg. The dust particles can move in the vertical z — z semi-plane
defined by 2 > 0, and above a line forming an angle a, with tana = 1073,
with the positive x axis. The dust is in thermal equilibrium in air at room
temperature (T' = 300 °K) and hence the particles, which do not interact
among themselves, have planar Brownian motion above the mentioned line.
What is the distribution of particles along the positive z axis and which their
average distance  from the vertical z axis?



Problems 155

Answer: We start assuming that, in the mentioned conditions, quantum effects
are negligible and hence the particle distribution in the velocity and position plane
is given by the Maxwell-Boltzmann law: d*n/((d*v)dxdz) = Nexp(—E/kT) =
N exp(—(mv?/2 +mgz)/(kT)) where g is the gravitational acceleration and N is a
normalization factor. Then the z-distribution of particles is given by:

dn * > OO d*n
% a ~/;oo dvx /—oo dvy ~/a;tana dz d2vdmdz

2nkTN ~ dzefmgz/(kT) _ QW(kT)QNefmgz tan a/(kT) )

2
m x tan o msg

We can compute N using fooo(dn/dx)dx =27(kT)®N/(tan a m®g?) = M/m = 10"
and = kT/(mgtan a) ~ 4.22 1072 m. Now we discuss the validity of the classical
approximation. The average inter-particle distance is of the order of magnitude of
mZ/M ~ 41073 m, which should be much larger than the average de Broglie wave
length of the particles, which is of the order of magnitude of h/v2mkT ~ 2 107*° m.
We conclude that the classical approximation is valid.

3.18. The possible stationary states of a system are distributed in energy as
follows: J
n

— = aE3eP/Fo

dE
where Ej is some given energy scale. Compute the average energy and the
specific heat of the system for temperatures T' < Ey/k, then discuss the pos-
sibility of reaching thermal equilibrium at T' = Ey/k.

Answer: Let us set fo = 1/Ey. The density of states diverges exponentially with
energy and the partition function of the system is finite only if the temperature is
low enough in order for the Boltzmann factor, which instead decreases exponentially
with energy, to be dominant at high energies. For T' < Eo/k (8 > (o) we have:

(8 — Po)*

from which the internal energy U and the specific heat C = dU/dT easily follow:

Z= / " dBapte- e _ 6o
0

v 4 AkTE, C— 4kE]
T B—Bo Eo—kT’ "~ (Bo—kT)%"

The specific heat diverges at T = FEyp/k: in general that may happen in presence
of a phase transition, but in this specific case also the internal energy diverges as
T — Eo/k, meaning that an infinite amount of energy must be spent in order to
bring the system at equilibrium at that temperature, i.e. it is not possible to reach
thermal equilibrium at that temperature.

3.19. Consider a system made up of two identical fermionic particles which
can occupy 4 different states. Enumerate all the possible choices for the occu-
pation numbers of the single particle states. Assuming that the 4 states have
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the following energies: F1 = Es = 0 and F3 = F, = € and that the system
is in thermal equilibrium at a temperature T, compute the mean occupation
number of one of the first two states as a function of temperature.

Answer: There are six different possible states for the whole system characterized
by the following occupation numbers (ni,n2,ns,n4) for the single particle states:
(1,1,0,0), (1,0,1,0), (1,0,0,1), (0,1,1,0), (0,1,0,1), (0,0,1,1). The corresponding
energies are 0, ¢, €, €, €, 2. The mean occupation number of the first single particle
state (i.e. (n1)) is then given by averaging the value of n; over the 6 possible states
weighted using the Canonical Distribution, i.e.

(1 + 2e79)
1+ de—Fe  e—20¢) °

(m) = (

3.20. A system, characterized by 3 different single particle states, is filled
with 4 identical bosons. Enumerate the possible states of the system specify-
ing the corresponding occupation numbers. Discuss also the case of 4 identical
fermions.

Answer: The possible states can be enumerated by indicating all possible choices
for the occupation numbers n1,ne, ns satisfying n1 + n2 + ns = 4. That leads to 15
different states. In the case of fermions, since n; = 0,1, the constraint on the total
number of particles cannot be satisfied and there is actually no possible state of the
system.

3.21. A system, characterized by two single particle states of energy E; = 0
and Ey = ¢, is filled with 4 identical bosons. Enumerate all possible choices
for the occupation numbers. Assuming that the system is in thermal contact
with a reservoir at temperature 7 and that e 7€ = %, compute the probability
of all particles being in the ground state. Compare the answer with that for
distinguishable particles.

Answer: Since the occupation numbers must satisfy N1 + N2 = 4, the possi-
ble states are identified by the value of, for instance, N2, in the case of bosons
(N2 = 0,1,2,3,4), and have energy eN». In the case of distinguishable particles
there are instead 4!/(N2!(4 — N2)!) different states for each value of Na. The prob-
ability of all the particles being in the ground state is 16/31 in the first case and
(2/3)* in the second case: notice that this probability is highly enhanced in the case
of bosons.

3.22. Consider a gas of electrons at zero temperature. What is density at
which relativistic effects show up? Specify the answer by finding the density
for which electrons occupy states corresponding to velocities v = v/3 ¢/2.

Answer: At T = 0 electrons occupy all levels below the Fermi energy Ep, or
equivalently below the corresponding Fermi momentum pr. To answer the question

we must impose that
mev
pp = ————— = /3 mec .
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On the other hand, the number of states below the Fermi momentum, assuming the
gas is contained in a cubic box of size L, is
_ ppLl?
3r372’

hence p = p%/(37%h3) ~ 3.04 10%¢ particles/m?.

3.23. The density of states as a function of energy in the case of free electrons
is given in (3.64). However in a conduction band the distribution may have a
different dependence on energy. Let us consider for instance the simple case
in which the density is constant, dng/dE =+ V, where v = 8 104" m=3 J=1,
the energy varies from zero to Ey = 1 eV and the electronic density is
p=n/V =6 10%® m~3. For T not much greater than room temperature
it is possible to assume that the bands above the conduction one are com-
pletely free, while those below are completely occupied, hence the thermal
properties can be studied solely on the basis of its conduction band. Under
these assumptions, compute how the chemical potential ;1 depends on tem-
perature.

