NATURAL SCIENCES TRIPOS  Part III

Monday 12 January 2009 . 9:00am to 10:30am

EXPERIMENTAL AND THEORETICAL PHYSICS (1)
Advanced Quantum Condensed Matter Physics

- Answer two questions only. The approzimate number of marks allotted
to each parti-of a guestion s indicated in the right hand margin
where appropriate. The paper conteins THREE sides including this
one and is accompanied by a book giving values of constants and
containing mathematical formulae which you may quote without

proof.

STATIONERY REQUIREMENTS  SPECIAL REQUIREMENTS

20 page answer book Mathematical formulae handbook
Rough workpad ' Approved calculator allowed
Metric graph paper

You may not start to read the questions

printed on the subsequent pages of this

question paper until instructed that you
' may do so by the Invigilator.

(10 December 2008)



2

1 Write brief notes on two of the following:
{a} Density functional theory (including discussions of the basic principles of
the theory, its strengths and weaknesses, and its application to molecular
dynamics simulations). ‘ _ [15]
(b) Magnetic exchange interactions in solids (mcludlng discussions of direct,
double, super- and RKKY exchange) : [15]

(c) Optical properties of Frenkel‘a.nd Wannier excitons in bulk
semiconductors (including schematic diagrams of how to construct the
optical absorption spectrum in the two cases). [15]

2 The expression for the Bloch state energies caléula.ted in k- p theory is
o PR B[R (DRI

Ei(k) =
| (k) 2m, m2 = .Ej‘-’—-E‘g
Explain the meaning of all the symbols in this equation. (A
Explain with the help of this expression how the negative curvature of the
valence band in commeon semiconductors arises. . (5]

The band dispersion in the vicinity of the valence band maximum of a
particular semiconductor is given by

A
2my 2ma 2mg

E(km,ky,kz) = Fvpm —

Discuss how such an anisotropic valence band dispersion could arise. [4]
What is the significance of the joint density of states in the context of optlcal
absorption and how do van-Hove singularities arise? [4]

For the system above calculate the joint density of states between the

valence and conduction band. The dispersion relatlonshlp of the conduction band

is agsumed to be isotropic with effective mass m} [12]
[Hint: The volume of an ellipsoid with pmnczpal azes a,b,c 15 V = Labe)]
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3 What are Cooper pairs and how does their formation lead to the

phenomenon of superconductivity ? (8]
The BCS ground state wavefunction is given by

|¥scs) = H(U}Z + vkect e )0).
*
Show that
(Tposlcgety [Paos) = upvk.

What would the expectation valué of this operator be if evaluated for the filled

Fermi sea of the normal state? (10]
By using oo
ut 1 Ay
k= 5
T e — w42
estimate the typlcal energy and wavevector range around the Fermi level over
which electrons are paired into Cooper pairs. f4]

Estimate the density of Cooper pairs and the average distance between them
for a metal with electron density n. Compare this to the “correlation length” of
_the superconductor, which'you can estimate from the ahove wavevector range for
Cooper pair formation by using the Heisenberg uncertainty relationship. For the
comparison use numerical values for the different parameters that are typwa.l for
metals and conventional superconductors. o _ (8]

END OF PAPER
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1 Write brief notes on two of the following:
(a) Crystallisation of polymers, their structure and crystallisation kinetics. [15)

(b) Three experimental methods to quantitatively determine, with a [15]
nanometre resolution, the interfacial structure and composition of polymers.

(¢) Reversible adhesion found in geckos, insects, and spiders. [15]

2 Consider a semi-dilute solution of polystyrene (PS) with a degree of
polymerisation N and a statistical segment length b in cyclohexane under Theta
conditions.
(a) Using a scaling model, derive the chain size (end-to-end distance) Ry and
derive the expression for the correlation length (mesh size) as a function of
polymer volume fraction ¢. Give scaling expressions for the size of sections
of the chain for all length scales from b to R,. [5]

(b) Give an estimate for the reptation tube diameter and the number of
monorers between entanglements, NV, in an entangled semi-dilute solution.  [3]

(c) Using the result from (a), derive an expression for the average number of
entanglements each chain makes with its neighbours as a function of ¢. 3]

