Chapter 3
Applications of the Concepts of Analytical
Mechanics

3.1 Introduction

This chapter provides a number of important examples of application of the principles
of Analytical Mechanics. The examples are chosen with reference to the applications
to Quantum Mechanics shown in later chapters. The first sections treat the problems
of the square well, linear harmonic oscillator, and central motion. The subsequent
sections deal with the two-particle interaction: first, the description of the collision
is given, along with the calculation of the energy exchange involved in it, with
no reference to the form of the potential energy; this is followed by the treatment
of the collision when the potential energy is of the repulsive-Coulomb type. The
chapter continues with the treatment of a system of strongly-bound particles: the
diagonalization of its Hamiltonian function shows that the motion of the particles is
a superposition of harmonic oscillations. Finally, the motion of a particle subjected to
aperiodic potential energy is analyzed, including the case where a weak perturbation
is superimposed to the periodic part. A number of complements are also given,
that include the treatment of the collision with a potential energy of the attractive-
Coulomb type, and that of the collision of two relativistic particles.

3.2 Particle in a Square Well

As a first example of linear motion consider the case of a potential energy V of the
form shown in Fig. 3.1. Such a potential energy is called square well and is to be
understood as the limiting case of a potential-energy well whose sides have a finite,
though very large, slope. It follows that the force F = —dV /dx is everywhere equal
to zero with the exception of the two points —x,; and +x,,, where it tends to +o00
and —oo, respectively. From the discussion of Sect. 2.9 it follows that the case E < 0
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Fig. 3.1 The example of the AV
square well analyzed in
Sect. 3.2. Only the case
0 < E <V, is shown
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is forbidden. The motion of the particle is finite for 0 < E < Vj, while it is infinite
for E > V.

Considering the 0 < E < V; case first, the motion is confined within the well
and the velocity of the particle is constant in the interval —x); < x < +x,, where
the Hamiltonian function yields m %%/2 = E. If the particle’s motion is oriented to
the right, the velocity is X = /2 E/m. When the particle reaches the position x
its velocity reverses instantly to become x = —+/2 E/m. The motion continues at a
constant velocity until the particle reaches the position —x,; where is reverses again,
and so on. As the spatial interval corresponding to a full cycle is 4 x,,, the oscillation
periodis T = /8m/E xy.

To treat the E > V|, case assume that the particle is initially at a position x < —x,
with a motion oriented to the right. The Hamiltonian function outside the well yields
mx?/2 + Vo = E. The constant velocity is ¥ = +/2(E — Vp)/m until the particle
reaches the position —x ;. There the velocity increases abruptly to X = /2 E/m and
keeps this value until the particle reaches the other edge of the well, +x,,. There,
the velocity decreases abruptly back to the initial value x = /2 (E — Vp)/m, and
the particle continues its motion at a constant velocity in the positive direction.

3.3 Linear Harmonic Oscillator

An important example of linear motion is found when the force derives from a
potential energy of the form V = cx?/2, with ¢ > 0. The force acting on the
particle turns out to be F' = —dV /dx = —c x, namely, it is linear with respect to x,
vanishes at x = 0, and has a modulus that increases as the particle departs from the
origin. Also, due to the positiveness of ¢, the force is always directed towards the
origin. A force of this type is also called linear elastic force, and c is called elastic
constant (Fig. 3.2).

From the discussion of Sect. 2.9 it follows that the case E < 0 is forbidden. The
motion of the particle is always finite because for any E > 0 it is confined between
the two zeros xy = ++/2 E/c of the equation V = E. The Hamiltonian function
reads
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Fig. 3.2 The example of the
linear harmonic oscillator cx2/2 LV
analyzed in Sect. 3.3 J
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yielding the motion’s equation p = mX = —dH /dx = —c x whose solution is

x(t) =xpy cos(wt + o), x(t)=—wxy sin(wt+ay), w=+/c/m. (3.2)

Due to the form of (3.2), a particle whose motion is derived from the Hamiltonian
function (3.1) is called linear harmonic oscillator. The maximum elongation x,; >
0 and the initial phase «( are readily expressed in terms of the initial conditions
xo = x(t = 0), xg = x(¢ = 0). In fact, letting t = 01in (3.2) yields szw = xg +5c§/w2
and tan g = —xp/(w xp). The total energy in terms of the initial conditions reads
E = mx}/2+ c x§/2 and, finally, the oscillation’s period is 7 = 2 7 /w. Note that T
depends on the two parameters m, ¢ appearing in the Hamiltonian function, but not
on the total energy (in other terms, for a given pair m, ¢ the oscillation period does
not depend on the initial conditions). As mentioned in Sect. 2.9, this is an exceptional
case.

3.4 Central Motion

Consider the case of a particle of mass m acted upon by a force that derives from a

potential energy of the form V = V(r), where r = /x2 4 y2 + z2 is the modulus
of the position vector r of the particle. The force

dV r
F=—-gradV=———, 3.3)
dr r

depends on r only and is oriented along r. For this reason it is called central force. In
turn, the point whence the force originates (in this case, the origin of the reference)
is called center of force. The corresponding Lagrangian function

1
L= Emfz —V(r), p = m¥, F=|F| (3.4)
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turns out to be invariant under any rotation (Sect. 2.6.4). Remembering (2.28, 2.29),
this type of invariance means that the projection of the angular momentum M onto
any direction is conserved. It follows that, for a particle acted upon by a central force,
the vector M itself is conserved. On the other hand it is M = r A mF, so the constant
angular momentum is fixed by the initial conditions of the motion.

As M is normal to the plane defined by r and r, the trajectory of the particle lies
always on such a plane. It is then useful to select the Cartesian reference by aligning,
e.g., the z axis with M. In this way, the trajectory belongs to the x,y plane and
two coordinates eventually suffice to describe the motion. Turning to the spherical
coordinates (B.1) and using (2.40) yields the Hamiltonian function

1 , M p? M?
H=—|\p+—|+Vr)= + V@), Ve=V+—, (3.5)
2m r2 2m 2mr?

with M? = p3 + p2/sin® ¥, M = const, and p, = mi', py = mr*9, p, = M, =
mr2¢ sin . However, the z axis has been aligned with M, which is equivalent to
letting ¥ = 7/2. It turns out M, = M, and p, = m#, py =0, p, = M = mr>¢, so
that

H=_1 2+p—3) +V(r)—p—’2+V(r) V,=V+ Py (3.6)

T \Pr T2 - 2m ‘s e 2mr?’ '
As the total energy is conserved it is H = E, where E is known from the initial
conditions. The intervals of » where the motion can actually occur are those in which
E > V,. Letting ro = r(t = 0), the time evolution of the radial part is found from
pr2 = m?(dr/dt)*> = 2m (E — V,), namely

_m [T 48
t(r)_:I:\/;/ro VD (3.7)

From p, = mr?¢ = const it follows that ¢ depends monotonically on time, and also
that dt = (mr?/ Dy) dg. Combining the latter with (3.7) written in differential form,
dr = +/m/2 [E — V,(r)]"Y/? dr, yields the equation for the trajectory,

Py ’ dé
V2m Jyy E2VE = V(&)

with g9 = @(t = 0). Finally, elimination of r from #(r) and ¢(r) provides the time
evolution of ¢. Itis convenient to let the initial time t = 0 correspond to an extremum
of the possible values of . In this way the sign of ¢ and ¢ — ¢y changes at r = ry.
By this choice the trajectory is symmetric with respect to the line drawn from the
origin to the point of coordinates ry, ¢y, and the evolution of the particle’s motion
over each half of the trajectory is symmetric with respect to time.

o(r) =q@o =+ (3.9)
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3.5 Two-Particle Collision

Consider a system made of two particles whose masses are m, m,. The system
is isolated, namely, the particles are not subjected to any forces apart those due
to the mutual interaction. As a consequence, the Lagrangian function is invariant
under coordinate translations, and the Hamiltonian function is invariant under time
translations. Thus, as shown in Sect. 2.6, the total momentum and total energy of the
system are conserved.