Answer: The average total number of particles comes out to be N = fOEO n(e)g(e)de .
The density of levels is g(e) = dng/dE = v V and the average occupation number
is n(e) = 1/(e®<™® 4 1). After computing the integral and solving for y we obtain

P/ (RT) _ 1
p=kTn | T T

It can be verified that, since by assumption p/vy < Ep, in the limit T — 0 p is
equal to the Fermi energy Er = p/v. Instead, in the opposite large temperature
limit, u — —kT'In(1 — vEo/p), hence the distribution of electrons in energy would
be constant over the band and simply given by n(e)g(e) = pV/Ep, but of course in
this limit we cannot neglect the presence of other bands. Notice also that in this
case, due to the different distribution of levels in energy, we have p — +o0, instead
of y — —o0, as T — oo.

3.24. The modern theory of cosmogenesis suggests that cosmic space contain
about 10® neutrinos per cubic meter and for each species of these particles.
Neutrinos can be considered, in a first approximation, as massless fermions
having a single spin state instead of two, as for electrons; they belong to 6
different species. Assuming that each species be independent of the others,
compute the corresponding Fermi energy.

Answer: Considering a gas of neutrinos placed in a cubic box of size L, the number
of single particle states with energy below the Fermi energy Er is given, for massless
particles, by Ng, = (7/6)E3 L3 /(rhc)®. Putting that equal to the average number
of particles in the box, N = pL?, we have Er = hc (67r2p)1/3 ~3.38 107* eV.

3.25. Suppose now that neutrinos must be described as particles of mass
m,, # 0. Consider again Problem 3.24 and give the exact relativistic formula
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expressing the Fermi energy in terms of the gas density p.

Answer: The formula expressing the total number of particles N = L%p in terms of
the Fermi momentum pr is:

Ng, = (n/6)prL*/(xh)?,

hence

Er = \/m?,c“ +pic? = \/m?,c4 + (672p)2/3(hc)? .

3.26. Compute the internal energy and the pressure at zero temperature for
the system described in Problem 3.24, i.e. for a gas of massless fermions with
a single spin state and a density p = AV = 108 m~3.

Answer: The density of internal energy is
UV = (817°p*/32) 5 he ~ 4.29 107 J/m® |
and the pressure

P=U/3V ~14310" " Pa .

Notice that last result is different from what obtained for electrons, equation (3.79):
the factor 1/3 in place of 2/3 is a direct consequence of the linear dependence
of energy on momentum taking place for massless or ultrarelativistic particles, in
contrast with the quadratic behavior which is valid for (massive) non-relativistic
particles.

3.27. 103 bosons move in a harmonic potential corresponding to a frequency

v such that hv = 1 eV. Considering that the mean occupation number
of the m-th level of the oscillator is given by the Bose-Einstein distribu-
tion: n,, = (eBm¥=#) _ 1)=1 compute the chemical potential assuming
T = 300°K-

Answer: The total number of particles, N = 1000, can be written as

1 1 1
N:an:e_m_l+Ke_m71+K26_m71+...
m

where K = exp(hv/kT) ~ ¢*°. Since K is very large and exp(—Bu) > 1 (u < 0 for
bosons), it is clear that only the first term is appreciably different from zero. Hence

exp(—fp) =1+ %

and finally p ~ —2.5 107° eV.

3.28. Consider a system of 2 > 1 spin-less non-interacting bosons. Each bo-
son has two stationary states, the first state with null energy, the second one
with energy e. If p is the chemical potential of the system, exp(Su) = f is
its fugacity and one has f < 1. Compute z = f~! as a function of the tem-
perature T'= 1/(8k) (in fact z is a function of fe). In particular identify the
range of values of z when T varies from 0 to co.
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Answer: It is convenient to study ¢ = zexp(B¢/2) instead of z. ¢ must diverge
in the T" — 0 limit since z > 1. The condition that the sum of state occupation
numbers be equal to 7 gives the equation:

¢* —2cosh(Be/2)(1+1/A)C +2/a+1=0,

whose solutions are

C+ = cosh(Be/2)(1 + 1/n) £ \/cosh?(Be/2)(1 + 1/n)% — 2/n — 1] .

One must choose (4 since (— vanishes in the 7' — 0 limit. Then one has in the
T — 0 limit ¢ — 2cosh(Be/2)(1+1/n) — exp(Be/2)(1+1/7) and hence the average
occupation number of the zero energy state o = 1/({ exp(—Lf¢/2) — 1) — 7. In the
T — oo limit one has ( — 1+ 2/7 and hence 7ip — 2/7. Therefore z ranges from
1+ 1/7 to 1+ 2/n and the chemical potential ranges approximately from —kT'/7,
fot T small, to —2kT/n for T large. There is no Bose condensation.

3.29. A system is made up of N identical bosonic particles of mass m mov-
ing in a one-dimensional harmonic potential V (z) = mw?z?/2. What is the
distribution of occupation numbers corresponding to the ground state of the
system? And that corresponding to the first excited state? Determine the
energy of both states.

If Aw = 0.1 eV and if the system is in thermal equilibrium at room tem-
perature, T = 300°K, what is the ratio R of the probability of the system
being in the first excited state to that of being in the fundamental one? How
the last answer changes in case of distinguishable particles?

Answer: In the ground state all particles occupy the single particle state of low-
est energy hw/2, hence F = Nhw/2, while in the first excited state one of the N
particles has energy 3hw/2, hence E = (N + 2)hw/2. The ground state has degen-
eracy 1 both for identical and distinguishable particles. The first excited state has
denegeracy 1 in the case of bosons while the degeneracy is N in the other case,
since it makes sense to ask which of the N particles has energy 3fiw/2. Therefore
R = e "/ ~ (.021 for bosons and R ~ N 0.021 in the second case. For large N
the probability of the system being excited is much suppressed in the case of bosons
with respect to the case of distinguishable particles.

