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Chapter Three

Quantum Electrodynamics

A comprehensive treatment of quantum electrodynamics (QED) cannot be given
here in a single chapter. In any case, that would be beyond the scope of this book,
and, as with the classical theory, the general subject has already been covered in a
number of very fine textbooks. The full theory is, in fact, quite complicated and
requires a lengthy formulation if it is to be laid out in a systematic way. Actually, the
final result of this theory is a fairly simple set of prescriptions (Feynman rules) for
the calculation of rates of electromagnetic processes. Instead of trying to “derive”
the rules in a rigorous and pedestrian manner, we shall try to take an intuitive
approach—Ilike Feynman did—to shortcut the path leading to the rules themselves.
In an attempt to make the reasoning seem more natural, we start first with a restricted
limiting form of the theory. This limiting form is the non-relativistic theory restricted
to the case where the photons are radiation-field particles. That is, the photons are
considered to exist in given observable states described by their wave vector (k)
and polarization unit vector (¢). The photons are considered to couple to non-
relativistic charges and magnetic moments, and the rates (cross sections) for the
various processes are computed by elementary perturbation theory. To calculate
these rates we need the perturbation Hamiltonian terms (H’) associated with these
couplings, and we can obtain these by elementary, but rigorous, methods. Having
formulated this restricted corner of the subject, we then try to make the jump to
the relativistic theory. In later chapters, when the theory is applied to treat various
processes, the same approach will be taken. That is, the non-relativistic limit will
be treated first, to be followed by the more general case where the particles can have
relativistic energies.

The non-relativistic theory is, to be sure, an important subject in itself, with many
useful applications. Some processes are sufficiently complicated that analytic results
cannot be derived in general covariant formulations, although exact formulas can be
derived in the non-relativistic theory with its restricted energy domain. This chapter
treats only the developments of the theory for its use in later applications, and it
differs from the way the subject is presented in the standard textbooks. Modern
books generally formulate the covariant theory from the very beginning, a result of
the great success of this general and preferred approach. The whole subject has an
interesting history, and we begin with a short outline of it.
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3.1 BRIEF HISTORICAL SKETCH

A lot of people have the impression that QED started in 1948 with the work of
Feynman, Schwinger, and others. The real beginning came in 1905 with the in-
troduction of the concept of the photon. This concept was not readily accepted
by twentieth-century physicists; only by about, say, 1917 did the particle nature
of electromagnetic radiation begin to be considered seriously.! In 1922, the par-
ticle character of the photon was seen clearly in the observation of the Compton
effect which demonstrated the existence of momentum and energy of individual
photons. With the subsequent developments in quantum mechanics in 1925 and the
description of processes in terms of a general time-dependent Schrodinger equation

Hvy =ihoy/ot, 3.1
the formulation of a quantum theory of electromagnetism followed, principally in
the work of Dirac, Heisenberg, Pauli, and Fermi.

The essence of QED—a quantum theory of the electromagnetic field—is the
introduction of the photon and the description of the fields in terms of a collection
of these particles in various one-particle states. That is, the field is specified in terms
of the values of the occupation numbers of the particle (photon) states. The classical
Maxwell theory serves as a guide for QED, since in the limit of large occupation
numbers the theory must approach that of the classical continuum. In a quantum-
mechanical formulation describing many charged particles and photons, the wave
function v in Equation (3.1) would contain information on the charges and photons,
and the Hamiltonian would consist of parts associated with each plus an interaction
part:

H = Hy, + th + Hiy, (32)
just as in classical theory. Dirac gave the first such treatment of charged particles
and photons in 1927 for the special case of radiation-field photons. As in classical
electrodynamics, the quantum mechanics of the radiation field is simpler than that
for general electromagnetic fields.

General QED, formulated to describe electromagnetic effects not confined to
radiation fields, presents more formidable problems, especially in connection with
the requirements of gauge invariance. The first formulations of the general theory
was by Heisenberg and Pauli in 1929 and Fermi in 1930. The theory was then
successfully applied in the early 1930s to a number of problems involving the
interaction of charged particles and photons. At the same time, however, it was
found that there were difficulties with the theory when applied to certain problems.
In particular, it was found that the theory seemed incapable of calculating effects
to higher order in the electromagnetic coupling constant «. That is, quantities
like cross sections, calculated by perturbation theory in a power series in ¢, came
out in satisfactory form in lowest order, but yielded infinities in the higher-order
corrections. The divergence problems, which we discuss briefly later in this chapter,
show up in the evaluation of these “radiative corrections” and, in particular, in the

Even as late as 1917, only Einstein was actively advocating acceptance of the idea of the photon
(or “quantum”) [see A. Pais, Rev. Mod. Phys. 51, 861 (1979)].
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attempt to calculate the electromagnetic self-energy of an electron. As first shown by
Weisskopf, the divergence in the self-energy problem is not as serious as in classical
electrodynamics, when treated by relativistic QED; the divergence, instead of being
linear, is now of a logarithmic type.

Quantum electrodynamics remained in this state until the late 1940s when there
began a new phase in theoretical and experimental developments on the subject.
The experiments were partly a result of advances in microwave techniques from
research carried out during World War II. The first important measurement was the
(1947) determination of the Lamb shift, a displacement of the 2s; , level with respect
to the 2py» level in atomic hydrogen. The small level shift, suspected from earlier
spectroscopic measurements, provided a challenge for theory, and an approximate
calculation of the effect was carried out by Bethe soon after the experimental dis-
covery. This was an important discovery, and the method used in the theoretical
calculation of the effect was also of great significance, for the level shift corresponds
to a “radiative correction,” and the measurement showed that the effect is real and
finite. Bethe’s was the first calculation making use of “renormalization” techniques,
thereby eliminating the necessity of dealing with the (“ultraviolet”) divergences that
occur in these higher-order calculations. The idea, first introduced into QED by
Kramers? in 1937, removes the divergences by noting that the observed mass of
the electron includes the electromagnetic self-energy. Then, when the higher-order
radiative effects are expressed in terms of the observed mass, the divergent integrals
subtract out.

In the years 1948—1950 there was a great deal of work on QED, especially on the
theoretical side. Independently, Feynman and Schwinger reformulated the theory,
providing a description that was relativistically covariant at every stage. Actu-
ally, it turned out that work on covariant QED had already begun in Japan in 1943
by Tomonaga; however, Tomonaga’s papers, first published in Japanese, were un-
known to almost everyone. Feynman’s approach first seemed hard to comprehend,
and Schwinger’s papers were not easy to read. The work of Feynman was highly
intuitive and, although no one else really knew why, with his formulation he was
apparently able to perform calculations of a number of processes with great ease.
The relationship between the work of Tomonaga, Feynman, and Schwinger with
field theory was shown by Dyson. It is Dyson’s formulation of covariant QED
and covariant perturbation theory that is found in all subsequent textbooks on the
subject.

The advantage of a fully covariant formulation of QED became evident, and the
theory, with the help of renormalization procedures, was shown to be capable of
performing calculations to very high accuracy. In particular, radiative corrections to
atomic energy levels (Lamb shift) and to the magnetic moment of the electron were
evaluated and found to be in excellent agreement with new very precise measure-
ments. In its ability to calculate quantities that can be measured—to an accuracy of
one part in 10% in atomic energy levels—the theory is highly successful. Perhaps it
should be emphasized, nevertheless, that modern QED is fundamentally no different

2See, for example, the note on p. 453 in H. A. Kramers, Quantum Mechanics, New York: Dover Publ.
Inc., 1964.