The type of motion that is considered is such that the distance between the particles
is initially so large as to make the interaction negligible. The interaction becomes
significant when the particles come closer to each other; when they move apart, the
interaction becomes negligible again. This type of interaction is called collision. The
values of the dynamical quantities that hold when the interaction is negligible are
indicated as asymptotic values. The labels a and b will be used to mark the asymptotic
values before and after the interaction, respectively.

It is worth specifying that it is assumed that the collision does not change the
internal state of the particles (for this reason it is more appropriately termed elastic
collision, [67, Sect. 17]). When the distance is sufficiently large, the particles can
be considered as isolated: they move at a constant velocity and the total energy of
the system is purely kinetic, £, = T, and E;, = T,. On the other hand, due to
the invariance under time translation the total energy of the system is conserved,
E, = E,. In conclusion it is T, = T,, namely, in an elastic collision the asymptotic
kinetic energy of the system is conserved.

An analysis of the collision based only on the asymptotic values is incomplete
because it does not take into account the details of the interaction between the two
particles. However it provides a number of useful results, so it is worth pursuing.
Letting r; and r; be the positions of the particles in a reference O, the position of
the center of mass and the relative position of the particles are

R = w, r=r;—r;. 3.9
my + mp
The corresponding velocities are vi = I, Vo = I», and v = r. The relations between
the velocities are obtained by differentiating (3.9) with respect to time. Solving for
V1, v yields
nmy ni

vi=R+ ———, vw=R-— —v. (3.10)
mp +mp my +mp

Letting R = |R], the system’s kinetic energy before the interaction is

1 ) 1 ) 1 | ’
Ta=§m1v1a+§mzv2a=E(ml+m2)Ra+§mva’ 3.11)
where m = mmy/(m| + my) is called reduced mass. The expression of the kinetic

energy after the interaction is obtained from (3.11) by replacing a with b.
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The total momentum before the collisionis P, = m vi,+m, Vo, = (m1+m3) Ra.
The conservation of P due to the invariance under coordinate translations yields
Pb = Pa, whence Rb = R Using (3.11) in combination with the conservation rules
R, =R,and 7}, = T, yields v, = v,, namely, the asymptotic modulus of the relative
velocity is conserved.

The analysis is now repeated in a new reference B in which the particles’ positions
are defined as

nmy ni
si=r-R=——"—(r1-1), $=n-R=——"—(@-r1). (.12
m; + my m; +my
By construction, the origin of B coincides with the system’s center of mass. The
relative position in B is the same as in O, in fact

S=8 —S =r; —I,=Tr. 3.13)
From (3.12, 3.13) one finds
ny mi
mp; Sy = —my Sy, S = ———, §)=———+485. 3.14
181 282 LS 2 a—— (3.14)

The velocities in reference B are u; = $;, u; = $;, and u = §. The relations among
the latter are found by differentiating (3.12, 3.13) and read

u =v; — R, U =V, — R, u=yv, (3.15)
u = _m u, u, = __m u, (3.16)
m; + mo my 4+ mp

which in turn yield

Vi=R+— w w=R-T 3.17)
mp + m; my + my
Thanks to (3.16) the system’s kinetic energy before and after the interaction, in
reference B, is
L,

1 1
Ku:—mlu%a+§m2u§a:§mu2 Ky = -mu

3 o 5 M. (3.18)

The conservation of the kinetic energy, K, = K, yields u;, = u,. Using the third of
(3.15) then yields

Up = Uy = Vp = Vg, (3.19)

that is, the asymptotic modulus of the relative velocity is conserved and has the same
value in the two references. Moreover, (3.16) show that it is also u;, = u;, and
uy, = uy,, namely, in reference B the asymptotic kinetic energy is conserved for
each particle separately.



3.6 Energy Exchange in the Two-Particle Collision 49

Fig. 3.3 Graphic
representation of the vector
relation (3.20)

m, vy,

3.6 Energy Exchange in the Two-Particle Collision

To complete the asymptotic analysis of the two-particle collision it is useful to choose
for O areference such that v, = 0. In this case (3.10) yield v, = v;,, whence the
total momentum reads (m +m>) Ra = m vy, = mV,. Remembering that R;, = Ra
one finds Rb = m V,/(m; + my). Using the latter relation in the second of (3.17)
specified with the b label yields, after multiplying both sides by m,

moVop = mv, — muy. (320)

The triangle formed by the vectors m, vy, mv,, and mu, is isosceles because v, and
u,, have the same modulus (Fig. 3.3). Letting y, 6 be the angle between m v, and m u,
and, respectively, the common value of the other two angles, a scalar multiplication
of (3.20) by v, yields m, vy, cos@ = mv, — mu, cos x = mv, (1 — cos x). Using
20 + x = 7 and v, = vy, transforms the latter into
1 —cosy .
mavyp = mvy, cos 167 = 1)/2] = 2mvy, sin(x/2). (3.21)
This relation allows one to calculate, in reference O where the particle of mass m,
is initially at rest, the modulus of the final velocity of this particle in terms of the
initial velocity of the other particle and of angle x. As only vy, is prescribed, the two
quantities vy, and x can not be determined separately. The reason for this (already
mentioned in Sect. 3.5) is that (3.21) is deduced using the motion’s asymptotic
conditions without considering the interaction’s details. In fact, the calculation is
based only on the momentum and total-energy conservation and on the hypothesis
that the collision is elastic. From (3.21) one derives the relation between the kinetic
energies Ty, = (I/Z)mlv%a and T, = (1/2) mzv%b,
T (1) = — 2 sin (/2. (3.22)
(my + my)
As in reference O the particle of mass m, is initially at rest, 75, is the variation of
the kinetic energy of this particle due to to the collision, expressed in terms of .
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The maximum variation is T»,(x = =m). The conservation relation for the kinetic
energy T, + Top = Ty, coupled with (3.22) yields the kinetic energy of the particle
of mass m after the collision,

4m1m2

Tip = Tia — Top = [1 - 7 sin’ (x/2>} Tia- (3.23)

(my + my)
Expressing T}, and Ty, in (3.23) in terms of the corresponding velocities yields the
modulus of the final velocity of the particle of mass m; as a function of its initial
velocity and of angle y,

vip = [(m? +m3 + 2mymy cos x)'/?/(my + m2)] via. (3.24)

Although expressions (3.21-3.24) are compact, the use of angle y is inconvenient.
It is preferable to use the angle, say yr, between vectors vy, and vy, = Vv, that
belong to the same reference O (Fig. 3.7).! A scalar multiplication by vy, of the
conservation relation for momentum, m vy, = m vy, — myVy,, followed by the
replacement of the expressions of vy, and vy, extracted from (3.21, 3.24), eventually

yields cos ¥ = (m; + ma cos x)/(m} + m3 + 2mym; cos x)'/. Squaring both sides
of the latter provides the relation between x and 1,
tan = ——n X (3.25)

my/my +cos x

Using (3.25) one expresses (3.21-3.24) in terms of the deflection ¥ (in reference
0) of the particle of mass my. If m; > m,, then ¥ < /2, whileitis ¥ = x /2 if
m; = my. When m; < mj and x = arccos ( — m/m;), then ¥ = m/2; finally, if
my K myitis ¥ =~ x and, from (3.21-3.24), it follows vy, >~ 0, T =~ 0, vij =~ Vi,
Ty =~ Ti,. In other terms, when m| < m, the particle of mass m, remains at rest;
the other particle is deflected, but its kinetic energy is left unchanged.