(d) PS with the same value of N is end-grafted to a surface to form a brush
with an average inter-anchor spacing D and a grafting density £ = 1 JD?.
‘This brush is brought into contact with the semi-dilute solution. Depending
on ¢ and X, the grafted polymer chains assume‘conformations that can be
divided into four regimes. (¢) Qualitatively describe the conformation of the
grafted chains in the four regimes, () derive expressions for the average
thickness of the grafted polymer layer as a function of ¢ and X, and (%)
derive expressions for the cross-overs between the four regimes in terms of )

and 2. [16]
(e) Explain which of the four brush regimes are likely to enhance lubrication
when two brush-covered surfaces are sliding past each other? (3]

(15 December 2008)
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3 The surface of a lotus leaf is covered by protruding wax pillars that can be
modelled as standing cylinders with a diameter of 10 gm, the tops of which are
terminated by hemispherical caps. The cylinders are arranged on a hexagonal
lattice (every cylinder is surrounded by six other cylinders) and the gap between
neighbouring cylinders is 10 um. The pillars and the planar surface from which
they protrude are made from a wax which has a surface energy of 20 x 10-3J m—2.
Water has a surface energy of 72 x 1073 J m~? and the interfacial energy of the
wax-water interface is 45 x 1073J m~2, ‘
(a) Calculate the Young's contact angle of water on a planar surface of wax,
and the Wenzel and Cassie-Baxter contact angles of a drop of water on the
surface described above for ‘a cylinder height (including the spherical cap) of
10 pm.

(b) Sketch and label an individual pillar in contact with water. For
comparison also sketch a pillar with a flat top and describe the difference
between the two in terms of their local contact angle with water.

(¢) For a flat-topped pillar array with the dimensions given above, calculate
the effective interfacial energy per unit area of fully wetted surface (Wenzel)
and a surface in the Cassie-Baxter state (air partially trapped between the
water and the surface). What is the consequence of this difference in
effective interfacial energies?

(d) Extend the calculation in (c¢) to calculate the pillar height for the
cross-over from Wenzel to Cassie-Baxter wetting.

(e) Describe the difference in contact angle hysteresis for the three different
wetting scenarios (Young, Wenzel, Cassie-Baxter). Give a qualitative reason
for this difference and explain the role of the microstructure in determining
the difference in contact line dynamics. '

(f) Qualitatively, what happens if a water-ethanol mixture is used instead of
water?

END OF PAPER

(15 December 2008)
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1 Show that a high matter-to-energy conversion efficiency can be expected
from accretion onto a compact object such as a neutron star or black hole.
‘ By differentiating r(2, derive the tangential velocity gradient in a Keplerian
accretion disc and thus show that the stress
3
= —=n{2
8¢ 277 )
where 7 is the viscosity and {2 is the angﬁlar velocity at radius r.
Show that the rate of change of angular momentum at radius r is equal to

M (\/GMT - \/GM?“D) ,_

where 7y is the inner radius of the disc.
Discuss the last term in the expression above, and then show, by considering
~ the energy production rate per unit volume in a disc of thickness h, where h < r,
that the surface flux of the disc ‘
- 3M GM 7o\ /2
Flry = SLGM (o)),
(r) 8ar? r ( )

r

Integrate this to give the total luminosity, explaining the factor of 1 /2.
Estimate the mass-to-energy conversion efficiency down to 3 Schwarzschild radii
(assuming Newtonian gravity). At what radius does the surface flux peak?

Assuming the surface emission is blackbody radiation, find the ratio of the
maximum disc temperatures of discs around non-spinning black holes of 10 and
10° solar masses if their accretion rates are such that their luminosities correspond
‘to 10% of the Eddington limit,. . ' S

How does energy production alter in a disc around a spinning black hole?
What observations of discs can be used to measure the spin?

2 The cosmological field equations can be written as

R 47*er _-‘A_
R\ rGo 4 ke 5
\ R 3 3 R

Explain briefly the meaning of the quantities appearing in these equations.

A spherical overdensity of mass M in the early universe is collapsing under
gravity. Let R,(¢) be the radius of the collapsing object as a function of time and
let R(t) be the radius of an unperturbed sphere encompassing. the same mass M,

(10 December 2008)
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| Explain how equations {A) and (B) can be used to model the behaviour of
R,(t) and R(2).
Define the dlfference of radii of the perturbed a.nd unperturbed spheres as

SR(t) = R(t) — R,(t).