78 CHAPTER 3

from the Dirac-Heisenberg-Pauli-Fermi theory described in 1930. The computa-
tional capabilities are much more advanced in the fully covariant theory, however,
and this again demonstrates the advantages of a covariant formulation. For example,
using the modern methods, the derivation of a formula for, say, some cross section
might take a couple of hours, while months of work would be required using the
older non-covariant procedures. For some calculations, even the methods of mod-
ern QED involve very lengthy mathematical manipulations requiring the evaluation
of a great many integrals, etc. These higher-order calculations, which employ the
techniques of renormalization, are beyond the capability of the older formulations
of QED. Still, the theory is not in a totally satisfactory state in that the divergences
have not been eliminated. For example, we cannot compute the electromagnetic
self-energy of the electron; indeed, the theory still gives infinity for this quantity. If
we can forget about difficulties like that, the theory can be applied with confidence
to the calculation of virtually any observable electromagnetic phenomenon.

3.2 RELATIONSHIP WITH CLASSICAL ELECTRODYNAMICS

Purely classical electrodynamics (CED) is a continuum theory where the concept of
afield particle (photon) is foreign. Itis also alimiting case of the more general theory
(QED), so that it is contained within the latter. This relationship can be exploited, as
it is in the following section (3.3), to employ CED as a guide in formulating QED.
There is, of course, a limit to what can be done along these lines, since the more
general theory is greater in content and describes phenomena that are beyond the
capability of the classical theory. Nevertheless, like all fundamental theories, QED
is simple in its foundations, and it is not difficult to formulate it with the help of our
knowledge of its limiting form.
The classical domain of a radiation field corresponds to the condition

n> 1, (3.3)
where 7 is the photon occupation number; this is essentially a specification of the
applicability of a continuum-description theory of the photon field. For a particular
process involving the interaction of these photons, the classical limit requires that
the effects having to do with individual photons be negligible. That is, the particle
(photon) characteristics must not play a role in this limit. It would seem that the
condition that the photons are “soft” would be sufficient to satisfy this requirement.
The soft-photon limit would confine the photon energy and momentum (that is, its
kinematic properties) to be small compared with the energies and momenta (and
their changes) of the charged particles involved in the particular process. For most
processes this criterion would be sufficient for the validity of a classical treatment.
However, for a particular process® it may be that the photon kinematic properties play
a key role even in the soft-photon limit. In such cases, a semi-classical calculation
is not completely valid if its only quantum-mechanical aspect is the introduction

3An example, treated later, would be electron-electron bremsstrahlung in the Born-approximation
limit. This process must be given a quantum-mechanical treatment even for the case where the photons
are soft.
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of the photon concept. Some processes, such as photon-photon scattering, simply
do not exist in a purely classical theory. This process, which can be thought of as
involving virtual electron-positron pairs in an intermediate state, requires the fully
relativistic QED for its treatment. However, immediately upon the introduction
of quantum-mechanical ideas, it becomes fairly clear that such processes must be
possible. In fact, even without a detailed quantum-mechanical calculation, we can
have some idea of the order of magnitude of the associated cross section for this
higher-order process. Moreover, for some processes, the relativistic effects are such
that they can be included in a calculation in an approximate way by modifying the
(large) argument of some logarithmic factor.

For a process that does have an essentially classical description, it may be that
only certain kinematic properties of the photon need be limited for the domain of
applicability. For example, it may be that only the photon momentum is important
in kinematic considerations while the photon energy is not limited. Or it may be that
a classical description is valid even though the photon momentum is comparable to
that of the charged particles involved. Bremsstrahlung and Compton scattering in
the non-relativistic limit are examples of, respectively, each of these cases.

Sometimes it is an accident that a certain classical formula is identical to a
particular quantum-mechanical one. If this happens to be so, it is important to
understand the reason for the coincidence. There is certainly one aspect of QED
that is highly significant, and this has to do with the fundamental coupling constant
associated with electromagnetic processes. The results (2.143) and (2.149), derived
classically and obtained later in this chapter in a quantum-mechanical formulation,
indicate how « (= e?/hc = 1/137) determines the probability of photon emission.
The electromagnetic coupling is weak (but not very weak), so that the calculation
of processes can be carried out through the use of perturbation theory. Also, in
the comparison of classical and perturbation-theory formulas, because « is small,
we can understand why identical results are obtained. In the calculation of, say,
photon-emission probability, the classical formula really gives the probability of
one or more photons being produced, while the perturbation-theory result is for the
probability of production of one photon. Because multiple photon production is
improbable,* the “one or more” of the classical formula essentially means one.

The degree to which quantum mechanics must be included in a problem involving
the electromagnetic interaction depends on the details of the process. For example,
in bremsstrahlung it may be that “photon emission” can be described classically
while the rest of the process (scattering, say) is treated quantum mechanically. The
experimental or observational conditions can also dictate how some phenomenon
is handled theoretically. If individual photons are not being detected and quantum
mechanics does not play a role in the process, then classical electrodynamics is an
appropriate description. Quantum electrodynamics can also be employed in such a
problem, but it simply makes no sense to take the more general approach. In fact,
the exact quantum-mechanical treatment might be so complicated that the problem
cannot be handled this way. The relationship between CED and QED will become
clearer as we treat the various electromagnetic processes in later chapters.

“However, this is not so at ultrahigh energies [see Equation (3.191)].
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3.3 NON-RELATIVISTIC FORMULATION

3.3.1 Introductory Remarks

By confining our treatment to describe only processes involving radiation-field
photons, we can simplify the subject. Thus, our photons are always real® and their
parameters (polarization and wave vector) are numbers that are fixed in the initial
and/or final states. This relaxes, to a certain degree, the extent to which quantum me-
chanics must be employed in the description of the photon field and its interaction.
However, it is inappropriate to refer to our treatment as “semi-classical,” since all
the necessary quantum mechanics is included, and the formulation—with, however,
its limited applicability—is completely rigorous. We do include the particle aspects
of the photon field, that is, the effects of the individual-particle momentum (fk) and
energy (hck = hclk|). Also, we give a complete quantum mechanical description
of the charged particles that interact with the photons. The only restriction placed
on the charge motion is that 8 = v/c < 1.

A wide variety of problems can be worked out with the help of the formulation
outlined here. It can even be applied to problems involving pair production and
annihilation, as long as the charged particles involved have non-relativistic kinetic
energies. For some problems or applications, the non-covariant development is
actually more convenient, even for the case where the charges are in relativistic
motion. However, nowadays everyone learns QED in the modern fully covariant
form. There are, as aresult, few treatments of non-relativistic, non-covariant QED in
modern textbooks. Perhaps, therefore, the simplified approach taken in this chapter
will be helpful to people not inclined to delve into the details of the full theory.