In reference O, the angle between the final velocity of the particle of mass m;,
initially at rest, and the initial velocity of the other particle has been defined above
as 6 = (w — x)/2. Replacing the latter in (3.25) provides the relation between v
and 6,

sin (26)
tanyr = . (3.26)
my/my — cos (26)
! Note that the angle y between two momenta p' = m'v’ and p” = m”v” is the same as that

between the corresponding velocities because the masses cancel out in the angle’s definition y =
arccos [p’ - p”/(p’p")]. In contrast, a relation like (3.20) involving a triad of vectors holds for the
momenta but not (with the exception of the trivial cases of equal masses) for the corresponding
velocities.
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3.7 Central Motion in the Two-Particle Interaction

Consider an isolated two-particle system where the force acting on each particle
derives from a potential energy V = V (ry, ;). Using the symbols defined in Sect. 3.5
yields the Lagrangian function L = mlv%/2 + mzvg /2 —V(r,r). Now assume that
the potential energy V depends on the position of the two particles only through
the modulus of their distance, r = |r; — r,|. In this case it is convenient to use the
coordinates and velocities relative to the center of mass, (3.12-3.17), to find

1 o1
L=§(ml+m2)R2+§ms‘2—V(s), § =8| = |ul. (3.27)

As discussed in Sects. 2.6.3 and 3.5 the total momentum is conserved, whence R
is constant. Another way of proving this property is noting that the components
of R are cyclic (Sect. 1.6). The first term at the right hand side of (3.27), being a
constant, does not influence the subsequent calculations. The remaining terms, in
turn, are identical to those of (3.4). This shows that, when in a two-particle system the
potential energy depends only on the relative distance, adopting suitable coordinates
makes the problem identical to that of the central motion. One can then exploit the
results of Sect. 3.4. Once the time evolution of s is found, the description of the
motion of the individual particles is recovered from (3.12-3.17), where the constant
R is determined by the initial conditions.

The total energy of the two-particle system is conserved and, in the new reference,
it reads

1 1 .
5ms'2+v(S)=EB, Ep=E— 3 (m +my) R (3.28)
The total angular momentum is constant as well. Starting from the original reference
and using (3.12-3.17) yields

M=r1/\mlvl—|—r2/\m2V2:(m1+m2)R/\R+msAu. (3.29)

The constancy of R yields R = Ry + Rt, with Ry the initial value of R, whence
(Ro + R7) AR = Ry A R. Thus, the first term at the right hand side of (3.29) is
constant, which makes Mz = m s A u a constant as well. The latter vector is parallel
to M because the motion is confined to a fixed plane (Sect. 3.4). Then, aligning
the z axis with M, turning to polar coordinates over the x, y plane (s, = s cos ¢,
sy = s sin ), and using (3.8), one finds

o gs Mo [ dé
PI=0=" |, e VE Vi@

with V,(s) = V(s) + M2 /(2ms?). It is important to note that the factor M in (3.30)
is the scalar coefficient of Mp = Mgk, with k the unit vector of the z axis. As a
consequence, Mp may have sign. As observed in Sect. 2.9, the admissible values of
s are those belonging to the interval such that Eg > V,(s). If two or more disjoint

(3.30)
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intervals exist that have this property, the actual interval of the motion is determined
by the initial conditions. The motion is limited or unlimited, depending on the extent
of this interval.

The analysis can not be pursued further unless the form of the potential energy V
is specified. This is done in Sect. 3.8 with reference to the Coulomb case.

3.8 Coulomb Field

An important example is that of a potential energy of the form V o 1/r, that occurs
for the gravitational and for the electrostatic force. In the latter case the term Coulomb
potential energy is used for V, that reads

V(i) = ———, s >0, (3.31)

with ¢ > 0 the elementary electric charge, Z; ¢ and Z, g the absolute value of the net
charge of the first and second particle, respectively, &y the vacuum permittivity and,
finally, x = 1 (—1) in the repulsive (attractive) case. The form of V fixes the additive
constant of the energy so that V (co) = 0. The repulsive case only is considered here,
whence V, is strictly positive and Eg > V, > 0. Defining the lengths

AVAY & Mg
= SreEp K= anEs,
m Ep

yields V,/Eg = 21 /s + u?/s*. The zeros of Eg — V, = Ep (s> —2As — u?)/s” are

Sp=A— A2+ u?, sB = A+ A2+ u?, (3.33)

where 54 is negative and must be discarded as s is strictly positive. The only accept-
able zero is then s > 2A > 0, that corresponds to the position where the radial

= 3.32
8meg Ep ( )
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velocity s = £+/2(Ep — V)/m reverses, and must therefore be identified with s
(Sect. 3.7). The definitions (3.32, 3.33) are now inserted into the expression (3.30)
of the particle’s trajectory. To calculate the integral it is convenient to use a new
variable w such that (so — 1)/(§ — ) = (u? — s2 w?)/(u* + s3 w?). The range of w
corresponding to 5o < & < sis

] s — 50

o<w< — [|——, s> 50> 21> 0. (3.34)
so ¥V 5+ 50— 21

From (3.30) the trajectory in the s, ¢ reference is thus found to be

1 s — 5o
=gy +2arctan | — [———— ). 335
¢(s) = ¢o £ 2 arctan (SO s+so—2)\> (3.35)

Next, the trajectory in the Cartesian reference sy, s, is found by replacing (3.35) into
Sy =8 cos @, s, = s sin ¢ and eliminating s from the pair s,(s), s, (s) thus found. A
graphic example is given in Fig. 3.4. It is worth observing that in the derivation of
(3.35) the factor |u| appears twice, in such a way as to compensate for the sign of
. The result then holds irrespective of the actual sign of Mg = +/2m Epg . It still
holds for Mp = 0, that yields ¢(s) = ¢p; such a case corresponds to a straight line
crossing the origin of the s, ¢ reference: along this line the modulus s of the relative
position decreases until it reaches sy, then it increases from this point on.

When Mp # 0 the angles corresponding to the asymptotic conditions of the
motion are found by letting s — oo, namely, ¢, = ¢y — 2 arctan (u/so) and ¢, =
@o + 2 arctan (u/sp). The total deflection is then ¢, — ¢, which, in each curve of
Fig. 3.4, is the angle between the two asymptotic directions. Now one combines the
definition of angle x given in Sect. 3.6 with the equality u = v taken from the last
of (3.15); with the aid of Fig. 3.5 one finds

X =7 — (0 — ¢a) = 7 — 4 arctan (g) . (3.36)
0
The definitions (3.32, 3.33) show that (3.36) eventually provides the relation
X = x(Ep,Mp). In contrast with the approach of Sect. 3.6, where the asymp-
totic conditions only were considered, here the analysis has been brought to the end
by considering a specific type of interaction.