3.30. Consider again Problem 3.29 in the case of fermions having a single spin
state and for Aiw =1 eV and T ~ 1000°K.

Answer: In the ground state of the system the first NV levels of the harmonic os-
cillator are occupied, hence its energy is Eo = Zf;l(n +1/2)hw = (N?/2)hw.
The minimum possible excitation of this state corresponds to moving the fermion of
highest energy up to the next free level, hence the energy of the first excited state
is 1 = Eo + hw. The ratio R is equal to e /T = 9.12 107°.
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3.31. A system is made up of N = 102 electrons which are free to move along
a conducting cable of length L = 1 c¢m, which can be roughly described as
a one-dimensional segment with reflecting endpoints. Compute the Fermi en-
ergy of the system, taking also into account the spin degree of freedom.

Answer: Ep = h*N*7?/(8mL?) = 1.5 1078 J.

3.32. Let us consider a system made up of two non-interacting particles at
thermal equilibrium at temperature 7. Both particles can be found in a set
of single particle energy levels €,, where n is a non-negative integer. Com-
pute the partition function of the system, expressing it in terms of the parti-
tion function Z1(T) of a single particle occupying the same energy levels, for
the following three cases: distinguishable particles, identical bosonic particles,
identical fermionic particles.

Answer: 1If the particles are distinguishable, all states are enumerated by speci-
fying the energy level occupied by each particle, hence we can sum over the energy
levels of the two particles independently:

Z(T) = 3 e Hlentem) — <Ze—5€n> = (Z:(T))*.

n

Instead, in case of two bosons, states corresponding to a particle exchange must be
counted only once, hence we must treat separately states where the particles are in
the same level or not

1 —_ € € —_ € €
Z(T):Ezeﬂ(n+m)+ze Blen+ten)
n

n#Em

= % D e flentem) % D e gy e = % ((Z:(T))* + Z:(T/2)) .

If the particles are fermions, we must count only states where the particles are in
different energy levels

1 Z o—Blentem)
2

n#Em

_ % 3 e Plentem) _ % 3 e —

3.33. A particle of mass m = 9 1073! is placed at thermal equilibrium, at
temperature T = 103 °K, in a potential which can be described as a distri-
bution of spherical wells. Each spherical well has a negligible radius, a single
bound state of energy Ey = —1 eV, and the density of spherical wells is
p = 10%* m~!. Assuming that the spectrum of unbound states is unchanged
with respect to the free particle case, determine the probability of finding the
particle in a “ionized” (i.e. unbound) state.

Z(T)

((Zu(1))* = 2:(T/2)) -

N | =

Answer: Let us discuss at first the case of a single spherical well at the center



Problems 161

of a cubic box of volume V = L3. The bound state of the well is not influenced by
the walls of the box if L >> h/+/2m|Eo| ~ 1.55 107'° m. At the given temperature
the particle is non-relativistic. The density of free energy levels in the cubic box is
dnp/dE = VE(2m)%/? /(4n%h%). Taking into account also the bound state, the
partition function is

_BE 2m)3/2 [ _8E _8E 2mkT)3/? /7 _8Ey, V
Z=e" O+V7(47r2)h3 / dEVEe PP =" °+V7( 47r2h)3 % =e’ O+E
where A\r = +/27h?/mkT is the de Broglie thermal wavelength of the particle,
i.e. its typical wavelength at thermal equilibrium. The probability for the particle
being in the bound state is P, = e %0 /(e 7?0 4 V/A\3.) and it is apparent that, for
any given T, limy_. P, = 0, i.e. the particle stays mostly in a “ionized” state if
the box is large enough. At very low temperatures that may seem strange, since it
may be extremely unlikely to provide enough energy to unbind the particle simply
by thermal fluctuations; however, once the particle is free, it escapes with an even
smaller probability of getting back to the well, if the box is large enough.

In the present case, however, there is a finite density of spherical wells: that
is equivalent to considering a single well in a box of volume V = 1/p. Therefore
P, = (1 + efﬁ‘EO‘/(p)\%)) _1, while the probability for being in an unbound state is

Pree = (1 +eP1B0lpa3) =1 ~ = AlIF0l(p27) 73 = 2,75 1072,

3.34. A gas of monoatomic hydrogen is placed at thermal equilibrium at tem-
perature T = 2 103 °K. Assuming that the density is low enough to neglect
atom-atom interactions, estimate the rate of atoms which can be found in the
first excited energy level (principal quantum number n = 2).

Answer: According to Gibbs distribution and to the degeneracy of the energy levels
of the hydrogen atom, the ratio of the probabilities for a single atom to be in the
level with n = no or in that with n = n1 is

b (B (11
rem T 2 kKT \nZ2 n?

where Ep is the energy of the ground state, Fo = —me®*/(32n%¢h?) ~ —13.6 eV.
Since kT ~ 0.1724 eV, we get P> ~ 0.8 10~2%. Since in those conditions most
atoms will be found in the ground state with n = 1, this number can be taken as a
good estimate for the rate of atoms in the level with n = 2.

The above answer is correct in practice, but needs some further considerations.
Indeed, if we try to compute the exact hydrogen atom partition function we find a
divergent behaviour even when summing only over bound states: energy levels E,
become denser and denser towards zero energy, where they have an equal Boltzmann
weight and become infinite in number: one would conclude that the probability of
finding an atom in the ground state is zero at every temperature. However, as
n increases, also the atom radius r, increases: in this situation the atom, which is
called a Rydberg atom, interacts strongly with the surrounding black body radiation.
Therefore the infinite number of highly excited states should not be taken into
account since these strongly interacting states have very short lifetimes. One should
however take into account ionized states, in which the electron is free to move far
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away from the binding proton. Concerning the statistical weight of these states, we
can make reference to Problem (3.33): following a similar argument we realize that
ionized states become statistically relevant, with respect to the ground state, when
the density of atoms is of the order of e #IFol /\3. = ¢=FIFol (ka/(27rh2))3/2 ~
e PlEol102 =3 107 m™3 .

3.35. Consider a homogeneous gas of non-interacting, non-relativistic bosons,
which are constrained to move freely on a plane surface. Compute the rela-
tion linking the density p, the temperature 1" and the chemical potential p of
the system. Does Bose-Einstein condensation occur? Does the answer to the
last question change if an isotropic harmonic potential acts in the directions
parallel to the surface?