3.3.2 Classical Interaction Hamiltonian

Consider first the classical motion of a charge in an electromagnetic field described
in terms of a vector potential A (r, ¢) and scalar potential @ (r, t). If there is present,
in addition, a velocity-independent potential V (r, t), the total Lagrangian function
would be (see Chapter 1)

L=1imv*+(q/0)A-v—q® —V. (3.4)

As is well known, this Lagrangian yields the correct equation of motion including
the Lorentz force. The corresponding Hamiltonian is

1 2
H:_(p_‘_’A> L gD+ V. 3.5)
2m c
It should be noted that
p=0L/0v=mv+ (q/c)A (3.6)

SThat is, they are not “virtual.” A virtual photon is one that is emitted and reabsorbed and exists
only in intermediate states. If the photons in intermediate states are described by plane wave states,
the amplitude and coupling derived here for radiation photons can still be used to describe these states,
however.
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is the canonical momentum and not the particle momentum; it is this quantity that is
replaced by the operator —i AV in going to a Schrédinger equation. The particular
form of the Hamiltonian should also be noted, in particular, the first term in Equation
(3.5); it is the same as that for a free particle with the replacement

p—p—(q/0A. (3.7)
The prescription (3.7) for the formation of a Hamiltonian function including elec-
tromagnetic interactions is sometimes referred to as a “Principle of Minimal Elec-
tromagnetic Coupling.” The coupling is “minimal” in the same sense that it yields a
particular combination of terms involving the potentials @ and A such that the gauge
invariance of the theory is satisfied.® In covariant form, in terms of the gradient
operator, the relation (3.7) would become, for quantum-mechanical wave equations,

0, — 0, — (ig/hc)A,,. (3.8)
The Hamiltonian (3.5), when written as
H = p*/2m + V + Hini, (3.9)

yields an interaction part
Hi = —(q/2mc)(p - A+ A+ p) + (¢*/2mc)A - A+ q® (3.10)

associated with the coupling to the electromagnetic field. In this expression, since
we want to make a transition to a quantum-mechanical formulation, the terms p - A
and A - p are not equated. When p is replaced by the gradient operator and the term
V . A operates on a function ¥ to the right, the identity

V.AY = (V-A)Y + A-Vyr (3.11)

isemployed. As we have seen in Chapter 2, for radiation fields a gauge can be chosen
such that V-A = 0 and @ = 0. In this case, for a system of charges interacting
with an electromagnetic radiation field, the part of the Hamiltonian associated with
this coupling is

ih~— o 1 q;
Him=7zajm—aA(ro,,r>-Va+@zajm—aAw,n-Avmt). (3.12)

This expression is a generalization of Equation (3.10), employing the identity (3.11)
and summing over particles («), replacing the momenta by the operators —i AV,,.
The formulation given above is adequate to calculate the rate at which the system
of charges undergoes transitions as a result of the action of the perturbation (3.12).
The state of the charge system is described in terms of a wave function ¥ (v, )
with the index o running over 1 to N (= number of charges). The charges can
be in free-particle states or bound in atoms, molecules, or nuclei. However, the
electromagnetic field, expressed in terms of the vector potential A in Equation
(3.12), is treated as an “external” potential, that is, as a specified function of r
and 7. This corresponds to a classical description of the photon field, and it is
important to understand the limitations of the treatment and why it is adequate for a

6See, for example, F. Rohrlich, Classical Charged Particles, Reading, MA: Addison-Wesley Publ.
Co., 1965; W. Pauli, General Principles of Quantum Mechanics, Berlin: Springer-Verlag, 1980.
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certain class of problems. The formulation works only for radiation-field photons,
that is, for photons in free-particle (plane-wave) states. These photons are thus in
fixed states, either generated prior to incidence on the charge system or as detected
after interaction with the system. The simplified treatment cannot handle problems
that require consideration of electromagentic perturbations corresponding to purely
intermediate-state photons’ (“photons” that are emitted and reabsorbed during the
process). Although the photons must be either incoming or outgoing on the charge
system, they can be created (or annihilated) as a result of the perturbation (3.12).
The elementary theory given here is capable of calculating these processes without
introducing the formalism of quantum field theory and annihilation and creation
operators, etc.

Photons existing only in intermediate states do not have observable characteristics
and, in fact, have a spectrum of kinematic properties. A full quantum-mechanical
treatment would be required to evaluate processes involving such states, and this
apparatus is provided by conventional quantum field theory. However, the formu-
lation outlined here is adequate to treat problems in which the charged particles
exist in (unobserved) intermediate states “in between” the action of perturbations.
The elementary theory is also capable of treating problems involving pair produc-
tion and annihilation as long as the charged-particle kinematic energies are non-
relativistic. However, the non-relativistic theory cannot treat problems in which
there are “virtual” charged pairs in intermediate states, since the characteristic en-
ergies of these pairs is such as to force a relativistic treatment. An example of a
process of this type is photon-photon scattering—a phenomenon that does not exist
in purely classical theory. As mentioned earlier, photons can scatter off one another
because of the possibility of virtual electron-positron pairs in an intermediate state.
The incoming and outgoing photons couple to these “particles” and this allows the
process to take place. For center-of-mass photon energies such that &, = &, <« mc?,
one might think that a non-relativistic theory would be capable of computing the
cross section for the process. However, if pairs are produced in an intermediate
state, they will have characteristic kinetic energies ~ mc? even for the scattering of
low-energy photons.

Finally, on the subject of the interaction Hamiltonian, we should introduce an
additional term associated with coupling of the electromagnetic field to a particle’s
intrinsic magnetic moment. Charge coupling to the “orbital” motion is contained
in the Hamiltonian (3.12), but (permanent) magnetic moments in a magnetic field
have an energy —u-B, and a corresponding term would have to be added to the
Hamiltonian. In terms of the vector potential of the radiation field, for a collection
of moments, the expression

Hiny = = Y _ g+ curl A(rq, 1) (3.13)

should be added to H;, in Equation (3.12). This term, like that for the A - p coupling,
is linear in the electromagnetic field amplitude.

"This is a rather loose terminology; the designation “photon” should perhaps be reserved for free-
particle states. On the other hand, all photons are eventually absorbed and in that sense could even be
regarded as virtual.
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3.3.3 Quantum-Mechanical Interaction Hamiltonian

For the calculation of the rates for various processes involving coupling to photons,
we need the forms for the Hamiltonian terms associated with these couplings. Ba-
sically, the couplings are the forms Hj, for which we must now substitute in the
appropriate expression for the vector potential corresponding to a single propagat-
ing photon. In terms of the photon wave vector k and unit polarization vector &, the
vector potential is®

a(r,t) = ape cos(k - r — wt). (3.14)
In the oscillatory term with the phase ¢ = k - r — wt, if we write
cosp = 1€ +e7?), (3.15)

in evaluating the rate for the process by perturbation theory, only one of the terms
(e*?) would be picked out, depending on whether the photon is incoming or outgo-
ing. The task, then, is to determine the amplitude factor ay; this would then establish
the precise forms for each of the three kinds of terms in H;,. That is, we would
have the a- p, a-a, and p-curl a couplings that, for various processes, determine the
associated rate or cross section.

It is easy to fix the parameter ay, and there are at least two simple procedures
for doing this.® The most direct method fixes ag by relating the photon energy flux
computed with the vector potential (3.14) to what it should be for a simple propa-
gating photon of energy iiw = hck. If for photon states we take a unit normalization
volume, the number density of photons in the state described by € and k would be
n, = 1. In terms of the photon energy density u,,, the magnitude of the photon
energy flux (Poynting vector) in the direction of k would be

S = chw = cu,,. (3.16)

If E and B are the magnitude of the electric and magnetic fields carried by the
photon, then

u, = (E*)+ (B?))/87 = (E?) /4n, (3.17)

where the brackets denote a time average. With the electric field E derived from
—(1/¢)da/dt, and the time average (cos® ¢) = (sin> ¢) = 1, we combine the above
two equations to give

ay = whe? Jw)'?, (3.18)

which should be then substituted into Equation (3.14) and employed to fix the forms
for Hy.

In the other method (see Footnote 9) used to evaluate ay, some process is com-
puted classically and quantum mechanically and the results are then compared. The
simplest process to consider is soft-photon production when a charged particle is
accelerated suddenly to a velocity v, say. The probability can be computed for the ac-
celeration to be accompanied by the production of a photon of frequency within dw.