When p ranges from —oo to 400 at a fixed E g, the definitions (3.32, 3.33) make
the ratio ©/s9 = /s to range from —1to +1. If w/so = 1 (—1), then x = 0 27),
namely, no deflection between u, and u, occurs. If w/so = 0, then x = 7, namely,
the motion’s direction reverses at so as noted above. From u = v one finds that x is
also the angle between v, = vi, — Vo, and v, = vy — Vop.

3.9 System of Particles near an Equilibrium Point

Consider a system of N particles, not necessarily identical to each other, subjected
to conservative forces. The mass and instantaneous position of the jth particle are
indicated with m; and R; = (X1, X2, X;3), respectively. It is assumed that there
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Fig. 3.5 Graphic
representation of (3.36)

are no constraints, so that the number of degrees of freedom of the system is 3N.
The Hamiltonian function reads
N P2

Ho=Ty+ Vo= ) 5 4+ VaXi Xia ), (3.37)
J

j=1

with P? = m? (X%, + X%, 4+ X%,). The force acting on the jth particle along the kth
axis is Fjx = —dV,/dX jx. The Hamilton equations (Sect. 1.6) read

9H, P . 9H, vV,

X = Mo _ Pit, _OHa _
KT 9P my X 00X

They show that the relation Fj; = m; X jk» which yields the dynamics of the jth
particle along the kth axis, involves the positions of all particles in the system due to
the coupling of the latter.

Define the 3 N-dimensional vector R = (X,... , Xy3) that describes the instan-
taneous position of the system in the configuration space, and let Ry be a position
where the potential energy V, has a minimum, namely, (V,/0X j;)r, = 0 for all
J» k. Such a position is called equilibrium point of the system. To proceed, assume
that the instantaneous displacement R — Ry with respect to the equilibrium point
is small. In this case one approximates V with a second-order Taylor expansion
around Ry. To simplify the notation new symbols are adopted, namely, s; = Xy,
s = X12,..., S3j+k—3 = Xjk,..., and h, = s, — Su0, Withn = 1,2,... ,3N and
sy0 the equilibrium position. Remembering that the first derivatives of V, vanish at
R one finds

1 3N 3N azv
Vo~Vo+= Y h b, = u ) 3.39
a a0 + B kX_I: k;clm 1 Ckn <ahkahn)Ro ( )

In (3.39) it is V,0 = V,(Ry), and the terms ¢y, are called elastic coefficients. As
the approximate form of the potential energy is quadratic in the displacements, each
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component of the force is a linear combination of the latter,

oV, v, .

% = " ; n P J (3.40)
To recast the kinetic energy in terms of the new symbols it is necessary to indicate
the masses with w,, n = 1,...,3N, where u3j_» = p3j—1 = u3j = m;, j =
1,...,N. Observing that X; k= S3J+k 3 = thk 3, one finds a quadratic form in

the derlvatlves of the dlsplacements

N 3 . 1 N 3 . 1 3N .
DD manesXie =5 Y maposhiis =5 D k. (4D
n=1

j=1 k=1 j=1 k=1

NI*—‘

The relations obtained so far are readily recast in matrix form. First, one de-
fines the mass matrix M as the real, 3N x 3N diagonal matrix whose entries are
[Mli, = tnbin > 0, with &, the Kronecker symbol (A.18). By construction,
the mass matrix is symmetric and positive definite; the entries of its inverse are
M1, = 8n/Mn. Then, one defines the elastic matrix C as the real, 3N x 3N
matrix whose entries are [Cli, = ck,. The entries of the elastic matrix are the second
derivatives of the potential energy V,; as the order of the derivation is irrelevant,
the matrix is symmetric. Also, the derivatives are calculated in a minimum of V,;
from the first of (3.39) it follows that the quadratic form at the right hand side equals
V. — Va0 which, by construction, is positive. It follows that the elastic matrix is
positive definite, namely, for any choice of the displacements (excluding the case
where all displacements are zero) the quadratic form generated by the matrix is pos-
itive. Finally, let h be the column vector of entries Ay, hy, ..., and h” its transpose.
Combining (3.37, 3.39, 3.41) expresses the Hamiltonian function in terms of the sum
of two quadratic forms,

Lo, oo 1,
H, — Vo = 7 B" Mh + _h' Ch. (3.42)

3.10 Diagonalization of the Hamiltonian Function

Thanks to the properties of the matrices M and C, the right hand side of (3.42) can
be set in diagonal form. To this purpose one considers the eigenvalue equation

Cg, =i, Mg,, o=1,...,3N, (3.43)

where the eigenvalues A, are real because C and M are real and symmetric. As all
coefficients of (3.43) are real, the eigenvectors g, are real as well. Also, due to the
positive definiteness of C and M, the eigenvalues are positive and the eigenvectors
are linearly independent. They can also be selected in order to fulfill the property of
being orthonormal with respect to M, namely, g2 M g, = §,..
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Each of the 3N eigenvectors g, has 3N entries. Thus, the set of eigenvectors
can be arranged to form a 3N x 3N real matrix G, whose oth column is the oth
eigenvector. The inverse matrix G ! exists because, by construction, the columns of
G are linearly independent. The orthonormality relation between the eigenvectors
can now be expressed in matrix form as

G'TMG=1, (3.44)

with I the identity matrix. Equation (3.44) is the basic ingredient for the diagonal-
ization of (3.42). From it one preliminarily derives four more relations,

G'M=G"', GG'M=1 MG=(G")", MGG’ =1 (345)

The first of (3.45) is obtained by right multiplying (3.44) by G~ and using G G~! =
I. Left multiplying by G the first of (3.45) yields the second one. The third of (3.45)
is obtained by left multiplying (3.44) by (GT)~!. Finally, right multiplying by G” the
third of (3.45) yields the fourth one. To complete the transformation of the equations
into a matrix form one defines the eigenvalue matrix L as the real, 3N x 3N diagonal
matrix whose entries are [L],; = A; 6o > 0. The set of 3N eigenvalue Egs. (3.43)
then takes one of the two equivalent forms

CG=MGL, G'CG=L. (3.46)

The first of (3.46) is the analogue of (3.43), while the second form is obtained from
the first one by left multiplying by G’ and using (3.44). The diagonalization of
(3.42) is now accomplished by inserting the second and fourth of (3.45) into the
potential-energy term of (3.42) to obtain

h"Ch=h" MGG")C(GG"M)h="h"MG)G" CG)(G"Mh), (3.47)

where the associative law has been used. At the right hand side of (3.47), the term in
the central parenthesis is replaced with L due to the second of (3.46). The term in the
last parenthesis is a column vector for which the short-hand notation b = G” M h is
introduced. Note that b depends on time because h does. The first of (3.45) shows
thath = G b, whence h” = b’ G”. Finally, using (3.44), transforms the term in the
first parenthesis at the right hand side of (3.47) into h’ MG = b GT MG = b’.
In conclusion, the potential-energy term of (3.42) is recast in terms of bas h” Ch =
b” L b, which is the diagonal form sought. By a similar procedure one finds for the
kinetic-energy term h’ Mh = b” GTMGb = b” b.

