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SECOND PUBLIC EXAMINATION

Honour School of Physics Part B: 3 and 4 Year Courses

Honour School of Physics and Philosophy Part B

B2. SYMMETRY AND RELATIVITY

TRINITY TERM 2014
Wednesday, 18 June, 2.30 pm — 4.30 pm

10 minutes reading time

Answer two questions.

Start the answer to each question in a fresh book.

hysical constants and conversion factors accompanies this paper.

rs in the margin indicate the weight that the Examiners expect to
assign to each part of the question.

o NOT turn over until told that you may do so.
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1. An atom has rest mass m when in its ground state and rest mass M when in
an excited state. Such an atom is at rest in the laboratory, in the excited state, and
then emits a photon as it decays to the ground state. Find, in terms of m and M, an

expression for the energy of the photon.

The neutral calcium atom has a very narrow transition line at(729 nm. Two cal-
cium atoms are moving directly towards one another, one in the excited state associated
with this transition, the other in the ground state. Show that, if a photon emitted by
the first atom is absorbed by the second, then the relative speed v; of the atoms is
the same before and after the process (only the direction of relative motion changes).
Find an expression for v; in terms of m and M and give its value for this transition in
calcium. (The relative atomic mass of calcium is 40).

Find expressions, in terms of m and M, for the total energy in the CM frame and
the speed of the CM frame relative to the initial rest frame of one of the atoms. Hence,
or otherwise, show that the initial momentum of either atom in the CM frame is

M? —m?

ron = STy

Consider the same process (that is, a photon emitted by one atom is absorbed

by another atom of the same type), but now for a nuclear transition in which M =

v/5m. Describe the initial and final conditions in the CM frame, first in terms of

momentum and then in terms of velocity. Draw an accurate spacetime diagram showing

the worldlines of the atoms and the exchanged photon, paying attention to the slopes
of the worldlines before and after the process. A
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2. Inertial frames S and S’ are in standard configuration; that is, their axes are
aligned and S’ moves relative to S in the x direction at speed v. A particle moves with
speed u at angle 6 to the z-axis of frame S. Show that the angle between the velocity
vector of this particle and the z’ axis of frame S’ is given by

sin 6

i
Clen y(cosf — v/u)

and give the definition of the factor 7 in this result.

A photon of energy 10 MeV is incident on an electron at rest in the laboratory
and undergoes elastic scattering. If the photon emerges at an angle of 25° to its initial
direction in the laboratory frame, find the scattering angle in the CM frame, and the
angle at which the electron emerges in the laboratory frame.

Show that, if two particles have velocities u, v relative to some frame, then the
speed of one particle relative to the other is

L (uAv)?2/c?
L 1—u-v/c

nt: you may find it useful to show that, for any vectors a, b, (aAb)? = a?b*— (a-b)2]

A long spring is extended by a large amount and then released. In what inertial
e is the rate of change of the length of the spring greatest? What is the maximum
ite at which this length can change? (A thorough answer can be given without entering

to lengthy algebraic analysis). e o wy
; wy'= %f: YT sy )
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3. Write down the relationship between electric and magnetic fields and the scalar
and vector potentials. The Faraday tensor is related to the four-vector potential by the

expression
Fab o aaAb e abAa.
Use this to find the expression for F% in terms of electric and magnetic fields E, B. (3]
The electromagnetic field satisfies 9y FA* = —puoJ® where J? is the four-current.
Use this equation to obtain two of the Maxwell equations. Also, obtain the other two
Maxwell equations given that F® can be obtained from a 4-potential. (6]

The stress-energy tensor of the electromagnetic field may be written
aby 2(_parpb 1 _ab v b, \ C-*)\ _l} =2 pba
JE €0C ( F F,\ 19 F;u/F )Fy\ﬁ(\a(‘: (-,\ + ‘ s F )

= e
Find the top row of this tensor (i.e. 7%) in terms of E and B for a general field, and i Foran
identify the physical quantities obtained. Find the b = 0 component of 8yT*? in terms ; .
of E and B, and state how it is related to the current density j. 5] :

A parallel-plate capacitor has its plates parallel to the zz plane and moves relative
to the laboratory in the z direction at speed v. Let E be the electric field between the
plates in the rest frame of the capacitor. Write down the Faraday tensor for this field
in the rest frame, and hence obtain the stress-energy tensor, first in the rest frame and
then in the laboratory. Hence find the Poynting vector of the field observed in the
laboratory. ' L L8 ‘ M e [5]

Repeat the calculation fo
parallel to the yz plane. In b
capacitor’s stored energy is tra.




4. Write down the scalar and vector potential for the field of a charged particle at
rest. Hence, carefully explaining your reasoning, show that the 4-vector potential of an
arbitrarily moving charged particle is given by
q U/e

—

A= —
4meg (=R - V)

and define the quantities U and R involved in this expression. Make sure you justify the
claim that your argument leads to a genuinely covariant result.

A particle of charge g is moving at constant speed around a circle in the zy plane,
such that its position is given by (z,y,z) = (acoswts, asinwts, 0) at any given time
ts. It is desired to obtain the electric field E at points on the z axis. To this end, find
the source time t for a field event occurring at (0,0, z) at time ¢. Let v, be the velocity
of the particle at the source time. Find an expression for A in terms of ¢, a, z, v, and
fundamental constants. Hence obtain E,.

To find the other components of E, the gradient of the scalar potential ¢ is
required. Consider a field event at (Az, 0, z) at time ¢, and obtain the dependence of ¢
on Az, to first order. Hence show that the z-component of the electric field at (0,0, z)
is given by

2
qa 2 c Qe
RS a0 o Pt = ————— licos Wit sinwt
= (( a? + z2> Vot
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