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GENERAL PHYSICAL CONSTANTS

Permesbility of vacuum

Permittivity of vacuum

Speed of light in vacuum
Elementary charge

Electron (rest) mass

Unified atomic mass constant
Proton rest mass

Neutron rest mass

Ratio of electronic charge to mass

Planck congtant

Boltzmann congtant
Stefan-Boltzmann congtant
Gas condtarnt

Avogadro congtant
Gravitationd congtant

Accderation due to gravity

Volume of onemol of anided gasa STP

One standard atmosphere

MATHEMATICAL CONSTANTS
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1. Userotationd invariance of the hydrogen atom Hamiltonian to show that dl the orbitd angular
momentum states with eigenvalue 1(1 +1)h? of [ are degenerate in energy. [4]

Assume that the hydrogen atom Hamiltonian can be written in the form

in unitswhere h = 1 and the mass of the dectronism = 1, where

R N E R N PN B

[:E L+M Jand K :E L - M/ with M the Lenz vector.

Also assume that fand P_Z commute with each other, separately obey an angular momentum
agebraand that I;>4\2I =0.

Show that the energy levels of the hydrogen atom may be written in the form

where n is an integer, and that they have degeneracy n”. [10]

Show that, for afixed vaue of n, the alowed vaues of the angular momentum quantum number
I run from Oto n-1 in integer steps. (3

Show that this last result also implies degeneracy n. [3]
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2. Discussthe hdicity operator for a Dirac particle. [3]

Discuss in what way we need to modify the solutions of the Dirac equation to be able to
describe neutrinos and anti- neutrinos. [3]

Assume that the Dirac matrices may be represented by

I i o

b:? g, 8.':? Oii’ 1=1 2,3,

| Og 0 -s'y
where s' arethe 2 x 2 Pali Spin matrices.
o 2 for postive

Cy

energy plane wave solutions of the Dirac equation, where f and ¢ are 2 component column
matrices, derive from the Dirac equation explicit equations for f and c for the case of a
neutrino. Also carry through the corresponding caculation for the case of an anti-neutrino.

Usng this representation for the Dirac matrices, and writing y =€’

[5]
Hence, show how to construct spinors to describe the neutrino and anti- neutrino. [9]

(You may assume that gO =band g‘ =ba' inthe usud notation. You may aso assume that

sls?g3=j) )

3. Describe Dirac hole theory and discuss the production of an eectron-positron pair by a photon
usngit. [7]

Using Dirac hole theory discuss how negative energy solutions of the Dirac equation can be
used to represent anti-particles. [3]

The charge conjugation operation on a Dirac pinorisy ® y. = Ccd’y’ where* denotes
complex conjugate and C =i g2 go. Derive the behaviour under charge conjugation of
yd'Yy ady dgy where g5 =id’ o' g’ g’ L7
Hence, discuss why charge conjugation invariance is broken by the wesk interactions. [3]
(You may assume C hasthe properties

cl=-c, c?2=-1, fcfP=-caddC=- C(gm)T where T denotes transpose and

T denotes Hermitian adjoint. 'Y ou may aso assume that gg = gg = g ad {gs,,gm}z O.)
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4. For non-rdativigic quantum mechanics, give an argument that the wave functions a times
t and t¢ are related by

y (t¢x@ = i(‘ji3xG(t¢x¢,t,x) y (t,x),
for t'> t, where G isthe propagator.

[4]

When the interaction potential V isturned on & time t; for ashort timeinterva Dtq, show that
the wave function y (t¢x® a time t¢t; + Dt; isrelated to the free particle wave function j

by
y (t6x9 =i 351 X G (x¢x) f (%) + (913 Go(xGx) V (x¢) T (%) DYy

where G is the free propagator and (t, x) has been abbreviated to X, on the right-hand-side.
[12]

Deduce a relationship between the propagator and the free propagator. [4]

5. Stating from the S-matrix element to first order in the interaction in propagetor theory, show
that the S-matrix element for eectron scattering from a Dirac proton may be written as

Sti =-1e” P XYV (X) gy i (X) D (x- )75 (v)dY ' (y)

where Dg isthe photon propagator, y j and y 5 arethe free particle wave functions for the

initia and find dectrons, and y iP andy ? are free particle wave functions for the initid and [16]
find protons.

Derive an explicit expression for the momentum space photon propagator. [4]

Y oumay not assume the Feynman rules,
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