8We adopt notation here in which the lower case letter () is used for the vector potential associated
with the state of a single photon.
9See R. J. Gould, Astrophys. J. 362, 284 (1990).
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This can be done by employing the soft-photon formulas of classical electrodynam-
ics that were derived in Chapter 2, and the comparison with a quantum-mechanical
calculation then yields precisely the result (3.18).

The treatment referred to in Footnote 9 uses the notation R, 7, and S for the
a-p,a-a, and p-curl a perturbations, standing for “radiation,” “two-photon,”
and “spin.” The a - a coupling is quadratic in the electromagnetic field; that is, it
involves two fields which can represent two photons. Then, if we writea = a; +a;
for the total field,

a-a:alz—i—a%—i—Zal-ag. (3.19)

If, for example, there is one incoming and one outgoing photon, the factor 2 multi-
plying a; - a; would account for the possibility that labels 1 and 2 (fields 1 and 2)
could describe either photon. If, on the other hand, we had two outgoing photons,
the factor 2 would be regarded as accounting for a direct and exchange amplitude.
We represent the coupling T as a “two-photon vertex” for which the photon states
are described by €, k and &', k', and to remind the reader of the origin of the factor
of 2, we enclose it in parentheses in the formula for 7. In the expression for S
(coupling to the “spin” moment), the curl operator on the plane-wave photon state
can be written as a cross product involving k and e. For coupling to a charge g = ze
and magnetic moment u, the formulas for the three types of H;,: perturbations can
be summarized as

ze (27R\/?
R = Z T E-p, (320)
Q)wz?e*h €€
T = - @) (3.21)
2R\ /2
S = —ic(7> -k xe). (3.22)

3.3.4 Perturbation Theory

The standard time-dependent perturbation theory employed for the calculation of
rates of processes in quantum-mechanical systems was first developed by Dirac.
The procedure, often referred to as the “method of variation of constants,” is very
general in that it is formulated for an arbitrary system described by a Schrodinger
equation

(Ho+ H)Y = ihdvy/ot. (3.23)
Here Hj is the unperturbed Hamiltonian, which satisfies
Hov© =inay© /a1, (3.24)
for which there is a spectrum of stationary-state solutions

U0 = u® exp(—i EVt/h), (3.25)

m
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the u{¥ being independent of time but functions of the coordinates of the particles.
The general state of the unperturbed system is

vO =2 alv, (3.26)

a superposition of possible states.
The solution to the “perturbed” Schrodinger equation (3.23) is written in the form

¥=> anOyy, (3.27)

that is, as a linear combination of the unperturbed wave functions. This is a con-
venient procedure since often we have a problem in which, before the perturbation

acts, the system is in some unperturbed state ¢ = wéo) at, say, t = —oo. Thus,
=1,
(3.28)

a® =0 (m+#0),

the subscript 0 referring to the initial state. As a result of the perturbation H’, the
system makes transitions to different states. After the action of the perturbation, at
t = 400, the system will be in the final state

Vit = +00) = Zam(t = 400)y?, (3.29)

and the probability of a particular state k will be given by
Wi = |ax(t = +00)|?. (3.30)

Perturbation theory works when H’ is small and W) < 1, except for Wy. Since
we are interested in transitions of various types, the case k # 0 is important. In
general, if the perturbation H’ is sufficiently weak,

an (t) = Som + a, (1), (3.31)

with |a,’n (1) |2 & 1. If the general solution (3.27) is substituted into the perturbed
equation (3.23), an equation for the a’s is obtained:

(Ho+ H) Y an¥? = ih Y (@ndv? /31 + iy ). (3.32)

Multiplying from the left by w,io) and integrating over the spatial volume dV (which
may be multidimensional), employing the forms (3.25), we have an equation for a;:

> ane " Hy, = ihéy. (3.33)

The orthogonality of the ¥,(¥ has been employed to get a single term on the right,
and

wim = (EL — ED)/h, (3.34)

H| = / ) Hu® av. (3.35)
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Note that in the definition (3.35) the matrix element is computed from time-
independent wave functions u” and u®). The perturbation Hamiltonian H' may
still be a function of time, so that H,, may be as well. We consider the impor-
tant special cases where H' is time independent and later where H' is an harmonic
function of 7.

For the condition (3.28) in which the system started in the initial state w(o), the
coefficients are given by the expression (3.31). When this is subtituted into the
(exact) equation (3.33) the main contribution on the left side is from m = 0 and we
have, in a first iteration,

a,(t) = —(i/h) / e HY o dt. (3.36)

With H], independent of time'? the expressions (3.36) can be integrated; writing
the lower limit as — 7T, we have

Hiy o
/ £ = iogot _ —iwg,T . 3.37
@ (1) EO_Ek(e e ) (3.37)
This result can then be employed in Equation (3.31) and then substituted back into
the exact equation (3.33) to give a second-iteration result:

4

ihay = " Hly + o oo gion H|, . (3.38)
m EO - Em

In this step, the second term in parentheses in Equation (3.37) has been ignored;

this term, for T — oo, does not contribute, being highly oscillatory and having the

essential value zero. Since wy,, + w0 = wgo, the result (3.38) is the same as that

for the first iteration in Equation (3.36) with

1
Hy — H,+ Z H], mH,;O. (3.39)
For reasons to be discussed later, the factors in the above sum have been written in
this special way.

To simplify the equations, we express them with only the first term in the pertur-
bation series (3.39). By means of the Equations (3.30) and (3.36), the probability
for the transition 0 — k occurring due to the action of the perturbation H' can be
expressed explicitly in terms of an integral'! involving the matrix element H}:

1 2

T ®
This is an important formula that exhibits a number of significant features. In par-
ticular, when the perturbation is a slowly varying function of time, the oscillatory
exponential factor makes the value of the integral small. That is, when the pertur-
bation is “adiabatic” (slow) the probability of a transition is small and, instead, the

Wi (3.40)

o0 .
/ €' H, (1) dt

[ee]

10We shall see shortly how to modify our formulas for the case where Hj, el
perturbations.

U1y fact, this integral is 277 times the Fourier transform of Hléo(t).

, asin electromagentic
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system adjusts itself gradually to the instantaneous effect of the perturbation. This
effect is known as the Adiabatic Theorem.

Another very important result can be derived from Equations (3.40) or (3.30) and
(3.36). For transitions to continuum states, the transition probability per unit time
is of interest. For a particular one (k) of these states, this is given by

AW, 1 T 2
SR ¥ / ¢ H}, di

T

(3.41)

im
At t—o00 2T h?

When H, 120 is independent12 of time, it can be taken out of the integral, which is then
equal to 2i (H})/wko) sin wyT. But since
. Sil’l2 wroT

lim —s = 8 (wro) = mhé(E, — Ep), (3.42)

T—>00 Wiy T
we have

A Wk 21 2
= |Hjo|” 8(Ex — E). (343)

Here the §-function manifests energy conservation in the overall process, and the
result (3.43) is often written with a “density of final states” p(Ey) = dNy/dEx
instead of the §-function. Since a summation over final states is always performed
in the applications of the result for AW, /At, the §-function is employed then,
and the effect is the same as with the inclusion of p(E;). The formula (3.43)
has many applications and was called “Golden Rule Number Two” by Fermi. It
is well to emphasize its general applicability in that it is based essentially on the
perturbed general Schrodinger equation (3.23), which does not specify the form of
the Hamiltonian. The Golden Rule has assumed that H’ is not an explicit function
of time; however, we can also employ the result when H’ is a harmonic function of
time for our special applications.

