Quantum Field Theory
Exam for honours students,
School of Physics UNSW, Sep 2014

. Allocated time 3 hours.
. Each of the four questions below should be addressed.
. Each one has the same value 25 %.

If math is a problem, try to find physical arguments.

Relativistic units Ai=c =1, e =a ~ 1/137 are used for formulation of the
problems, you can rely on the same set of units in your replies, or use any
other, say SI units, stating the point clearly.

. The calculators are allowed, but may not be extremely helpful.
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Question 1. Vacuum polarization
1. Explain very briefly, qualitatively the phenomenon called the vacuum polarization:
a. discuss ns physical ongins and mantfestations,

b. outline basic properties of the Uehling potential
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¢. explain which phenomenan IS called the Landau pole
d. explain briefly why polarization of vector particles produces the asymptotic freedom, not the Landau pole /,L - N
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7. Consider a nucleus of charge Z, which creates the Coulomb poteritial energy for the elect ‘
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Remember the expression tor the Uehling potential energy in this case

Uu:m(’)=-§;[l+'z': me'z""if(()df) SE < ((f(J)U[” 13>

In o Uedtde
jf,fki)' T yl;Qij i%%?%’ﬁfle

Z 2o
62’ a5 2n 27“
3~
accurate numerical coefficient

f

where

1

DEXIE
s L

a. Give an estimate_for the ener shift due to L um polarization for an atomic 1 5 electron (an

tant physical parameters). Similarty consider the energy shift of |s atomic electron, which

1s not required here, keep only impor
arises due to the vacuum polarization of the Ymuon vacuuniy Expain why the former (energy shift due to electron polarization) IS
ter which governs this outcome.

larger than the latter {(energy shift due to muon polarization), present the parame
b. Consider electron-nuclear collision Calculate the lowest (in powWers of @) correction produced by the vacuum polarization to the

differential cross section Remember that
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where f 1s the scattering amplitude, Assuming that the electron velocity v is nonrelativistic but large
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1>v>Za (5) -
calculate the amplitude in the nonrelativistic Bom approximation when it reads
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where q is the transfered momentum, which is expressed via the initial and fina! electron momenta as follows
qg=p;,— Py N

Hints

e It is convenient Lo present the answer in the form

(3)
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where X(6) needs to be found as a function of the scattering angle f (turns outto be quite simple function).
» A couple of useful formulas.
f""’ P
r 2 +“"2 (10)

g~ D{ﬁ\




\/o,ﬂ - <O (0 ’K{> :M2<OI P, 9\’> r-r”) exam-QFT-2014-2.1b | 3
vl (el piv)
TEKlurIN
I Explain briefly, in simple physical terms the phenomenon called the Lamb effect ﬂ{o‘? IJ><N lﬁlﬁd O> < ) C /%

In paruicular outline

® 113 manifestanons
» those physical reasons which justify 1ts presence, FL\H/ r] N

¢ the role played by the vacuum polanzation and self - energy

2 Denve th ing " :
e following “startng” formula § of the self - energy correction (o the Lamb shift
dik 7rr(Np|v ex|nsy|?
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Here ns 1s the imtial s-state of the electron and Np 1s the intermediate p-state, E,, and Ey , are their energies, v is the operator of the electron

velocity, k, w =k, and e are the photon momentum, energy and polarization

Clanfy in parucular the following points. Y P = % TVﬂ (S&h‘f)

s Outline briefly the physical origins of the factor 2:”- - \/

@ Present the Feynman diagram o ]
==
e Using this diagram explain the presence of the numerator € ,(N plve e | 7 8) Iz and the energy denominator n Eq.(12) « &/} 'E\‘
e Using Eq(12)derive an expression for the radiative width T, of an ns J:vel 2 ;\g N % 2 Ujl(
-

Hint: Take into account the tollowing well known from conventional quantum mcﬁmcs tule thn the energy denominator E Eim n

the perturbation theory tumns zero, 1t should be treated as follows

‘fﬁﬁm 3. Interaction with photons.

Consider an electron impacting on the proton Using the Born approximation for the electron wavefunction and assuming El-type for the
on find the cross section for the electron radiative capture to the Is level, 1 e the cross section for the following reaction

1
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radiative transiti
e+p-r Hi+y (14)

Describe the behaviour of the cross section at small and large electron energy E,ie at E—-0,and £ Ry
e ——— e,

Hints

@ The simplest way 15 to express the cross section for the radiative caplurt &g, V1a the cross section of the photoionization o, Which

describes the reversed process
Hig+y+e+p (15)

and which can be considered as well known (remember the assignment).

Alternatively, one needs to fulfill the full set of the following calculations, which relies on the following

e The Fermi gloden rule

e The electron wave functions

7 =Bip.’. w, = ’rol!(rl = (16)

s The Fourier component of the 1s wave function ag I
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e The cross section equals the probability per the flux

B w (18)
flux
rh

o The factor = for the photon

o The summation rule for summation over polarizations in EI transitions, 2/3 rule for the coefficient, which facilitates calculations
Question 4. Heisenberg - Euler effect in magnetic field.
1. Outline briefly, in simple physical terms, the phenomenon called the Heisenberg - Euler effect Explain which physical reasons justify its presence, and
outline wts mamfestations

2 Consider a hypothetical 2 D world, in which electrons can propagate over the X -y plane, while their motion along 2 direction 15 restricted

(this world can be modeled by some external force, which strongly quantises the electron motion along 2 - direction)

Assume that there 1s the magnetic ficld B applied along th

e 2 - axis, which produces conventional Landau Jevels for the electron motton in the x
-y plane

%
-\med the energy per unit surfacc@fhlch arises due to the Heisenberg - Euler effect in this case

In particular find the asymptotic behaviour al small and large fields. Point
conventional 3 D case
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The Landau spectrum for electrons reads

out if there is a qualitative distinction in these asymptotes from the

E=t(m1+[£|8(2n+|+a))w,a'=:tl.n=0,| (19}

The necessary summation over all quantum states amounts to 72
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In calculations it is convenient first to take the derivative

8E - .
S B then use the identity -
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and after that recover %g— from e

a(mz) as

a A handy expansion reads X - Q
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