The terms b’ b and b” Lb have the same units. As a consequence, the units of
L are the inverse of a time squared. Remembering that the entries of L are positive,
one introduces the new symbol a)g = ), for the eigenvalues, w, > 0. In conclusion,
the diagonal form of (3.42) reads

: 1., 1
Hy— Vo= H,, ngzbf, 5 Wl b2 (3.48)
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Apart from the constant V,o, the Hamiltonian function H,, is given by a sum of terms,
each associated with a single degree of freedom. A comparison with (3.1) shows that
the individual summands H, are identical to the Hamiltonian function of a linear
harmonic oscillator with m = 1. As a consequence, the two canonical variables of
the oth degree of freedom are g, = by, py, = Ba, and the time evolution of b, is the
same as that in (3.2),

by (1) = B 08 (wp f + ¢) = % [5(, exp (— iwe 1) + B2 exp (iwy z)]. (3.49)

The constants B,, ¢, depend on the initial conditions b, (0), 150 (0). The complex
coefficients are related to the above constants by E(, = By exp( — i¢y). In turn,
the initial conditions are derived from those of the displacements, b(0) = G~ h(0),
b(0) = G~ h(0).

The 3N functions b, (¢) are called normal coordinates or principal coordinates.
Once the normal coordinates have been found, the displacements of the particles are
determined from h = G b. It follows that such displacements are superpositions of
oscillatory functions. Despite the complicacy of the system, the approximation of
truncating the potential energy to the second order makes the Hamiltonian function
completely separable in the normal coordinates. The problem then becomes a gen-
eralization of that of the linear harmonic oscillator (Sect. 3.3), and the frequencies
of the oscillators are determined by combining the system parameters, specifically,
the particle masses and elastic constants. The Hamiltonian function associated with
each degree of freedom is a constant of motion, H, = E,, whose value is prescribed
by the initial conditions. The total energy of the system is also a constant and is given
by

3N
1. 1
E=Vo+) E,. Eo =5 b2 (0) + 5 w? b2(0). (3.50)

o=1

The oscillation of the normal coordinate of index o is also called mode of the vibrating
system.

3.11 Periodic Potential Energy

An interesting application of the action-angle variables introduced in Sect. 2.10 is
found in the case of a conservative motion where the potential energy V is periodic.
For simplicity a linear motion is considered (Sect. 2.9), whence V(x + a) = V(x),
with @ > 0 the spatial period. Letting E be the total energy and m the mass of the
particle, an unlimited motion is assumed, namely, £ > V; it follows that the mo-
mentum p = /2m [E — V(x)] is a spatially-periodic function of period a whence,
according to the definition of Sect. 2.10, the motion is a rotation. For any position g,
the time 7 necessary for the particle to move from g to g + a is found from (2.47),
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where the positive sign is provisionally chosen:

m 8t dx

The integral in (3.51) is independent of g due to the periodicity of V. As a conse-
quence, for any g the position of the particle grows by a during the time 7. The action
variable is found from (2.49):

+a +a
J(E) = /g pdx =+2m /g VE = V(x)dx = const. (3.52)
8 8

In turn, the derivative of the angle variable is found from (2.51). It reads w =
dH/dJ = 1/(dJ/dE) = const, with H the Hamiltonian function. The second
form of w holds because H does not depend on w, and H = E. Using (3.52) and
comparing with (3.51) one finds

l_d_f_/““ m dx =7 (3.53)
wodE ), mE-vayrr o T T '

As expected, 1/7 is the rotation frequency. In conclusion, the time evolution of the
action-angle variables is given by w = t/t + wg, J = const. Note that the relation
(3.52) between E and J holds when the positive sign is chosen in (2.47); if the
above calculations are repeated after choosing the negative sign, one finds that —J
is associated to the same E. As a consequence, E is an even function of J.

Another observation is that the action-angle variables can be scaled by letting,
e.g.,wJ = (aw)(J/a). Inthis way the property that the product of two canonically-
conjugate variables is dimensionally an action is still fulfilled. A comparison with
(3.52) shows that, thanks to this choice of the scaling factor, P = J/a is the average
momentum over a period, while X = a w is a length. The Hamilton equations and
the time evolution of the new variables are then

oH . oH
P —

a
=, = =0, X=-t+Xy, P=P= t, (3.54
P X . + Xo 0 = cons (3.54)

where a /7 is the average velocity of the particle over the spatial period, and Xy =
X(0), Py = P(0). In conclusion, in the new canonical variables no force is acting
(P = 0), and the motion of the new position X is uniform in time. However, the
relation between E and P = J/a, given by (3.52), is not quadratic as it would be in
free space.’

In many cases it is of interest to investigate the particle’s dynamics when a per-
turbation § H is superimposed to the periodic potential energy V. It is assumed that
6 H depends on x only, and that E is the same as in the unperturbed case (the latter
assumption is not essential). The Hamiltonian function of the perturbed case is then

2 Compare with comments made in Sect. 19.6.1.
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written as the sum of the unperturbed one and of the perturbation; also in this case
an unlimited motion is assumed, specifically, £ > V and E > V + §H. Still using
the positive sign for the momentum, one finds

2
H(x,p) = ;; +V(x)+8H(x) = E, p(x,E)=2m(E —V — §H).

m
(3.55)
As in the unperturbed case one defines the average momentum over a,
- /2 g+a
Pg.E)=Y" / VE—V —6Hdx, (3.56)
a Jg

which depends also on g because § H is not periodic. Differentiating (3.56) with
respect to E and comparing with (3.51) shows that

ap _f ~()_fg+“ " d (357)
0E a7 ) mE-—ve—sH)2 '

with T the time necessary for the particle to move from g to g + a in the perturbed
case. Using H = E in the above yields

oH

P
So far no hypothesis has been made about the perturbation. Now one assumes that § H
is weak and varies little over the period a. The first hypothesis implies [ H| < E—V
so that, to first order, [2m (E — V —8H)]'? ~ 2m(E — V'? —m[2m (E —
V)72 8H. Using P = J/a and (3.52), the average momentum (3.56) becomes

(g+a)—g
—

(3.58)

Q| Q

- 1 gta mdéH
B(g. B) =~ P(E) ~ - / : (3.59)
8

Mo gy
2m(E — )iz

In turn, the hypothesis that the perturbation varies little over the period a implies that
in the interval [g, g + a] one can approximate § H (x) with § H(g), which transforms
(3.59), due to (3.53), into

P(g,E) ~ P(E) — £8H(g). (3.60)

If the procedure leading to (3.60) is repeated in the interval [g + a, g + 2 a] and the
result is subtracted from (3.60), the following is found:

P(g+a,E)—P(g,E) _ SH(g+a)—38H(g)
T a '

(3.61)

The above shows that the perturbed momentum P varies between g and g + a due
to the corresponding variation in § H. Fixing the time origin at the position g and
letting T =~ T in the denominator transforms (3.61) into

P(f,E)— P(0,E) _ S8H(g+a)—38H(g)
T - a '

(3.62)
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The relations (3.58, 3.62) are worth discussing. If one considers g as a position coor-
dinate and P as the momentum conjugate toit, (3.58, 3.62) become a pair of Hamilton
equations where some derivatives are replaced with difference quotients. Specifically,
(3.62) shows that the average momentum varies so that its “coarse-grained” variation
with respect to time, AP /AT, is the negative coarse-grained variation of the Hamil-
tonian function with respect to space, —AH/Ag = —AS§H/Ag. In turn, (3.58)
shows that the coarse-grained variation of position with respect to time, Ag/A7, is
the derivative of the Hamiltonian function with respect to the average momentum.
In conclusion, (3.58, 3.62) are useful when one is not interested in the details of the
particle’s motion within each spatial period, but wants to investigate on a larger scale
how the perturbation influences the average properties of the motion.