Assuming zero pressure, a zero cosmological constant, and that the
background model is matter-dominated Einstein-de-Sitter, use equation (A) to
demonstrate that for R/R <« 1,

a2

= L (6R) ~ AR,

where H () is the Hubble parameter of the background universe. :

By substituting in this equation a trial solution for §R of the form At", with
n and A constants, and using the expression for the Hubble parameter in a
matter-dominated Einstein-de-Sitter universe, show that the density perturbation

5p() = pult) — A(0),

where p,(t): and p(t) are the densities of the perturbed and unperturbed spheres

respectively, obeys
. 8p

oc t™

for values of m which you should determine. o
Comment on the significance of these results for the development of
structure in the universe. _
The spherical overdensity goes on to form a cluster of galaxies. Use

-approximate arguments, based on energy, to show that the radius of the cluster

after virialization is one half of the maximum attained by the object in the process
of formation.

3 Write brief notes on three of the fol]owmg
- (a) jets and radio sources;

(b) heating and coohng of astrophysical gas;
{c) the structure and stablhty of isolated self-grawtatmg gas clouds;
(d) distance measures;

(e) pulsars.

END OF PAPER -

- (10 December 2008)
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1 The vertex factor for the interaction between a Higgs boson and a fermion is

Gwms
2mw ’ ]

-1

where gw is the weak decay constant, and mw and 7y are the masses of the
W-boson and the fermion, f. Write down the matrix element for the decay
H - ff. ‘ ' '

Consider the decay of the Higgs boson in its rest frame where the fermion is
produced with polar angle § and azimuthal angle ¢. Assuming my 3> my, evaluate

~the H ~ £f matrix elements for the four possible combinations of particle and

anti-particle helicities and comment, on your results.

Given the expression for the decay rate: '

dr r*

—_—— DN Mi2!
3% = et WMl

where p* is the centre-of-mass momentum of either final state particle, show that
the partial decay width for the Higgs boson to T is

o GF mme

T % dr
. Assuming my = 120 GeV, and neglecting decays to v7, ete™, ptp~, ud, dd
and s§, obtain values for the total decay width of the Higgs boson, [y, and the
branching fraction for H — bb. : -

At a future muon collider operating at the Higgs boson resonance (assumed
to be /s = 120GeV), compare the cross section for the process y*u~ — H — bh
to the cross séction for the QED process utu~ — v — bb, oqrp = 4ma?/9s.
Comment on the possible advantages and disadvantages of a muon collider
compared to an electron-positron collider.

Assuming that a muon collider could operate with fully polarized beams;
where the helicities of the u* and p* can be chosen; explain how one could
distinguish between (i) a Higgs boson with the Standard Model scalar couplings to

fermions, and (ii) an exotic Higgs bosoii with scalar minus pseudo-scalar couplings,
(1 - ~°). Briefly discuss whether it would be 'possible to distinguish a Standard
Model Higgs boson from one with pure pseudo-scalar couplings (v%).

(10 December 2008)
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[You may require the followiﬁg information:

In the limit of E > mn, the Dirac spinors for the helicity eigenstates are

c ' ' -3 s : o ¢

ig ib - [ —eitc i¢
u=vE| *° |, u=vE!l ¢ |, uu=vE| C°|,u=vE| ®°
| ¢ ‘ 'S T —s . |7 c

s —e*e o s e®s

where ¢ = cos(f/2) and s = sin’(@/-é). :

The Dirac matrices are given by

100 0 | 0 0 01 0 0 0 —i
o 01 0 o0 oo 1o L, [0o0io0
T=loo0 -1 0 TT1 0 =100 =10 io0 0
00 0 -1 -1 0 00 - 00 0

0 01 0° 010

s [0 00 -1 s _[ 0001

=1 100 o0 T=11000

0 10 0 0100

Gr = 1.166 x 1075 GeV2, Gr/v2 = g% /8mi.

- The second and third generation fermion masses are m, = 0.106 GeV,
m. = 1.8 GeV, m, = 0.1GeV, m, = 1.5GeV, m; = 4.5GeV, and m; = 175 GeV.