Answer: An easy computation shows that the density of states for free particles
in two dimensions is independent of the energy and given by

dng _ mA

dE  27h2
where m is the particle mass and A is the total area of the surface. According to
Bose-Einstein distribution, the total particle density is then given by:

P= A o2nh? o dE e(BE—p)/(kT) — 1 - 727rh2

E m o 1 kTm h’l (176“/(kT)) )

The chemical potential turns out to be negative, as expected. It is interesting to
consider the limit of low densities, in which the typical inter-particle distance is
much greater than the typical thermal de Broglie wavelength (p~'/2 > h/v/mkT)

and )
2wh*p
~ EkET1
p==kTn ( mkT ) ’

while in the opposite case of high densities one obtains

2
= —kT exp (— 2mh p) .

mkT

At variance with the three-dimensional case, p diverges as 1 — 0, meaning that
the system can account for an arbitrarily large number of particles, with no need
for a macroscopic number of particles in the ground state, therefore Bose-Einstein
condensation does not occur in two dimensions, due to the different density of states.
If the system is placed in a two-dimensional isotropic harmonic potential of
angular frequency w, the energy levels are E,, = hw(n+1), with degeneracy n+1, so
that the total number of energy levels found below a given energy E is ~ E?/(2h*w?)
and the density of states becomes dng/dE ~ E/(h?w?). The average number of
particles (the system is not homogeneous and we cannot define a density) is

o 22 oo
~_ 1 / iE E k2T / gy T (ET)
0 —

hPew? oI/ =1 n%w? oy et -1

In this case the integral in the last member stays finite even in the limit u — 0,

meaning that condensation in the ground state is necessary to allow for an arbitrary

average number of particles N. The condensation temperature is T, ~ ﬁ hw/k
and goes to zero, at fixed N, as w — 0 (i.e. going back to the free case).
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3.36. A system of massless particles at thermal equilibrium is characterized
by the known equation of state U/V — 3P = 0, linking the pressure P to
the density of internal energy U/V. For a homogeneous system of spinless,
non-interacting and distinguishable particles of density p, placed at thermal
equilibrium at temperature T', compute the lowest order violation to the above
relation due to a non-zero particle mass m.

Answer: For one particle in a cubic box of volume V = L3, energy levels are
written as F = /p2c? + m2ct = Vm2et + (2R3 [L2)(n2 4 n2 4 n2), with ng,
ny and m. positive integers. The number of energy levels below a given threshold

E = /p2c? + m2c* is given by 5°V/(372h?), from which one obtains the density of
states dng/dE = VpE/(c*h?h®). The derivative of one energy level with respect to
the volume is OE/0V = p*c?/(3VE).

The internal energy and the pressure are given, for a single particle, by

[, dE(dng/dE)e °FE [, dE(dng/dE)e” PF(OE/OV)
[, dE(dng/dE)e=5" B [, dE(dng/dE)e=E
so that
I [, dE(dng/dE)e” " (E — p202 /E) ct [>,dE(dnp/dE)e”PF |E
B [, dE(dnp/dE)e- fmc dE(dnp/dE)e=fE

To keep the lowest order in m it is sufficient to evaluate the integrals in the last
expression in the limit m = 0. Finally, multiplying for the total number of particles
in the box, N = pV, we get

U _p m2ct

_ 3P =
\% 3 2kT

This is the first term of an expansion in terms of the parameter mc?/kT.

3.37. Consider a rarefied gas of particles of mass m in equilibrium at tem-
perature T'. The probability distribution of particle velocities is given by the
Gaussian Maxwell-Boltzmann (MB) formula

3/2
o) = (2 ) s g,
s

Considering a pair of particles in the gas, labelled by 1 and 2, compute the
distribution of the relative velocities vg = v1 — vo, and that of the velocity
of their center of mass vg = (v1 + v2)/2.

Answer: The particles in the chosen pair behave as independent systems, hence
the probability density in the six-dimensional (v1,v2) space is just the product of
the two densities:

m \3 202
p('vl,vg)dgvldgw = (m) e~ m(itv) /KT g3, 134,
If we change variables passing from (v1,v2) to (vr,vB), the new probability density

is given by
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p(vr,vp)d*vrd*vE = p(vi,va)d*vid vs
hence p(vr,vp) = J(vr,vB)p(v1,v2) where J is the Jacobian matrix, that is, the
absolute value of the determinant of the six-dimensional matrix whose elements are
81}2/81}% where a is either 1 or 2 and S is either R or B and 4, j label the Cartesian
components. Furthermore p(v1i,v2) must be considered a function of (vr,vg). It is
soon verified that J = 1 and that v + v3 = (1/2)v% + 2v%. Therefore we have

)S/Qe—uvi/@m ( M_)s/Qe—Mv%/mT)
2rkT

~ 3 3 o
p(vR,vB)d de VB = (2ﬂ'k‘T

where p = m/2 is the reduced mass of the pair of particles and M = 2m is their
total mass.

Then we see that our result corresponds to the product of the MB distribution
of a single particle of mass pu and velocity vr and that of a single particle of mass M
and velocity vp. If we search for the vr distribution of the pair, we must integrate
over vp and we get the first MB distribution, corresponding to the mass p. If
instead we search for the vp distribution of the pair, we must integrate over vr and
we get the second MB distribution, corresponding to the mass M. It can be easily
verified that the result extends unchanged to the case in which the two particles
have different masses m1 and ma, defining as usual M = m1 + ma, p = mima/M,
vB = (ml'vl +m2v2)/M, VR = V1 — V2.

3.38. We have a rarefied gas of electrons for which mc? = 0.511 MeV, in
thermal equilibrium at kT = 5 103 eV. Since kT /mc? < 1, the rarefied gas in
non-relativistic. Therefore the particle momentum p distribution is given by
the Maxwell-Boltzmann formula

3/2
% _ (2 T;lLkT) e—p2/(2ka) )
Y

The electron gas is mixed with a rarefied positron gas in thermal equilibrium
at the same temperature. Positrons are anti-particles of electrons, therefore a
positron-electron collision can produce an annihilation into two photons and
hence the two gas mixture is a photon source. We would like to compute the
photon energy (frequency) distribution.