Another aspect of the Golden Rule formula ought to be emphasized. Although it
was derived in a perturbation theory formulation, the formula itself is more general
in that it holds even if the perturbation is not weak. To understand this, we should
recognize that the formulation was a description of “flow of probability,” and as
long as the expired time is not long, the final-state coefficients a; (¢) will be small
even if the perturbation is not weak. Actually, if H’ is strong, the effective matrix
element H), can be regarded as the result of the multiple action of some coupling
evaluated to higher order, assuming that the perturbation series converges.

In one special application of the Golden Rule formula this more general validity
is inherently assumed. The application is to the determination of the ratio of cross
sections for processes in the forward and reverse directions. The cross-section
ratio yields the corresponding ratio of the associated phase-space factors for the
forward and reverse processes. The squared matrix elements are the same because
the effective coupling Hamiltonian is Hermitian. Then, for example, if the processes

2Here we mean that H' is not an explicit function of time. The results can still be applied, for
example, in the calculation of scattering cross sections when the scattering potential (which would act
as H') is time independent. In such scattering, the particle experiences a variable perturbation, but as a
result of the dependence on position coordinate and not as a result of explicit time dependence.
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themselves involve complicated multiple actions of a strong coupling, the ratio of the
forward and reverse cross sections can be obtained from the Golden Rule formula.

3.3.5 Processes, Vertices, and Diagrams

The possible electromagnetic processes are determined by the interaction Hamilto-
nians (3.20), (3.21), and (3.22). For an overall process there may be other perturba-
tions involved and, correct to second order in the perturbations, the rate would be
determined by the effective perturbation matrix element (3.35). We are restricting
our treatment to processes involving only radiation-field photons, since this allows
simplification. At the same time, it limits the number of processes that our elemen-
tary theory can treat. However, the techniques employed in the restricted theory are
very similar to those in general QED, thereby providing a useful introduction to the
subject.

Of special interest are processes that occur as a result of the action of two per-
turbations, one or both of which are electromagnetic (that is, involving production
or destruction of photons). If U and V are the interaction Hamiltonians associated
with the perturbations, the effective perturbation matrix element for the combined
process would be, generalizing!? the result (3.39),

1 1
Hjy = Upp——=V Vir ———Uyy. 3.44
0 XI: "EZE, 10+; 1 g, Yo (3.44)

Here I and I’ are “intermediate” states and these states are summed over. The
probability of the process between the initial state O and the final state f would be

proportional to | Hyo | ? and would determine a cross section or transition probability.
The states 0 and f are observed or specified in the sense that the system is considered
to be measured or detected in these states. The intermediate states are, of course,
not observed, and it is essential in the evaluation of the overall 0 — f process that
all of these accessible intermediate states be included in the total amplitude for the
process.

The probability of a process resulting from two perturbations can be written in
the form
2
Wio =

> ApAiAg (3.45)

1

An individual amplitude is the product of these factors, reading from right to left:
(1) an amplitude (A o) associated with the action of a perturbation acting as to cause
the system to make a transition 0 — I, (ii) an amplitude (A;) that is only a function
of the intermediate state, and (iii) an amplitude (A ;) from a perturbation acting to
cause a transition I — f. If a process can take place through the action of a single
perturbation, there is no intermediate state and there would be only the amplitude
A po inlowest order. On the other hand, for a given process, even in lowest order in a

13This can be done by simply replacing H’ with U + V, yielding the four types of second-order terms
(UU,VvV,UV, VU), each with an energy denominator.
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coupling constant,'* the total amplitude may involve both a simple direct amplitude

Ao and a combination of amplitudes involving intermediate states as in the form
(3.45). That is, in general, the total amplitude for a process can involve a number
of perturbations and intermediate states.

The “intermediate-state amplitude” A; is just the factor (Eg — E;)~! involving
the energy denominators. It corresponds to, in modern covariant perturbation the-
ory, the Feynman propagator or propagation factor. Although the idea has limited
physical meaning, being simply a factor in a perturbation-theory development, it
is a convenient notion to introduce. As is indicated in the notation in Equation
(3.45), we can think of the total amplitude for the process involving two perturba-
tions as if A; were an amplitude for propagation in the intermediate state between
the two interactions. Basically, this is the reason why the factor with the energy
denominator in Equation (3.39) was written in between the two matrix elements. It
is also convenient (but not necessary) to introduce a pictorial representation of the
process whereby a particle undergoes the transition 0 — f by means of the two
perturbations U and V and the intermediate states / and I’ [see Equation (3.44)].
The diagrams represent terms in a perturbation series and are nothing more than a
bookkeeping device. Note that time runs vertically in these pictures, with the initial
state indicated at the bottom and the final state at the top. The horizontal scale can
represent position in a rough sense, so that the picture is like that of a “world line,”
taking some terminology from relativity. An actual path or line for the particle is, of
course, not implied, since this would be a classical notion foreign to our quantum-
mechanical formulation. These diagrams are not to be taken “literally”; rather, they
serve as a guide or reminder in writing down terms in a perturbation series.

Two diagrams are indicated in Figure 3.1, corresponding to the second-order
perturbation for the case where the perturbations U and V are different and able to
act in either order to cause the transition 0 — [ or I’ — f. An important example
of a problem of this type would be that of bremsstrahlung, which takes place through
the combined process of scattering (U, say) and photon production (V). Here, by
“photon production” is meant the interaction (3.20) between the charge and the
field of the outgoing photon. Charged particles are always subjected to the photon-
emission Hamiltonian [Equations (3.20) as well as (3.21) and (3.22)]. However,
energy conservation does not permit an isolated charge to produce a photon. An
additional perturbation is required, such as a scattering potential, and through the
combined action of both perturbations the photon can be produced. This has a
corresponding feature in classical radiation theory in which emission takes place
because of the charge’s acceleration (as a result of the scattering potential).

The interaction associated with photon emission can be represented in a picture by
a vertex with a wavy line designating the photon. Both the Hamiltonian (3.20) cor-
responding to the interaction of the charge with the radiation field and the expression
(3.22) from the interaction of the intrinsic magnetic moment can be represented by
a vertex of the type in Figure 3.2. Again with time running in the vertical direction,
this picture is a designation of a matrix element H;, in which a and b refer to the

14As noted already, the perturbation (3.20) is first order in the charge while the perturbation (3.21) is
second order.
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Figure 3.1 Pictorial representation of the action of two perturbations. The vertices represent
the matrix elements of the U and V interactions and the line between the vertices
represents the energy denominator factor.

Figure 3.2 Photon-coupling vertex corresponding to photon “production” (outgoing photon).

initial and final states, respectively, with the state » containing a photon. Since an
isolated charge or magnetic moment cannot emit a photon, the vertex of Figure 3.2
must be just part of a diagram if a photon process is being represented. As noted
above, it could be part of the bremsstrahlung diagrams, and we see that the two
diagrams correspond to emission “before and after” the scattering. Again, it should
be emphasized that this terminology, and the diagrams, should not be taken literally.
“Emission” is associated with the probability for the process, and the probability is
the squared total amplitude. The total amplitude itself is not observed nor are its
individual components associated with individual diagrams.
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Figure 3.3 Photon-coupling vertex associated with photon “absorption”.