The relativistic Breit-Wigner formula for a resonance of mass m and spin J is

_4n(2J+1) . sLIy
T T (s—miR e

where I3, Iy and I’ are the appropriate partial decay widths and the total decay
width. | . ‘ - . :

i

(10 December 2008) o (TURN OVER
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2 The v weak and mass eigenstates are related by the unitary PMNS matrix

Ve Ua Us Ug\ [in 2] Us Ui Uh\ (ve
—_— *
Vo | = Ui Up U i, 2 = e Ul Uh Vi
Vr Unn Uy Uss V3 A\V3 3 :3 U;3 r
Briefly discuss the 51gn1ﬁcance of mass and weak neutrino eigenstates. [4]

Assummg a neutrino propagation speed of v = ¢, show that the wavefunction
at a distance z, for a neutrino beam which initially consisted of entirely v, 1s gwen
by: .
) = Ualn)e™ + Uyalahe™ + Uyglhe™,

with ¢; ~ m#z/2E;, where m; and E; are the mass and energy of v;. [5]
Explain why in the corresponding expression for ¥ v,, the matrix elements U
are replaced by U*, [2]

In the T2K experiment, neutnnos are detected in the Super—Kamlokande
detector at a distance of L = 295km from the origin of the beam. The beam is
almost mon0~energetlc with the energy chosen such that ¢3 — ¢y = 7. Assuming
[mi — m3| > |m% — m2|, show that the v, — v, oscillition probability is given by

2

Am
Pur, v~ —op=—"2L
(I-L ) A %2

(U,ul *1'U;2Ue2) 4R3(Uu1 3U63 + Un2 :2 3Ues),
where AmZ; = m? — m2. State clearly any assumptions used o (8]
[You may wzsh to use the unitarity relation |U,y Uy + UnUs + Ul 3| =0

and the identity |21 + 2 + 2)* = [21> + | z2|* + |za|* + 2Re(12] + 2125+ 223). |
Taking a3 = m/4, ignoring the effects of CP violation by taking U to be real

(6 = 0), and assuming 6y5 is small, show that P(v, — v,) ~ 26%,. ‘ 5]
[In the limit where 613 is small, the. PMNS matriz can be written '

) ‘ —if
Uea Ug Ugs C12 812 ize™
. 5 . : 5
U,u,l U,uz U,u.S = | —S812C23 = 0123239136”5 C12Co3 — S1252313€" 523
is i5
U Use U 812833 -~ C125236h3e™  ~Ci9895 — 8120230136 Co3

where sy = sin 9,3. and ¢;; = cos 0. ‘
At T2K the effects of CP v1olat10n are expected to be small Show that for
maximal CP violation, § = /2, 2 the CP a.symmetry, :

Py, — Ve) = P(V.u — T} ! o Amgli
Ply, = ve) + PO, ~T,)  Amd, 015 6]

Acp =

(10 December 2008}
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3 Write brief notes on two of the following:
(a) Electroweak Unification.

(b) Parton distribution functions and their‘det?,rmina.tion in deep inelastic
scattering experiments, '

(c) SU(3) flavour symmetry and the observed uds baryons.
(d) The Dirac equation and its role in particle physics.

END OF PAPER

(10 December 2008}
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1 Define the Rayleigh number, aspect ratio and planform of a convecting layer

of fluid. . ‘ [6]
Describe how the aspect ratio and planform vary with the Rayleigh number

when the fluid layer is heated from below. ' [10]
What constraints do seismic tomography and other observations provide on -

the aspect ratio and planform of mantle convection? ‘ [14]

2 Consider an isotropic point source at depth k km in a homogeneous
half-space with compressional wave velocity . Formulaté expressions for the ray
parameter p, distance z, travel time ¢, delay time T, and dz/dp. z, t, 7, and dz/dp
can be written in terms of A, p, and 7 (the vertical slowness). Make approximate
plots of z(p), 7(p), t(p), and dz(p)/dp. - S

The complete set of reflection coefficients for P-SV waves incident on a free
surface are: ‘ ' '

[10]

40°nams — (3 — p*)? L pes _ e — )
4p*namp + (77,% - p*)? F 4*nams +. (0§ — p?)?

PP __
Ryt =

RSP — 4mﬁ (pQ = 77,%) RSS = '4:‘527?a7?ﬁ = (ng —-pz)z
4p*namp. + ( — p*)? T dpPnams + (9 — )2

where 7, = (1/v2 — p?)"/*. Make an accurate, labelled sketch of the relative

amplitudes vs. ray parameter of the waves generated by a shear wave incident on

the free surface of a Poisson solid with compressional wave speed 6 km s~1, [10]
Describe and sketch the wavefront pattern set up for the case given above. [10]

(10 December 2008)



'3 Answer both (a} and (b):

(a) Write brief notes on the Earth’s free oscillations. ' {15]
OR
Write brief notes on the forces maintaining plate motions. : - [15]