Answer: If a non-relativistic positron annihilates with a non-relativistic elec-
tron and their relative momentum is p while the center of mass one is P, for-
getting relativistic corrections, we find that the energy of a produced photon is
E = (mc® + p?/(2m))(1 + P, /Mc) where we have chosen the z-axis parallel to the
momentum of the photon and the second factor is the transformation factor from the
center of mass to the laboratory frame, that is, it accounts for the non-relativistic
Doppler effect. As shown in the preceding problem, considering a generic electron-
positron pair, one has the center of mass P and relative momentum p distribution
d*P/(dPdp) = 1/(2nmkT)? exp(—p?/(mkT)) exp(—P?/(4mkT)). Changing the P;
variable into E and integrating over P, and P, we get (the only non-trivial element
of the Jacobian matrix is 0P, /OE):

‘P 2m2c o P2/ (mkT) —4m>c(E — mc® — p*/(2m))?
dpdE ~ (2m2c2 4 p2)(mmkT)? P (2m2e? + p?)2kT
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which should be integrated over p. The Gaussian factor in p correesponds to a mean
square value p° = 3mkT/2 and the standard deviation A2, = 3(mkT)?/2. Since in
the above distribution, the Gaussian factor put apart, p?> appears only in the linear
combination me?+p?/(2m) and since mc? = 0.511 MeV > 3kT /4 we can replace the
linear combination with mc? + 3kT /4 getting the final photon energy distribution:

apP _ 1 x| (E —mc® — 3kT/4)?
dE ~ JamekT(1 + 3kT/(dme2)) 0 | me2kT (1 + 3KT/(4mc?))?

Notice that, however exponentially decaying, the distribution does not vanish for
negative E values, this is due that for these values the non relativistic Doppler
formula does not apply. Thus negative E values should not be considered. Notice
also that, while the most probable F value is shifted by a factor 3k7'/(4mc?) ~ 1072,
the width of the distribution is proportional to vmc2kT, allowing for fluctuations
in E of the order of y/kT/mc? ~ 10%, i.e. much larger than the shift. The physical
origin of the shift is mostly in the fact that the annihilating pair has an average
energy, in the center of mass, which is larger than 2mc?, due to thermal motion, by
an amount ~ p?/m ~ kT. The broad distribution of energy is instead mostly due to
Doppler effect, due to the transformation from the center of mass to the laboratory
frame (see also Problem 1.27), and the broadening is proportional to the typical
center of mass velocity, which is of the order of cy/kT /mc2.
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Quadrivectors

A concise description of Lorentz transformations and of their action on phys-
ical observables can be given in terms of matrix algebra. The coordinates of
a space-time event in the reference frame O are identified with the elements

of a column matrix &:
ct

xT

£E= , (A1)

z

<

while Lorentz transformations from O to a new reference frame O’ which are
given in (1.13) and (1.14), are associated with a matrix

1

_ 10 0
A= 0 o1 o (A.2)
—v _ 0 0 1 :
c 1—2—2 1—2—2

defined so that the column matrix corresponding to the coordinates of the
same space-time event in frame O’ is given by:

1 —v
ct’ 1-23 00 e\/1-% ct
PR - 0 10 0 T
=\ | =4e= 0 o1 o ) (A.3)
Z —~— 0 0 L z
c 1—2—2 1—1’—2

The products above are intended to be row by column products. To be more
specific, indicating by a; ;, with ¢ =1,...,M and j = 1,..., N, the element
corresponding to the i-th row and the j-th column of the M x N matrix A
(i.e. A has M rows and N columns), and by b; ,,, the element of the i-th row
and the j-th column of the N x P matrix B, the product AB is a M x P
matrix whose generic element is given by:
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N
(AB)Z’m = Z ai,jbjﬁm . (A4)

j=1

As we have discussed in Chapter 2, a generic Lorentz transformation cor-
responds to a homogeneous linear transformations of the event coordinates
which leaves invariant the following quadratic form:

2= oyt 22 - PP (A.5)

moreover, the direction of time (time arrow) is the same in both frames and
if the spatial Cartesian coordinates in O are right(left)-handed, they will be
right(left)-handed also in O’. In matrix algebra, the quadratic form can be
easily built up by introducing the metric

-1 0 0 0
o 0 1 0 0
0 0 0 1
and defining:
-1 0 0 O ct
2 _ T — ’ poor 0 100 €
0 0 0 1 z

where the products are still intended to be row by column.

The symbol T used in the left-hand side stands for transposition, i.e. the
operation corresponding to exchanging rows with columns. Notice that, main-
taining the row by column convention for matrix product, the transpose of
the product of two matrices is the inverted product of the transposes:

(AB)T =BT AT, (A.8)

The condition that Lorentz transformations leave the quadratic form in (A.7)
invariant can be now expressed as a simple matrix equation for the generic
transformation A:

€Tge =e"ATgae=¢Tge Ve =  ATga=g. (A.9)

The additional requirements are that the determinant of A be one and that
its first diagonal element (i.e. first row, first column) be positive.

Equation (A.9) can be put in a different form by making use of the evident
relation g = I, where I is the identity matrix (its element (i, 7) is equal to
1ifi=7,t00if i # j and of course AI = [A = A for every matrix A).
Multiplying both sides of last equation in (A.9) by g on the left, we obtain:

gATgA =T = gATg=A"1, (A.10)
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where the inverse matrix A~! of a generic matrix A is defined by the equation
ATTA=AATT =T

Column vectors in relativity are called quadrivectors. Some specifications
about the action of Lorentz transformations over them are however still
needed. Let us consider a function f(£) depending on the space-time event &,
which we suppose to have continuous derivatives and to be Lorentz invariant,
i.e. such that f(A€) = f(€). The partial derivatives of f with respect to the
coordinates of the event form a column vector:

21 (&)

dct
9f(€)
af &) = | % | - (A.11)
of(&
9y

9£(&)
0z

—

However this vector does not transform like £ when changing reference frame.
Indeed in O" we have:

2s(€) 2/(¢)
ct’ ct/
aJitd o1(e)
/ N — x/ o '’
TIE = osley | = | asle (A.12)
oy’ oy’
o1() 21(&)
0z’ 0z’

To proceed further it is necessary to make use of (A.10), which gives £ =
gAT g€’ and to apply the chain rule for partial derivatives. This states that, if
the variables ¢; , =1,...,n depend on the variables ¢} through the function
¢ = Qi(¢'), and vice versa ¢, = Qi(q), then for the partial derivatives of a
function F'(q) we have:

OF(q) _ <~ 0Qi(Q(q) 9F(q)
dq, 2 laqé oq

(A.13)

=1

Interpreting last expression as a matrix product, it is clear that ¢ is a row
index while [ is a column one. In the specific case of (A.12), Q(¢’) is a linear
function corresponding to gATg ¢, while dQ;(Q(q))/ 0q; corresponds to the
matrix (gATg)T = gAg. Indeed, as noticed above and as follows from the
definition of matrix product, index ¢ refers to the row of the first matrix and
to the column of the second.

We have therefore the matrix relation:

o' f = gAgdf — g0 f = Agdf, (A.14)

showing that it is the product of g by the vector of partial derivatives which
transforms like the coordinates of a space-time event, rather than the partial
derivatives themselves. Hence, if we want to call quadrivector a column vector
transforming like coordinates, gdf is a quadrivector while df is not.
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In mathematical language the vector of coordinates is usually called a
contravariant quadrivector, while that of partial derivatives is called a covari-
ant quadrivector; the difference is specified by a different position of indices,
which go up in the contravariant case. Notice however that this distinction is
important only in the case of non-linear coordinate transformations, like in
the case of curved manifolds. In our case the introduction of the two kind of
vectors is surely not worthwhile.

Indices may be convenient in the case of quantities transforming like the
tensorial product of more than one vector, i.e. like the products of different
components of quadrivectors: that is the case, for instance, of the electric and
magnetic fields, but not of the vector potential.

Having verified that several physical quantities transform like quadrivec-
tors, let us notice that an invariant, i.e. a quantity which is the same for all
inertial observers, can be associated with each pair of quadrivectors n and (:

g ¢=CTgn = nTg¢ =UnTg AC=0"ATg AC=nTg¢. (A.15)

In analogy with rotations, this invariant is usually called scalar product and
indicated by n-(. A quite relevant example of scalar product is represented by
the de Broglie phase, which is given by —e-&/h = (p-r — Et)/h, i.e. it is the
scalar product of the coordinate quadrivector £ and of the energy-momentum
quadrivector € of a given particle.



B

Spherical Harmonics as Tensor Components

We have already noticed that the action of rotations on positions can be
expressed in the same language of Appendix A, representing r by the column
matrix with elements x, y, z, and associating a rotation with a 3 x 3 orthogonal
matrix R satisfying RT = R™! and with unitary determinant, acting on the
position vectors by a row by column product as follows: » — Rr. Notice
that the condition RT = R~! implies that the square of det R is unitary, the
restriction det R = 1 excludes improper rotations such has those combined
with space reflection.

In complex coordinates, position vectors r correspond to column matrices
whose first element (z) is the complex conjugate of the second (z_), while
the third (z) is real. Indicating as usual by v these column matrices and again
by R the matrices corresponding to rotations, so that v’ = Rv, we can easily
find the constraints satisfied by R in the new complex notation. The squared
length of a vector is v> = vTgv, where the only non-vanishing components
of the metric matrix g; ; are g1~ = g . = % and g3 3 = 1 (indeed we have
r? = xyx_ + 2?), so that the condition of length invariance for vectors can
be written as RTgR = g, or equivalently g 'RTgR = I, if I is the identity
matrix and ¢ g = g¢g~! = I. The matrix g~ satisfies

Rg'RT =471, (B.1)

and its non-vanishing components are g;}f = g:}+ =2 and g3 :1,) =1.

An important concept is that of tensor of rank n, which is a quantity
with n indices, T;, . transforming under rotations according to T}, =
Ry - Ri, ;. T}, 5. the sum over repeated indices being understood here
and in the following equations. In particular, a tensor of rank 2 is a square
matrix 7 such that 77 = RTR”. According to the considerations above,
the quantity ¢—', which carries two indices, can be considered as a tensor;
furthermore, because of equation (B.1), it is an invariant tensor.

Given a tensor T', a new one tensor T is obtained by changing the order of

(permuting) its indices according to a given permutation law. In this way we

coin
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can select linear combinations of the permuted tensors belonging to particular
symmetry classes, so selecting e.g. symmetric or anti-symmetric parts.

If we choose as above R having unitary determinant, we find a further
set of invariant tensors. These are the completely anti-symmetric rank 3 ten-
sors, i.e. Ajjx = —Ajix = —Arji. The anti-symmetry condition implies that
all the non-vanishing components of A are equal up to a change of sign.
More precisely, the components with two coinciding indices vanish, while

Ay . = A_ .4+ = A, 4 _, the remaining three components having op-
posite sign. Now, if A is a tensor, that is it transforms under rotations as
! / .3
A’Lﬂzls = Ri1j1Ri2j2Ri3j3Aj1j2j35 we have, for example, A+’7’Z = A+7,72. mn-

deed we have the equation Ay _ , = Ry ;, R_ ;, R, j, Aj, j,j,, whose right-hand
side is equal to A4 _ . multiplied by the sum of all possible products of el-
ements of R belonging to different rows and columns, multiplied by +1 if
the triplet of indices j1, j2, j3 coincides with 4+, —, z or —, z, 4+ or z,+, —, and
—1 otherwise. This means that A’, _ = det R A+ — 2 hence Ais 1nvar1ant
Since, of course, multiplying A by a constant leaves it invariant, one makes
a particular choice introducing the Ricci anti-symmetric rank three tensor e,

with e4 _ . = —2¢.
Given two generic tensors T of rank n and U of rank m and a partition of
n + m indices 41, ..., intm in two ordered ip,,...,%p, and ig,,..., 144, sets of

n and m indices, one defines their tensor product, which is the tensor T' ®, U
of rank n + m whose components are the products Tim’,,,,ipn Uiq17-~~,iqm' It is
clear that the resulting tensor depends on the chosen partition.