Photons can be absorbed as well, and the vertex or matrix element of the Hamil-
tonian (3.20) associated with interaction of an incoming photon by this coupling
would be represented as in Figure 3.3. Basically, the vertices of Figures 3.2 and 3.3
are the same, being the time reverse of one another. However, they do represent
distinctly different interactions or perturbations, since one involves an incoming
photon and the other an outgoing photon. This means, for example, that in the eval-
uation of the process of photon scattering by a free charge (Compton scattering),
two diagrams occur that involve the vertices of Figures 3.2 and 3.3. That is, if these
vertices correspond to the interactions U and V, respectively, of Figure 3.1, the
“absorption” and “emission” in the two-step scattering process can occur in either
order.””> Although the basic nature of the interaction is the same (for U and V) in
this case, the two photons involved are different and so, therefore, are the associated
perturbations. In a later chapter, we give a more complete discussion of Compton
scattering, and we shall see that the two diagrams referred to above actually do not
contribute to the cross section. The whole contribution comes from a third diagram
that is associated with the interaction Hamiltonian (3.21). This diagram, a vertex
associated with particle coupling to two photons or two photon fields, would be,
for one incoming and one outgoing photon, as shown in Figure 3.4. That is, the
coupling involves the point interaction of the fields of four particles: the incoming
and outgoing charges and the two photons. The interaction is of higher order than
that associated with the coupling (3.20) (and the diagrams in Figure 3.2 or 3.3),
being second order in the charge.

The intrinsic magnetic moment coupling (3.22) to the photon field has a vertex
looking like that for the coupling (3.20), that is, like Figures 3.2 or 3.3. However,
for processes involving non-relativistic charges, this coupling is weaker than the

15Again, we do not mean this to be taken literally. Without performing an experiment to do so—and
thereby disturbing the process—we cannot know which perturbation acted first. The separate diagrams
refer only to mathematical terms in a perturbation-theory formulation.
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a

Figure 3.4 Diagram representing the coupling (vertex) of two photon fields, in this case an
incoming and an outgoing photon.

lowest-order term R. Since wy ~ goh/myc, we see that
R/S ~ k/ky ~ hw/(mgc?Ey)"?, (3.46)

where E, is the particle kinetic energy. The ratio (3.46) is small, being
~ (Ey/myc*)'/? for hw ~ E,. If, on the other hand, a particle had no charge
but possessed a magnetic moment, the coupling (3.22) would be the only interac-
tion with the photon field. It is perhaps appropriate to remark at this point that
covariant perturbation theory for spin-% particles has only one basic interaction or
vertex. This vertex is of the type in Figure 3.2 (or 3.3), associated with a linear cou-
pling to the electromagnetic field. The non-relativistic theory, on the other hand, has
three basic couplings (3.20)—(3.22), and so the transition to the relativistic theory is
somewhat complex. The non-relativistic, non-covariant theory is really quite dif-
ferent from the covariant formulation, and there is not a one-to-one correspondence
between the vertices and diagrams in our treatment here and those associated with
the relativistic theory.

The “elementary” particles have an important fundamental property—their
particle-antiparticle symmetry. That is, in addition to the photon, proton, neu-
tron, electron, pion, muon, and neutrino (electron and muon types), there are the
corresponding antiparticles. The antiphoton is absolutely identical to the photon
(¥ = y). The neutron is also neutral, but it has a magnetic moment and for 7
there is a sign difference in the relation between magnetic moment and spin. The
antineutrino has a helicity opposite in sign to that of the neutrino. The antielectron
(positron) is identical to the electron except for being oppositely charged (which also
has a corresponding effect on its magnetic moment). This is also true of the other
charged “elementary” particles'® (proton, muon, and charged pion). The particle-

160n the other hand, the “strange” particles do not possess this symmetry between counterparts of
opposite charge.
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Figure 3.5 Particle and antiparticle diagrams.

antiparticle symmetry means, for example, that in quantum electrodynamics a single
unified theory describes electron and positron processes. In particular, it means that,
consistent with charge conservation, for any perturbation matrix element

Vba = (b|V]a), (3.47)

the only requirement on the states a and b is that they be consistent with charge
conservation. This can be represented pictorially as in Figure 3.5, which gives the
four possibilities for interactions involving electrons and/or positrons. In these ver-
tices or diagrams, the circle can represent any kind of interaction. It can correspond
to some external potential or one of the three electromagnetic perturbations (3.20)—
(3.22). For the latter perturbations, the photons involved can be either incoming or
outgoing in all possibilities, so that there are many subcategories'” for the vertices
in Figure 3.5. Some of these specific vertices may have a matrix element that is
zero; this is, in fact, the case, as will be seen later.

The two vertices on the right of Figure 3.5 would be part of processes involving
pair production and annihilation, respectively. Because of the basic symmetry of
the theory, a unified treatment of these processes can be given in terms of a basic
interaction that can cause a variety of processes. For example, bremsstrahlung is
closely related to pair production (and annihilation), the diagrams for the processes
being essentially the same when one set is placed on its side. These processes will
be treated in detail in later chapters.

7For the interactions (3.20) and (3.22), each of the vertices in Figure 3.5 can involve either an
incoming or an outgoing photon. For the interaction (3.21), each vertex could involve an incoming and
an outgoing photon, two incoming photons, or two outgoing photons.
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3.4 RELATIVISTIC THEORY

Although the treatment of non-relativistic QED in the last section is fairly self-
contained, only a very superficial formulation of the relativistic theory can be given
here.'® A substantive exposition of modern QED would require much more space,
but perhaps we can provide some understanding of the essence of the theory in this
brief outline.

3.4.1 Modifications of the Non-Covariant Formulation

The early (~1930) formulations of relativistic QED were not manifestly covariant
and were somewhat complicated in their derivations of the foundations and in the
associated computational techniques in the applications of the theory. The newer
(~1950) methods are preferable and benefit from the more “natural” formulation in
terms of covariant equations. Although no new physics is introduced in the covariant
formulation, it is quite different in its mathematical layout and in its subsequent
computational methods. In the interest of also retaining some simplicity, let us now
consider how the non-relativistic theory might be modified.

Some aspects of the theory can be considered to be very general, and we can expect
to carry over some of the principles introduced in the non-relativistic development.
Again, it is convenient to formulate a perturbation theory, and certain features of
the non-covariant formulation in the last section are retained. The non-covariant
perturbation theory is still a valid procedure in applications involving even rela-
tivistic particles, since it is based on the general Schrodinger equation (3.23) and
the superposition principle. Transitions are viewed as the result of the action of
perturbations, and more than one perturbation may be required to produce a non-
vanishing total amplitude for a certain process. In the mathematical formulation,
the perturbations result in matrix elements associated with transitions between two
states, and we have found it convenient to introduce the notion of a “vertex” in the
pictorial representation of the transition. One or both of these states may be “inter-
mediate” so that the “transition” involving a particular vertex may not be directly
related to an observable event; in that case, the associated matrix element is just
one of the factors in the expression for the total amplitude for the process. To be
consistent with the general literature on the subject, we use the notation, say, M
for one of these matrix elements (vertices) corresponding to the k — [ transition.

In an amplitude for a process in which intermediate states are involved, it can
be expected that there will be a factor corresponding to the energy denominator
(Eo — E;)~! in the non-covariant formulation. This factor is a function only of the
characteristics of the intermediate state, and in covariant perturbation theory it is
called a (Feynman) propagator. For now we designate it as P; for an intermediate
state /, and we try to give simple arguments for inferring its expected form. For
a process corresponding to some (total) transition 0 — f in which an arbitrary
number of intermediate states are involved, the probability or rate would be given

18There are a large number of excellent textbooks on relativistic QED. A selection of these, chosen
for their variety of approach and penetration of the subject, are listed at the end of this chapter.
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by an expression of the form
2

Wieo = Z Mgy, Pr,My,p, - My PpMjo| - (3.48)
A

The total amplitude in this expression is meant to be read from right to left. Loosely
stated, the matrix element M, causes the transition from the initial state O to the
intermediate state I, there is then a “propagation” (P, ) to the next interaction
or vertex My, and so forth, to the last interaction My;. The M’s are just the
perturbation Hamiltonians, and, if there is more than one such perturbation, any one
of them can be among the string of factors in Equation (3.48). That is, there can
be various combinations of interactions resulting in a variety of processes, and for
a given process there may be several combinations yielding the total amplitude for
the process.