(b) Write brief notes on surface waves and the Earth’s structure, including in
your answer a description of the relatlonshlp between the d15pers1on and the
form of the seismic wa.veform ' [15]
OR : ;o . ‘ -
Sketch the fault plane solution for earthquakes occuring along the
segment of the mid-ocean ridge system shown in the figure below. Label the
slip vectors and P- and T-axes of each earthquake plane solution. ‘ 15}

/ T;é;slo’hh-l‘aun

Mid-ocean ridge: --______1L ”

END OF PAPER

£

(10 December 2008)
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1 Write brief notes on two of the following:

(a) Tunnelling and instantons, including examples. ' [15]
(b) Spin waves in the Heisenberg model of ferro- and antiferro-magnetism. [15]
(c) The Hubbard model and the Mott transition. [15]

2 Sketch, Wlthout detailed mathematical proof, the derivation of the Feynman
path integral for the propagator from one-dimensional space coordmate qr at time

zero to gp at tlme t in its Hamiltonian form: _ [12] .

G(QF:QBt) = ({ar|exp(~iHt/R) g1} O(t)
| = ﬂm)_qr qup exp[ fdt (pg — H(g, p)] o(t).

wt)=gqp

In the case where the Hamﬂtoman describes free. dynamlcs of a particle in a
potential, i.e. H(q,p) = 33— +V(g), derive the Lagrangian form : [6]

Glor,art) = ﬁ(o) WDq exp[ f dt’L(q,Q)} O(t).

9()=ap
Explam how in the limit- ?i — U classical dyna.mlcs is recovered [4]
Show that for a free particle R (8]
(. m \? im(gr — G'I) o
Claw art) = (mm) &P [ e O

3 A weakly interacting Bose gas may be descnbed by a Hamiltonian with a
repulsive point contact interaction: :

7= [ (o) [ £+ V(@) ate) + %a.*(m)a*@)_a(m)é(m)) ,

where [a(z), al(x )] —6(:1: w) p=—=ihV is the momentum operator, and Vi)
an external potential. Write down a coherent state path integral representation of

* the partition function in terms of an action [, %] as a functional of a complex

field (x,7) and its conjugate zﬁ(:z: 7) in the vanables of space T and (1mag1nary)
time 7. (5]
Show that this action is minimized by the solutlons of the statmnary

Gross-Pitaevskii equation
[—-—-—vz V(@) + gl | =

where u is- the chemical potential, and explam how the solution changes
qualitatively dependmg on the sign of [ — min(V (x))] 5]

(10 December 2008)

E N R |



.
Assuming that V(z) may be neglected, use the Gross-Pitaevskii equation to

determine the amplitude of the ground state order parameter |1/q|. 'By expanding
to quadratic order in the fluctuations d9(x) = ¥ (x) — 1o, show that the action

may be written in a matrix form as " (10]
| S = S[lwol] + - |
1 ; | O + 2 —pA2lbol? - U3 ( 5 (w, ) )
5 fdfd:n(&b(m,'r) 5y (, 7)) ( I oi2 a4 B —ﬂ+29|¢o|2_) 5 (w,7)

Hence show that the spectrum of fluctuations is Bogoliubov-like, with

eigenfrequencies ‘ .
Ep =dy/ep* + 2#51: g
where £, = #°p?/2m. ' ' : ' ' (5]
~ Give a physical interpretation of this result and its consequences. ' [5]

END OF PAPER

(10 December 2008)
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1 Summarise the selection rules for the electric dipole transitions

between atomic states. Include in your summary the selection rules for \

transitions between gross, fine, and hyperfine erfergy levels, and the role of

the polarisation of the associated radiation. Wherever possible comment

briefly on the physical origin of the selection rules. 110]
For an allowed dipole transition between two states with energies F, '

and B, = E) 4+ fwp, how does the rate of spontaneous decay I" from the

excited state depend on the relevant dipole matrix element M and the

frequency wo? Give a physical interpretation of the wy dependence. [5]
The lifetime of the 2p state in hydrogen is 1.6ns. What is the spectrum

(i.e. the central frequency and the linewidth) of the spontaneously emitted

- radiation? ; : [4]

- Briefly discuss the possible decay processes and the lifetimes of the
2s,3s, and 3p hydrogen states. Which one is the shortest and which one the
longest lived? - o -
If a two-level system is driven on resonance with a laser at frequency
W = wp, how does the cross section for light absorption by the ground state -
atoms depend on M and w? Explain the M dependence. 5]

6]