Given a tensor T of rank n and a pair of indices, say the j-th and

the I-th (j < I < n), we define the rank n — 2 trace tensor, according to
Tl

11, 1L sy B — 1500415 yin = gijJZTilywwijv
which all rank n — 2 trace tensors 717 vanish is called a traceless tensor.
Combining traces and tensor products we can reduce generic tensors to
linear combinations of simpler ones following two different lines: selecting sym-
metric parts and traces. We show how this works considering a generic tensor
T and paying attention to its first two indices. The identity

iryin- A tensor T of rank n for

1

ST sinsein = Tinin,.in]

1
Ty io,in= 3 (Tiysin,oin T Linin,in ]+ 5

1 1

=3 (Tiy sin,..sin t Tini . ] STk 1€ i k€1 2,11 Gt Thy i i
1 ~

=3 (Tiyin,.osin t Tisin,in |+ Gh 1€ i k T, i - (B.2)

Where we have exploited the identity
-1 -1 -1 -1
Gk,1€i1in,kC51,52,0 = 941,51 90,50 — iy, 522,51 - (B.3)

Here in the first identity we have decomposed T into the sum of a symmetric
part and of an anti-symmetric part in the first two indices. In the second
identity we have written the anti-symmetric part as a trace tensor product
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of € and a rank n — 1 tensor 7' which apparently captures the information
contained in the anti-symmetric part.

Til Ejl7j2ai1gjlallnga1211l1a127i2a~~~7in71 . (B4)

yeenydin—1 —

DN | =

Iterating the just shown procedure we can write any rank n tensor as a linear
combination of tensors built as trace tensor products of tensor powers of €
and completely symmetric tensors with rank ranging from n to zero.

In order to show the second step of our reduction process, let us consider a
symmetric tensor of rank n, it can be written as a linear combination of tensor
products of tensor powers of ¢! and traceless symmetric tensors of rank
n— 2k, for k ranging from zero to [n/2], iterating the following decomposition:

_ p(12) L
Tilﬂéruyin - Ti17i27u<,in + ggil77;2.glek,l,i3,...,in (B5>
where
(12) - T Lot o =0 B.6
GiriiaTi g, = Ginia | Tirsianein = 590090 Tk b, i | =0 - (B.6)

We conclude our analysis claiming that any tensor of rank n can be written
as a linear combination of tensor products of powers of ¢! and trace tensor
product of powers of € and traceless completely symmetric tensors capturing
the non-trivial information carried by the tensor.

Now it is easy to verify the existence of a strict relation between the
components of any traceless completely symmetric tensor of rank [ and the
harmonic homogeneous polynomials Y, ,, () for what concerns their trans-
formation properties under rotations and hence, in the operator formalism,
the commutation relations with the angular momentum components. Indeed
each monomial homogeneous of degree n in the coordinates r; is clearly iden-
tified with a component of the symmetric tensor R;, .. i, = r4,7i,...75, . We
have seen in Section (2.9) that the linear space spanned by these monomi-
als, that is the space of homogeneous polynomials of degree n, has dimension
(n+1)(n + 2)/2, hence this is the number of independent components of R.
For what concerns the transformation properties under rotations, we have seen
that the space of homogeneous polynomials decomposes into invariant sub-
spaces, whose elements transform into one another. These are the subspaces
of polynomials which can be written in the form (r%)*p,,_ox, where p,, o is
a harmonic homogeneous polynomial of degree n — 2k. Each subspace has
dimension 2(n — 2k) + 1. Concerning the tensor R, the present analysis has
shown that a symmetric tensor appears as the sum of tensor products of
powers of g~ and traceless symmetric tensors of lower rank. Therefore the
components of R appear as linear combinations of components of traceless
symmetric tensors with rank n — 2k, k ranging from zero to the integer part
of n/2. Under rotations the components of each traceless symmetric tensor
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transform into one another. Now the number of independent components of a
traceless symmetric tensors of rank m can be computed subtracting from the
number of independent components of a symmetric tensors of rank m that of
the independent components of its trace, which is a symmetric tensor of rank
m — 2, therefore we have (m +2)(m +1)/2 —m(m —1)/2 = 2m + 1, which is
the number of independent harmonic homogeneous polynomials of degree m.
These considerations show that there is a one-to-one correspondence between
any component of the rank n traceless part of R and a harmonic homogeneous
polynomial of degree n. We now discuss this correspondence in a few simple
cases.

In order to simplify the comparison we begin changing the normalization
of the harmonic homogeneous polynomial Y, ,,(r) introduced above. That is

we introduce the normalization condition Y/*(r) — xle_m, as x4x_ — 0,
for m > 0. Starting from | = 0 we find:

Voo=1, Vio=2, Vig1 =24,

3 T4 T— — —

Voo =2"— —5 Vor1 =212, Voto = (z£)*. (B.7)

Therefore we see that the functions ;)71,,,1 coincide with the complex compo-
nents of the position vector r, i.e. r+ = x4+ ,r3 = z, while the functions YV,
are proportional to the components of the traceless symmetric tensor

1 _
T;i(r) =rirj — ggij1r2. (B.8)
Indeed, it is evident that:
_ 3 _ _
Voo = §T33 ; Yo 11 =T34, Voo =Thxt. (B.9)

The relation between the wave functions of systems having central symmetry
and traceless symmetric tensors, which generalizes what we have explicitly
seen for | = 2, allows to easily understand how to combine the angular mo-
menta of different components of the same system, a typical example being an
atom emitting electromagnetic radiation, whose angular momentum is strictly
related to the emission multipolarity.

First of all notice that, since the transformation properties under rotations
of traceless symmetric tensors of rank [ only depend on [, the components
of such tensor transform as harmonic homogeneous polynomials of degree
l. Secondly, remind that two traceless symmetric tensor U and V combine
through the tensor product U ® V', which reduces to a linear combination of
trace tensor products of powers of g~! and e and traceless symmetric tensors
of lower rank. If the ranks are I(u) and [(v) respectively, the reduction of the
tensor product to traceless symmetric tensors generates tensors of all possible
ranks from [(u) + I(v) to |I(u) — I(v) |. Indeed the rank is reduced by traces
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which can involve indices from U and V, U and € and V and €. Any € must
be traced with both U and V, since both U and V are symmetric. It follows
that, if for instance I(u) > I(v), I(u) — I(v) indices if U cannot be traced with
indices of V or €. They could be involved in a trace together with an other
index of U, but this trace vanishes by definition of traceless tensor.