3.12 Energy-Momentum Relation in a Periodic Potential
Energy

It has been observed, with reference to the non-perturbed case, that the relation (3.52)
between the total energy and the average momentum is not quadratic. In the perturbed
case, as shown by (3.56), the momentum depends on both the total energy and the
coarse-grained position. To investigate this case it is then necessary to fix g and
consider the dependence of PonE only. To proceed one takes a small interval of P
around a given value, say, Py, corresponding to a total energy E s, and approximates
the E(P) relation with a second-order Taylor expansion around P;,

(57) > (§) -
E~E, + (P—PB)+ - (P — B,y (3.63)
dp ), dp2

Although in general the P(E) relation (3.56) can not be inverted analytically, one

can calculate the derivatives that appear in (3.63). The latter are worked out in the

unperturbed case § H = 0 for simplicity. Using (3.53), the first derivative is found to

be (dE/dP); ~ (dE/dP); = a/t,, with Ty = t(Ey). For the second derivative,
d’E _d*E_d(a/t)  a dt dE @’ &*P

Sl L A 3.64
dp2 dP? dpP t2 dE dP 3 dE? ( )

On the other hand, using (3.53) again, it is

d’p _d(t/a) m* 8t _ —12
iEZ-dE - 4 /gi K”dx, K=[12m (E—V(x))] . (3.65)

Combining (3.64) with (3.65) and defining the dimensionless parameter

g/a+1 g/a+1 -3
ry = / K3 d(x/a) x [ f K d(x/a)] , (3.66)
g/a gla
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transforms (3.63) into

E~E + 2 (P—P)+——(P— B, (3.67)
T, 2m

where the coefficients, thanks to the neglect of the perturbation, do not depend on g.
The linear term is readily eliminated by shifting the origin of the average momentum;
in fact, letting P — Py = p — (m/ry) (a/ty) yields

Fs o 1m (a )2
E—EW) = P, EO=E,—-—{—) . (3.68)
2m 2r, \Tg
In conclusion, in a small interval of p the relation between energy and average
momentum of a particle of mass m subjected to a periodic potential has the same
form as that of a free particle of mass m/r,. In other terms, the ratio m/r acts as an
effective mass within the frame of the coarse-grained dynamics.
A bound for 7, is obtained from Holder’s inequality (C.110). Letting |F| = K,
G =1,b=3,x3 = g/a, xo = g/a+ 1 1in (C.110), and using the definition
(3.66), yields ry > 1, whence m/r; < m: the effective mass can never exceed
the true mass. The equality between the two masses is found in the limiting case
E—Vy >» Vy —V —38H, with Vy; the maximum of V. In fact, (3.66) yields
r >~ 1 and, from (3.56), it is P ~ \/2mE. As expected, this limiting case yields the
dynamics of a free particle.

3.13 Complements

3.13.1 Comments on the Linear Harmonic Oscillator

The paramount importance of the example of the linear harmonic oscillator, shown in
Sect. 3.3, is due to the fact that in several physical systems the position of a particle
at any instant happens to depart little from a point where the potential energy V
has a minimum. As a consequence, the potential energy can be approximated with a
second-order expansion around the minimum, that yields a positive-definite quadratic
form for the potential energy and a linear form for the force. The theory depicted in
this section is then applicable to many physical systems, as shown by the examples
of Sects. 3.9 and 5.6. The approximation of the potential energy with a second-order
expansion, like that discussed in Sects. 3.9, 3.10, is called harmonic approximation.
The terms beyond the second order in the expansion are called anharmonic.

3.13.2 Degrees of Freedom and Coordinate Separation

With reference to the analysis of the central motion carried out in Sect. 3.4, it is
worth noting that the constancy of M reduces the number of degrees of freedom of
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the problem from three to two. Also, the form (3.6) of the Hamiltonian function is
such as to provide a relation containing only r and the corresponding momentum
pr. Thus, the coordinate r is separable according to the definition of Sect. 2.4. This
allows one to independently find the time evolution (3.7) of r by solving an ordinary
differential equation of the first order. Then one finds (3.8), that is, the trajectory
¢(r), through another equation of the same type. Finally, combining (3.7) with (3.8)
yields the time evolution of the remaining coordinate ¢.

It has been noted in Sect. 3.4 that, thanks to the constancy of the angular momen-
tum, the adoption of spherical coordinates allows one to separate the radial coordinate
r. This simplifies the problem, whose solution is in fact reduced to the successive
solution of the evolution equations for r and ¢. The same problem, instead, is not
separable in the Cartesian coordinates. In other terms, separability may hold in some
coordinate reference, but does not hold in general in an arbitrarily-chosen reference.

Another example of separability is that illustrated in Sects. 3.9, 3.10. In general
the Hamiltonian function is not separable in the Cartesian coordinates, whereas it
is completely separable in the normal coordinates, no matter how large the number
of the degrees of freedom is. Moreover, after the separation has been accomplished,
one finds that all the equations related to the single degrees of freedom (the second
relation in (3.48)) have the same form. In fact, they differ only in the numerical value
of the angular frequency w, . As a consequence, the expression of the solution is the
same for all. Also, as the energy H, of each degree of freedom is independently
conserved, no exchange of energy among the normal coordinates occurs: therefore,
the distribution of energy among the normal coordinates that is present at = 0 is
maintained forever. This result is baffling because, for instance, it seems to prevent
the condition of thermal equilibrium from being established; actually it is due to
the fact that the system under investigation is isolated: if it were put in contact with
a thermal reservoir, the exchanges of energy occurring with the reservoir would
eventually bring the energy distribution of the system to the condition of thermal
equilibrium.

Still with reference to the system discussed in Sects. 3.9, 3.10 it is important to
underline the formal analogy between the modes of a mechanical, vibrating system
and those of the electromagnetic field in vacuo described in Sect. 5.6. In both cases
the energy of each mode is that of a linear harmonic oscillator of unit mass (Eq.
(3.48) and, respectively, (5.40)).

3.13.3 Comments on the Normal Coordinates

It has been shown in Sect. 3.9 that the elastic matrix C is positive definite. One may
argue that in some cases the matrix is positive semi-definite. Consider, for instance,
the case where the potential energy depends on the relative distance of the particles,
V. = Va(R; — Ry, Ry — Rj3,...). For any set of positions Ry, Ry, ..., a uniform
displacement R; of all particles, that tranforms each R; into R; + R;, leaves V,
unchanged. As a consequence, if the positions prior to the displacement correspond
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Fig. 3.6 Graphic
representation of (3.69)

to the equilibrium pOiIlt Roi, Rop, ..., itis V,(Rp1 +Rs, ... ) = V,(Roy, ... ) = Vg
In such a case all terms beyond the zero-order term in the Taylor expansion of V,
around the equilibrium point vanish, which implies that the elastic matrix C is positive
semi-definite. In the case examined in Sect. 3.9 the eigenvalues are real and positive;
here, instead, they are real and non-negative. Remembering (3.48), one finds that the
Hamiltonian function of the degree of freedom corresponding to the null eigenvalue
reads H = 15?,/2, whence EG =0, by = b,(0) + at, with a a constant.