In covariant perturbation theory, the matrix elements M, are evaluated from a
spacetime integration over the invariant four-dimensional volume d*x or, in the
momentum representation, over d 4 p. This results in a fundamental difference from
the non-covariant theory in which matrix elements are evaluated from an integration
over the three-dimensional spatial volume d 3r (ord? Pp). The time (as well as space)
integration in the matrix elements yields a simplification in the perturbation theory,
which is described conveniently in terms of a diagrammatic representation. As
noted by Stiickelberg in 1942 and fully exploited by Feynman in 1948, positrons—
holes in the sea of electrons in negative energy states in Dirac’s relativistic electron
theory—can be described as electrons moving backward in time.!® In a process that
involves, for example, two interactions, that is, two matrix elements, non-covariant
perturbation theory must include the two types of diagrams indicated in Figure 3.6.
One involves pair production with the particle of opposite sign to the incoming
particle annihilating with the latter; this diagram corresponds to an intermediate
state with three particles. On the other hand, in the covariant theory, in which there
is an integration over all # for each interaction matrix element, both diagrams on the
left in Figure 3.6 are effectively included in a single one. That is, in following the
particle’s “world line” in covariant theory, we do not distinguish the two diagrams
on the left, which are regarded as essentially the same. This can also be seen
through consideration of a Lorentz transformation or rotation in the space-time
plane; in another Lorentz frame, the pair-production diagram is that on the far left
in the figure. The non-covariant theory is, as we have stated earlier, valid—even for
relativistic problems. However, it is not as convenient as the covariant theory, which
is fundamentally the more natural approach. In non-relativistic problems, the non-
covariant theory is more convenient, and the pair-producing diagram is negligible.
This is because the corresponding intermediate-state energy is very large, and the
factor (Eg—E;)"'is very small in the term in the effective perturbation Hamiltonian
[see Equation (3.44)].

There is another feature of covariant perturbation theory that may be considered
a consequence of the four-dimensional integrations in matrix elements. Matrix

9This can be seen in the phase factor kyx, = k-r — ot in the wave function of a propagating
particle. Replacing (= E/h) by —w corresponds to a description in which the direction of motion is
changed unless t — —t.
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non-covariant covariant

Figure 3.6 Diagrams representing the action of two perturbations in the non-covariant for-
mulation and in the covariant formulation.

elements in the non-covariant theory yield momentum-conservation §-functions,
since the position-space integrals are always of the form

/eik-rd3r — (27‘[)38(3)06), (3.49)

[see Equation (2.68)], where §® (k) = 3(kx)d(ky)d(k,), and
k:Zk—Zk (3.50)

out

is just the difference between the sum of the wave vectors (or momenta) for the
incoming and outgoing particles involved in a vertex. Momentum conservation
results because the matrix elements are evaluated from

My :fu?Mukd3r (non-cov.), (3.51)

with the two spatial wave functions being products of (unperturbed) factors
exp(ik -r). In the covariant theory, the matrix elements involve the space- and
time-dependent free-particle wave functions (3.25)

My = / UMy d*x  (cov.), (3.52)
with the ¥’s of the form exp(ik,x, ). The integrals then yield the result

/ erindty = (2m)*8W (i) = 2m)*8 (1) 8P (), (3.53)
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corresponding to conservation of both momentum and energy at each vertex. This
then represents a fundamental difference from non-covariant perturbation theory
where there was not energy conservation at vertices and in intermediate states.
Consequently, diagrams and factors in amplitudes for processes do not have the
same precise meaning in the non-covariant and covariant formulations.

The starting point for all relativistic theories is an Action Principle:

) / Ld*x =0, (3.54)

where L is a scalar Lagrangian density. The Lagrangian is a function of the various
field components ¢*(x,,) and their derivatives d¢*/dx,, where the index o refers
to the various types of particles (photons, electrons, etc.). For the integral (3.54) to
have a stationary value for independent variations of the field components, the set
of field equations must hold:

9L 9 (L) —0. (3.55)
3¢« ox, \0(0¢*/dx,,)

The Lagrangian is constructed to yield the correct equations of motion, including
the effects of interactions, when substituted into the set of relations (3.55). If only
electrons, positrons, and photons are involved, £ would be of the form

L= Lp+ L+ Ly, (3.56)

consisting of a Dirac (electrons and positrons), Maxwell (photons), and interaction
part. Since the Dirac equation is quantum mechanical, the Lagrangian (3.56) is as
well, although further steps must be taken to develop the full quantum field theory.
Since the theory must allow for production and destruction of photons and particles
(in pairs), it is inherently “many-particle” in nature. That is, the ¥ in the Dirac
Lagrangian is not a one-particle wave function but an operator for the Dirac field.

The older formulations of relativistic QED, developed around 1930, were from
a “Hamiltonian” approach with commutation relations introduced for the field
operators. We now know that this method of field quantization is not very good.
It is cumbersome and not fully covariant in its formulation. Feynman, Schwinger,
and Dyson showed around 1950 how to reformulate the subject in a much better
way. Dyson, in particular, gave a systematic treatment of QED by making the
appropriate modifications in the non-covariant field theory to make the formulation
covariant at every stage. In addition to demonstrating the connection with the work
of Schwinger, Dyson was able to provide a basis for the so-called Feynman rules
(and Feynman diagrams) as a logical consequence of covariant perturbation the-
ory. Rather than try to reproduce this formulation, which would have to be lengthy,
we attempt to give a shortcut superficial account that may at least provide some
understanding of the theory and its applications.

3.4.2 Photon Interactions with Charges without Spin

The simplest, relativistic, one-particle wave equation corresponding to the non-
relativistic Schrodinger equation was first written down by Schrodinger himself.
However, to avoid confusion with the Schrodinger equation, it is referred to as the
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Klein-Gordon equation, named after others who first considered relativistic wave
equations. If ¢ is a scalar function of only r and ¢ (that is, not describing any
spin states), a free-particle wave equation could be written as i 2dy /0t = Hr with
H = (p*c* + m*c*)!/? as the Hamiltonian, replacing p> by the operator —A?V? as
in the non-relativistic theory. This wave equation with the square root is unwieldy,
and there is also the problem of the appropriate sign outside the squre root. No one
has made progress with the equation and, instead, an equation was formed from
the relativistic relation p, p,, = —m?c?, replacing pu With —ihd,, and allowing the
terms to operate on v (r, t). This is what is now known as the Klein-Gordon (KG)
equation®’:

(0,0, — kMY = (O — k)Y =0, (3.57)

where « = mc/h. For particles satisfying such one-particle equations, a field theory
can be formulated to describe many-particle states. If there are several types of such
particles, characterized by their mass («) parameter, the Lagrangian density for the
scalar field of each type would be of the form?!

L= Lxg = —%0,09,9 + k¢ (3.58)

by the Lagrange equation (3.55), the field then satisfies a Klein-Gordon equation of
the form (3.57):
(@ — kg =0. (3.59)

The sign and factor in front of the Lagrangian function (3.58) are arbitrary for
yielding Equation (3.59). However, with this choice the canonical momentum is
T =03L/0p = ¢/, (3.60)
and the Hamiltonian
H=ndp—L=1n"+1(V$)- (Vo) + 1k (3.61)
is positive definite.