The strict relation between the rank of the wave function, considered as
a traceless symmetric tensor, and angular momentum, let us immediately
understand that angular momenta combine like the ranks of the corresponding
tensors, hence the resulting angular momentum can only take values between
[+ U and |l —U'|, which by the way is also the possible range of lengths
for a vector sum of two vectors of length [ and {’. In an electric quadrupole
transition, where the radiation enters through a traceless symmetric tensor of
rank 2, hence I’ = 2, the final angular momentum of the emitting atom may
take values in the range between [ 42 and |l — 2|, where [ is the original atomic
angular momentum.



C

Thermodynamics and Entropy

We have shown by some explicit examples how the equilibrium distribution
of a given system can be found once its energy levels are known. That has
allowed us to compute the mean equilibrium energy by identifying the La-
grange multiplier 8 with 1/kT. However, it should be clear that the complete
reconstruction of the thermodynamical properties of systems in equilibrium
requires some further steps and more information.

Nevertheless, in the case of Einstein’s crystal in the limit of a rigid lattice,
the thermodynamical analysis is quite simple. Indeed the model describes a
system whose only energy exchanges with the external environment happen
through heat transfer. That means that the exchanged heat is a function of
the state of the system which does not differ but for an additive constant
from the mean energy, i.e. from the internal energy U(T'). However also in
this simple case we can introduce the concept of entropy S, starting from the
differential equation dS = dU/T, which making use of (3.23) gives:

T 22 hw/kT Bhw
T kT3 (ehw/kT 1) (efhw — 1)
ﬁhw —Bhw
:d{?)k(w—ln(l—eﬁ )| - (C.1)

Hence, if we choose S(0) = 0 as the initial condition for S(T'), we can easily
write the entropy of Einstein’s crystal:

3h |
S(T) = 22 - —3kIn (1 - e_h“’/kT) : (C.2)

T ohw/kT _

showing in particular that at high temperatures S(T') grows like 3k1InT.

Apart from this result, equation (C.2) is particularly interesting since it
can be simply interpreted in terms of statistical equilibrium distributions.
Indeed, recalling that the probability of the generic state of the system, which
is identified with the vector n, is given by:
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Pn = efﬂhw(nIJrnernz) (1 . efﬁhw)?’

)

we can compute the following expression:

o0

—k > pnlnpn

Mg, My ;N2 =0

=k (1 _ e*ﬁhw)B Z e~ Bhw(ne+ny+ns:)

Mgy Ny, Nz =0

[Bhw (ng +ny +n.) —31In (1 — e*ﬂh“’)}

- 3
—3kIn (1 — e PM) <(1 ) Z eﬁhwn)
n=0

o0 2 oo
+3kBhw (1 — e_ml“’)3 <Z e_ﬁh‘””> Z m e~ Phem (C.3)
n=0 m=0

Finally, making use of the expression for the geometric series >~ 2™ =
1/(1 —z) if |z| < 1, hence

i na — 1 d 1 x
—r—— =,
— del—2z  (1—=x)

we easily find again the expression in (C.2).
One of the most important consequences of this result is the probabilistic
interpretation of entropy following from the equation

S = —kZpa Inp,, (C4)

which has a general validity and is also particularly interesting for its simplic-
ity. Indeed, let us consider an isolated system and assume that its accessible
states be equally probable, so that p, is constant and equal to the inverse
of the number of states. Indicating that number by 2, it easily follows that
S = klIn {2, hence entropy measures the number of accessible states.

As an example, let us apply (C.4) to the three level system studied in
Section 3.3. In this case entropy can be simply expressed in terms of the
parameter z = e~ P¢:

S=kln(l+ 2+ 2?%) — (z+22%)Inz,

1424 22

which has a maximum for z = 1, i.e. at the border of the range corresponding
to possible thermal equilibrium distributions.
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In order to discuss the generality of (C.4) we must consider the general
case in which the system can exchange work as well as heat with the exter-
nal environment. For instance, Einstein’s model could be made more realistic
by assuming that, in the relevant range of pressures, the frequencies of oscil-
lators depend on their density according to w = a (N/V)”, where typically
v ~ 2. In these conditions the crystal exchanges also work with the external
environment and the pressure can be easily computed by using (3.32):

.- g U
P = Z anEn = v (05)
N, My, M =0
thus giving the equation of state for the crystal.
Going back to entropy, let us compute, in the most general case, the heat
exchanged when the parameters § and V undergo infinitesimal variations.
From (3.32) we get:

ou ou 10InZ

d PdV = —d — ——d .
Ut PdV = 52dB + 55V + 5=g=dV, (C.6)
hence, making use of (3.15) we obtain the following infinitesimal heat transfer:
?InZz 0?InZ 10InZ
- g — dV + - ——dV . C.7
o P~ apav ™V T 5 av (1)
Last expression can be put into the definition of entropy, thus giving:
?InZz 0’InZ 10InZ
ds = kB |- dg — d —d
S 5{ 552 P~ Gpav Y T 5 av V}
0 olnZz 0 olnZz
InZ — d3+ — (InZ — d
=k | (w2077 )+ oy (2 - 55557 )
olnZ
=kd{InZ — . .
(nz-9%7) ©s
On the other hand it can be easily verified, using again (3.15), that:
—k> palnpa =k pa (BB +1n2)
InZ
k(ﬁUJran)k(anﬂaanﬁ >S. (C.9)

Last equation confirms that the probabilistic interpretation of entropy has
a general validity and also gives an expression of the partition function in
terms of thermodynamical potentials. Indeed, the relation S = k (U + In Z)
is equivalent to U = T'S — In Z/3, hence to InZ = —3(U — T'S). Therefore
we can conclude that the logarithm of the partition function equals minus 3
times the free energy.
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