The problem tackled in Sect. 3.10 is that of diagonalizing the right hand side
of (3.42). The diagonalization of a quadratic form entails a linear transformation
over the original vector (h in this case) using a matrix formed by eigenvectors. One
may observe that, in (3.42), the kinetic energy h” M'h/2 is already diagonal in the
original vector, while the potential energy h” Ch/2 is not. If the diagonalization
were carried out using the matrix formed by the eigenvalues of C alone, the outcome
of the process would be that of making the potential energy diagonal while making
the kinetic energy non-diagonal (both in the transformed vector). The problem is
solved by using the eigenvalue Eq. (3.43), that involves both matrices M and C in
the diagonalization process. In fact, as shown in Sect. 3.10, in the transformed vector
b the potential energy becomes diagonal, and the kinetic energy remains diagonal.

One may observe that, given the solutions of the eigenvalue Eq. (3.43), the process
of diagonalizing (3.42) is straightforward. The real difficulty lies in solving (3.43).
When the number of degrees of freedom is large, the solution of (3.43) must be tackled
by numerical methods and may become quite cumbersome. In practical applications
the elastic matrix C exhibits some structural properties, like symmetry or periodicity
(e.g., Sect. 17.7.1), that are exploited to ease the problem of solving (3.43).

3.13.4 Areal Velocity in the Central-Motion Problem

Consider the central-motion problem discussed in Sect. 3.4. In the elementary time-
interval d¢ the position vector changes from r to r + dr. The area dA of the triangle
whose sides are r, r + dr, and dr is half the area of the parallelogram Q; 0,03 Q4
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Fig. 3.7 Definition of the A
angles used in Sects. 3.6 and y
3.13.5
v Vib
vla V
C
0 X
V2b
whose consecutive sides are, e.g., r and dr (Fig. 3.6). Thus,
1 1 ) M| dA M|
dA = - |r Adr| = - |r Ardt| = — dt, —_— =, (3.69)
2 2 2m dt 2m

with M the angular momentum. The derivative dA /dt is called areal velocity. The
derivation of (3.69) is based purely on definitions, hence it holds in general. For a
central motion the angular momentum M is constant, whence the areal velocity is
constant as well: the area swept out by the position vector r in a given time interval
is proportional to the interval itself (Kepler’s second law). If the particle’s trajectory
is closed, the time T taken by r to complete a revolution and the area A enclosed by
the orbit are related by

TdA M| 2m A
A= = (3.70)
0

_dt:_Ts T——.
dr m M|

3.13.5 Initial Conditions in the Central-Motion Problem

The theory of the central motion for a two-particle system has been worked out in
Sects. 3.7,3.8 without specifying the initial conditions. To complete the analysis it
is convenient to use the same prescription as in Sect. 3.6, namely, to select an O
reference where the particle of mass m; is initially at rest (vo, = 0). Moreover, here
reference O is chosen in such a way as to make the initial position of the particle of
mass m; to coincide with the origin (r;, = 0), and the initial velocity v, = vy, of
the particle of mass m to be parallel to the x axis (Fig. 3.7), so that vi, = (vi, - 1)i.
From (3.11) one finds E = E, = T, = Ty, = mv?,/2 and, from Sect. 3.5,
(my + my) Ra = m Vy,. Using ry, = x1,1+ y1, j and (3.28) then yields

1 2

Eg=—-mv

5 M Via M =11, AmVig = —my Yig (Vig - DK, (3.71)
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Fig. 3.8 Dependence of V, 2
on the distance s from the

center of force, as given by

(3.74) in arbitrary units

V (s) (au.)

e

s (a.u)

with i, j, k the unit vectors of the x, y, z axes anq m the reduced mass. On the ogher
hand, (3.29) shows that M = (m; + m,) R, A R 4+ Mp whence, writing R,, R in
terms of ry,, vi, and equating the two expressions of M provides

MB = —ViaMmViq * i. (372)

Replacing (3.72) and the first of (3.71) in (3.32, 3.33) yields

U= FVia> 50 = A+ VA2 42, ¢ = |y1al- (3.73)

The distance ¢ between the x axis and the direction of vy, (Fig. 3.7) is called impact
parameter. The outcome of the calculation demonstrates the usefulness of choosing
reference O as described above. In fact, for a given form of the potential energy V,
the angle x defined in Sect. 3.6 becomes a function of two easily-specified quantities:
kinetic energy (E = m vfa /2or Eg =m v%a /2) and impact parameter ¢ (compare,
e.g., with (3.36)). Once yx is determined, the final kinetic energies T, T»5 and the
angles ¥, 6 are recovered from (3.22, 3.23) and (3.25, 3.26), respectively. Another
property of reference O is that 6 turns out to be the angle between the x axis and the
final direction of the particle of mass m,.

3.13.6 The Coulomb Field in the Attractive Case

To treat the attractive case one lets «k = —1 in (3.31). The trajectory lies in the x, y
plane; in polar coordinates it is still given by (3.30), with

My 22

Ve - 5
) 2ms? 4 g0 8

s > 0. (3.74)

In this case V, becomes negative for some values of s. As a consequence, Eg may
also be negative, provided the condition Eg > V, is fulfilled. Then, it is not possible
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to use the definitions (3.32) because E is positive there. The following will be used
instead,

AV M
a=1229 o g T (3.75)
87 g9 V2m

so that V,(s) = (B/s)> — 2a/s. Like in Sect. 3.8 it is assumed that M differs
from zero and has either sign. It is found by inspection that V, has only one zero at
S =S, = ﬁz/(Z «) and only one minimum at s = 2 5., with min(V,) = V,(2s.) =
—a?/B2%. Also, it is limy_,q V, = 00, limy_,o V., = 0 (Fig. 3.8). The motion is
unlimited when Eg > 0, while it is limited when min(V,) < Eg < 0. The case
Ep = min(V,) yields s = 25, = const, namely, the trajectory is a circumference.
When min(V,) = —a?/B?> < Eg < 0itis «®> > B%|Eg|. Then, the difference

Ep —V, = —(|Eg|s* — 2as + B?)/s? has two real, positive zeros given by
— Ja?2 - B2 |E 2 _B2|\E
so:oz « A B', 31=a+ ¢ Al B|, so < s1. (3.76)

|EB] |E|

Using the zeros one finds s> /Ez — V, = /|Eg|s /(s — s0)(s; — s), that is re-
placed within (3.30) after letting s <« &. The upper limit of the integral belongs
to the interval 59 < s < s;. To calculate the integral it is convenient to use a new
variable w such that 2 sy 51 /& = (s; — so) w + 51 + So. The range of w corresponding
to the condition sg < & < s is

250851 — (S0 +51)§

(s1 —s0) s

<w<l, w(sy) = —1. (3.77)

From (3.30) the trajectory in the s, ¢ reference is thus found to be

o(s) = @o = (3.78)

(s1 —s0) s

B [
arccos
[Mp|

25051 — (8o +s1)si|
As noted in Sect. 3.4, the trajectory is symmetric with respect to ¢o. When (3.78) is
inverted, the =M p/|Mp| factor is irrelevant because the cosine is an even function
of the argument. Thus,