2 A laser of frequency w interacts with a two-level atom 'with internal
states |1) and |2). The two bare energy levels of the atom are split by _
Ey — Ey = fiwy. The strength of the atom-laser coupling is given by the Rabi.
frequency 2. In a reference frame rotating at the frequency of the laser and
in the rotating wave approximation the Hamiltonian is given by
~ hiA
H-_E(Q —A)"

Here 4 = w — wy with |A| >> §2 denotes the detuning of the laser field from _
the atomic resonance and we have chosen the basis {|1),{2)}. Derive the a.c.
Stark shift potential (or, equivalently, light ‘shift potential) applied by the
laser to the atom. R ' o [12]

When is the rotating wave approximation applicable? . kS

Explain how the a.c. Stark shift 'pot,ent'ial can be used for trapping
atoms. T [5]
‘Compare the a.c. Stark shift potential of a'red-détuned (A < 0) laser
field to the heating rate due to off-resonant photon scattering assuming
[A] > 2 and |A| > I'; where I' is the spontaneous decay rate from the
excited state. o ' ' ' -

In Rb the electronic ground state is 55; /2. Spin-orbit coupling splits
the transition to the 5p excited state into D’ (6812 = 5Pyjp) and Dy
(55) /2 = 5P3/3) lines. The wavelengths of the two lines are 795 nm.and

[5]
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780 nm, respectively. For a fixed laser intensity and polarisation sketch the

- dependence of the a.c. Stark shift potential on the laser wavelength over the
range 765 — 810 nm. You may exclude the regions within 1 nm of the D and
Dy lines, and ignore the effects of the hyperfine structure. ' ~[9]

3 Write brief notes on two of the following: _
(a) How laser cooling below the Doppler limit can be achieved. Include
requirements regarding-the atomic structure and laser fields, and explain
limits to the Process. Why is the mechanism also referred to as “Sisyphus
cooling”? | - . [15]
(b} The concept and the method of evaporative cooling. Your answer should .
include comments on the basic principle of evaporative cooling, the
advantage of this method compared to laser cooling, the requirements for
successful evaporation, the experimental implementation of evaporative
cooling in atom traps, and both the conceptua.] and the technical limits to
the cooling process. A : [15]

(¢) The basic properties of quantum computation. Include explanations of
the terms “qubit”, “quantum gate”, and “quantum- parallelism”, and discuss
the advantages of quantum computation as compared to classical
computation. Describe a single-qubit gate (e.g. the Hadamard gate) and
explain its operation principlé using the Bloch sphere. Explain the
experimental concept; and challenges of quantum computation with trapped
atomic ions. _ _ (18]

END OF PAPER
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1 Let ¢(z) be the Helsenberg field operator in Klein-Gordon theory. The field
#(z) has mode expansion

I A
$(z) = W \/m (

where pg = Ep, = 1/|p[? + m?. Write down the commutation relations for the-
operators a, and aT Explain how particle and multi- particle states are obtained

using these opera.tors
Explain what is meant by the following;

(i} the time-ordered product To(z)d(y);
(ii) the normal-ordered product :¢(z)(y): ;
{iii)the Feynman propagator De(z ~y).

Prove Wick’s Theorem, explaining how the quantities i in | (i)—(iii) above are
related. :

—ip-z t Sipz
Gpe + ape ) .

2 The quantised field of Dirac theory can be written in terms of the
momentum space operators ap, by, and their- Hermitian conjugates The operators

obey the a,ntlcommuta,tlon relatlons ‘

{ap.at/} = {10} = (2 90—y 5,
with all other anticommutators vanishing. The number operator is

=‘/\(C2i7rj)1)3. Z( st s+bsbsf)

Define the vacuum state and determine the norma.l-ordered form of N.
Show that

] = |
Deduce the related equations 1nvolv1ng ap: b5, bs and discuss the physwal

interpretation of this set of equatlons
Discuss:your interpretation above for the case of the electron and compare it

with Dirac hole theory.
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3 The Lagrangian density of quantum electrodynamics (in standard notation)
is - . - : ‘
. 1. _
L= *ZFWF”” +4(iv'D, —myp .
Write down expressions for D,y and F,,. 2]
~ Write down the Feynman rules for quantum electrodynamms You should
state any assumptions you have made. ‘ ~ [10]
Write down the Feynman diagrams for the process e™+ et — e~ +e*,to
O(e?). Use the Feynman rules to derive the scattering amplitude. (12
It is also possible to consider the process e~ + et — u~ + ,u"' Write down
the Feynman diagram and comment on the difference between the two processes. [6]

END OF PAPER
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