1 _
1 sits |:1+s1
s

Ry
=3 % cos (p — (po):| . (3.79)
S0 81

s1 4+ so
When ¢ = ¢ itis s = so; when ¢ = @y + 7 itis s = s1. The s(¢) relation (3.79) is
the equation of an ellipse of eccentricity e = (s; — s9)/(s1 + so), where the center of
force s = 0 is one of the foci. The distance between the foci is 51 — sg. With the aid of
Fig. 3.9 one finds that the semimajor and semiminor axes are obtained, respectively,
from a = (s; + 59)/2, b*> = a® — (s — so)>/4 whence, using (3.76),

o 1Bl Myl

a=-> =P . (3.80)
|E| |[Egl 2m|Ep|
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Fig. 3.9 The elliptical

trajectory described by (3.79) Y
with g9 = 0
s, =S,
4
¢ - X
S
sl

As the particle’s trajectory is two-dimensional, the problem has four constants of
motion (Sect. 2.11.2); the total energy Ep and the angular momentum Mp are two
of such constants. As shown by (3.80), the semimajor axis of the elliptical trajectory
depends only on Ep; the area of the ellipse in terms of the constants of motion is
A=mab = (ma/v2m)|Mg||Eg|~?. The position vector s completes a full
orbit in a period T given by (3.70); combining the latter with the expression of A
yields

V2 2
T = Tavem =7 _ma3/2, (3.81)
|Ep|3/? o

namely, the period depends on the total energy, but not on the angular momentum.
Thus, the period is still given by (3.81) in the limiting case Mg — 0, which makes the
trajectory to shrink into a segment of length a crossing the origin of the s, ¢ reference,

and the position vector to oscillate along this segment (compare with problem 3.2).
The second form of (3.81) shows that T2 o a® (Kepler’s third law).

3.13.7 Dynamic Relations of Special Relativity

The dynamic relations considered in this book refer almost invariably to situations
where the particle velocity is small with respect to that of light. For this reason it is
sufficient to use the non-relativistic relations. The only exception where the velocities
of the particles involved do not allow for such an approximation is considered in
Sects. 3.13.8 and 7.4.3. For this reason a set of relations of the Special-Relativity
Theory are given here, that apply to the case of a free particle. The first of them is
the relation between velocity u and momentum p,

mou

J1—=u2/c

p= u=uf, (3.82)
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with ¢ the velocity of light and m( a constant mass. The second relation involves
energy and velocity and reads

E=mc?, m=-—20 (3.83)

NS

where E is a kinetic energy because a free particle is considered. In the above,
m = m(u) is called relativistic mass and mo = m(0) is called rest mass. The latter is
the mass measured in a reference where the particle is at rest, and is the value of the
mass that is used in non-relativistic mechanics. From (3.82, 3.83) it follows

p=mu, m?c? —m?u? = m(z) c2, m?c? = E2/c2, (3.84)

whence the elimination of u provides the relation between E and the modulus of p:

E*/c* — p* = mjca, p =/ E*/c? —m}c2 (3.85)

In general the p = p(E) relation is non linear. However, for particles with my = 0
the expressions (3.85) simplify to the linear relation p = E/c. An example of this is
found in the theory of the electromagnetic field, where the same momentum-energy
relation is derived from the Maxwell equations (Sect. 5.7). It is worth observing that
if a particle has mo = 0 and p # 0, its velocity is necessarily equal to c; in fact,
the first of (3.84) yields lim,,,_.o p = 0 when u < c. Another limiting case is found
when u/c < 1. In fact, the second of (3.83) simplifies to

o 1 (3.86)
m>~ —————2m — . .
1—2/2c¢) " 2¢2

Inserting the last form into the first of (3.83) yields

1
E ~moyc? + 3mo u’. (3.87)

The constant m ¢? is called rest energy. The limiting case u/c < 1 then renders for
E — myg c? the non-relativistic expression of the kinetic energy.

3.13.8 Collision of Relativistic Particles

This section illustrates the collision between two relativistic particles that consti-
tute an isolated system. The same approach of Sect. 3.5 is used here, namely, the
asymptotic values only are considered. Also, the case where the particles’ trajecto-
ries belong to the same plane, specifically, the x, y plane, is investigated. The initial
conditions are the same as in Sect. 3.6: the asymptotic motion of the first particle
before the collision is parallel to the x axis, while the second particle is initially at
rest. Finally, it is assumed that the rest mass of the first particle is zero, so that the
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momentum-energy relation of this particle is p = E/c as shown in Sect. 3.13.7,
while the rest mass of the second particle is mgy # 0.

The collision is treated by combining the conservation laws of energy and mo-
mentum of the two-particle system. Let E,,, E}, be the asymptotic energies of the first
particle before and after the collision, respectively. As for the second particle, which
is initially at rest, the energy before the collision is its rest energy moc?, while that
after the collision is m ¢? (Sect. 3.13.7). The conservation of energy then reads

E,+moc? = Ep +mc?, (3.88)
while the conservation of momentum reads, respectively for the x and y components,

Ea Eb Eh . .
— = — cos VY + mu coséb, 0= — sinyy — mu sin6. (3.89)
c c c

The angles ¥ and 6 in (3.89) are the same as in Fig. 3.7. Extracting m c? from (3.88)
and squaring both sides yields

(E, — Ep)* +2moc? (E, — Ep) =m?c* — mé ct=m?u? 2, (3.90)

where the last equality derives from the second of (3.84). Then, the momentum-
conservation relations (3.89) are used to eliminate 6 by squaring and adding up the
results, to find

m*u*® = E>+ E} —2E, Ej, cos{ = (E, — Ep)* +4E, Ej, sin” (//2).
(3.91)

Eliminating m? u? ¢> — (E, — E})* between (3.90) and (3.91) yields

11 2 (¥
- ), 3.92
Eb Ea m002 st (2) ( )

that provides the asymptotic energy after the collision of the first particle, as a function
of the asymptotic energy before the collision, the deflection angle of the same particle,
and the rest energy of the second particle. Equation (3.92) is used in Sect. 7.4.3 for
the explanation of the Compton effect.

The non-relativistic analogue of the above procedure is illustrated in Sect. 3.6. Itis
interesting to note that the calculation carried out here seems rather less involved than
the non-relativistic one. This surprising fact is actually due to the special choice of
the first particle, whose rest energy is zero. In this case, in fact, the relation between
momentum and energy becomes linear. That of the second particle, which is non
linear, is eliminated from the equations. On the contrary, in the non-relativistic case
treated in Sect. 3.6 the energy-momentum relations are non linear for both particles,
this making the calculation more laborious.
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3.13.9 Energy Conservation in Charged-Particles’ Interaction

The two-particle interaction considered in Sect. 3.8 involves charged particles. As
the particles’ velocity during the interaction is not constant, the particles radiate
(Sect. 5.11.2) and, consequently, lose energy. This phenomenon is not considered in
the analysis carried out in Sect. 3.8, where the total energy of the two-particle system
is assumed constant. The assumption is justified on the basis that the radiated power
is relatively small. This subject is further discussed in Sect. 5.11.3.

Problems

3.1 Given the Hamiltonian function of the one-dimensional harmonic oscillator of
the general form H = p?/(2m) + (c/s) |x|*, m,c,s > 0, find the oscillator’s
period.

3.2 Given the Hamiltonian function of the one-dimensional harmonic oscillator of
the general form H = p?/(2m) — (k/s)|x|™ = E < 0, m,k,s > 0, find the
oscillator’s period.

3.3 Consider the collision between two particles in the repulsive Coulomb case.
Calculate the relation 77,(71,, c), with ¢ the impact parameter (hint: follow the
discussion of Sect. 3.13.5 and use (3.23, 3.36), (3.32, 3.33), and (3.73)).
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