One problem with the Klein-Gordon equation is that if the probability current
density is given, as in the non-relativistic Schrodinger theory, by

J = (h2miy @ V — y VY, (3.62)
for the conservation equation
0p/0t+V - j=0,j,=0 (3.63)
to hold, the probability density must be given by
ih LY oYt
= — = . 3.64
P = ome (W ot at v (364)

Although this expression reduces to the correct non-relativistic limit, it is not positive
definite in general. The theory remained in this stage until 1934 when Pauli and

201n the various textbooks, the reader will notice sign differences in terms in equations associated
with the relativistic theory. This has to do with the somewhat arbitrary choice for the “metric.” For
example, in many texts (1% is meant to designate (1/c¢2)3%/dt> — V2, which is the same as our 9,0, but
with a minus sign.

2Hn this function the d,, is meant to operate only on the ¢ to its immediate right.
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Weisskopf reinterpreted the density p of the Klein-Gordon theory in terms of a
charge density. The formulation of a theory of scalar particles of positive and
negative charge is conveniently done by introducing a complex scalar field

¢ =2""0" +ip?), (3.65)
where ¢! and ¢® are two real scalar fields. They can be written in terms of ¢ and
¢* as

oV =27"2(¢ + "),
¢ =122 — ¢").

The total Lagrangian £ = £ + £® | with L1 and L® of the form (3.58), is
then, very simply,

(3.66)

L=—8,0"0,0 — K" p. (3.67)

Here ¢* and ¢ are to be considered as independent fields (instead of ¢" and ¢®).
Both ¢ and ¢* satisfy Equation (3.59), as we see on applying the Lagrange equation
(3.55) separately for ¢ and ¢* using the Lagrangian (3.67). Further, 7 = 9£/d¢ =
¢*/ct and w* = 3L/d¢* = ¢/c?; the Hamiltonian is
— * Ly
H n;¢+n¢* L . (3.68)
=+ (V™) - (V§) +k"¢"¢.

We can construct a four-current density of the form
Jju = const(¢V3,0? — ¢P3,0"), (3.69)
and since (1’9" = k2¢D and (2@ = k29,
duju = 0. (3.70)
The current can be written conveniently in terms of ¢ and ¢*:

oL 5 oL ]
9(0.0) 30,0 |’
with, for example, p = const(r¢ — 7*¢*). This gives some indication of how the
theory is applied to describe scalar particles of equal and opposite sign.

This theory, with the Lagrangian (3.67), can be used as a starting point for the
description of the interaction of charged pions (7", 7~) with photons. From the
free-particle Lagrangian (3.67), the interaction Lagrangian can be obtained by re-
placing 9, with 0, — (ig/hc)A,:

3.71)

Ju = const |:¢

Lxcg+ L1 = —<8M¢ — %Aud’) (au(ﬁ - %AV_(p) — K2¢*¢. (3.72)

The interaction Lagrangian is then (see, also, Footnote 21)

. 2
L= L (@0,6" = ¢"0,8)A, + (%) O PAL A (3.73)
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To the Lagrangian (3.72) should be added that for a pure photon field. This is
usually referred to as the Maxwell Lagrangian (Ly) and a convenient form has been

introduced by Fermi??:
1 1
Ly =——FF, — —(9,A4,)°
16 wy S 8 [y 2
i T | (3.74)
= _E(au“‘v —d,A,)(0,A, —0d,A,) — g(aﬂAu)z.
The total Lagrangian for charged spinless bosons interacting with photons is then
L=Lxg+ Ly + L. (3.75)

The coupling terms in the interaction Lagrangian (3.73) are similar in form to the
forms (3.20) and (3.21) that arise in the non-relativistic theory. And, of course, the
diagrams that are introduced as a guide in a perturbation-theory description look
the same. Because the non-relativistic theory has fundamental differences from
the covariant formulation, we have not previously referred to them as “Feynman
diagrams,” believing that the designation should be reserved for the covariant the-
ory. Although we cannot give a complete description of this theory, we can infer
something about it in a simple way, and the form (3.73) can be employed for this
purpose.

The first term on the right in the Lagrangian (3.73) has a coupling strength linear
in the charge and is associated with, say, the interaction of two charged meson fields
with a photon field. It corresponds to a vertex with two meson lines and one photon
line like that in Figure 3.2 or 3.3. All lines can be incoming or outgoing. If one
meson (field) is incoming and the other is outgoing, the matrix element associated
with the interaction or vertex is of the form

M, o< gy (kaye + ki), (3.76)

where ¢, is the photon polarization four-vector arising from the photon field A,
&, exp(=xik,x,), where the 4+ (—) would be associated with an incoming (outgoing)
photon, and k,,, and k;,, are the wave vectors for the incoming and outgoing mesons.
Since the meson fields are of the form exp(ik,,x,) and exp(ikp,x,), the matrix
element is a result of the integration

My o qep(kap + ki) [ d*x e Can=Ronh -

= ) qeu (kap + ki) 8@ (kape — ki £ k).

The §-function is simply a manifestation of energy and momentum conservation at
the vertex.

22We shall not employ the specific form for Ly given here, but quote the result for completeness (see
references at end of chapter). It is expressed here in c.g.s. or Gaussian units, but most books on QED use
the Heaviside-Lorentz units, which have the advantage of eliminating factors of (47r)~! in equations for
electromagnetic phenomena. In these (HL) units, however, the electronic charge has a different value;
for example, the fine-structure constant is given by (e? /4w hc)ur, = a ~ 1/137. The reader should be
aware of the use of these different unit systems.
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The second term in the interaction Lagrangian (3.73) is second order in the charge
and involves two meson fields and two photon fields (see Figure 3.4). It yields a
matrix element of the form

2 .
M;Z ) 104 q281u82M/d4X el(kl,ufkh#ﬂ:km:l:kzﬂ)x#
(3.78)

= (277)442€1u82,45(4) (kau - kbu + klu + k2//.)a

where the 4+ (—) sign on the photon four-momenta is associated with incoming
(outgoing) states.

The form of the couplings can be obtained in another way by making the replace-
ment 3, — 9, — (ig/hc)A, directly in the Klein-Gordon equation (8,0, — k)¢ =
0. The “perturbed” equation is then

(O — k*)p = (ig/hO)[ALd,¢ + 3, (Aud)] + (q/hc)* AL AL (3.79)

The right-hand side of this equation represents source terms S and S@” and is
linear in the charged boson field ¢. Transition matrix elements would be evaluated
from integrals of the form f o S,d*x. The g-term of the source (3.79), with 9,,
operating on ¢, and A, yields

@ i(—kpy+kq, £k,
M? o ge,, (kay +kbuﬂ:ku)/d4xe( ) (3.80)

= (277)4q8u (kapt + kbp,) 8(4) (kapt - kb;/, + k;/,)a

identical to the result (3.77). In a similar manner, the g>-term (3.78) is again
obtained.

The other fundamental type of quantity in the amplitude for a process is the
Feynman propagator P;. Let us see? if the form for this factor can be inferred
from simple arguments. We consider again the effects of the action of the two
perturbations V and U in a process involving a scalar charged particle (see Figure 3.6
and Section 4.1). As we have already seen, in a covariant formulation, the two
diagrams of the non-covariant theory are replaced by one. The essential form of
the Feynman propagator for scalar particles can be obtained if we start from the
non-covariant amplitude in terms of energy denominators and try to inject some
simple ideas of the modern theory. One is a more suitable covariant definition of
interaction matrix elements in terms of “entry” and “exit” states: (exit|M |entry).
With this description, we follow the “world line” of a particle even it goes backward
in time. For a process involving, say, a 7w —, the right-hand, non-covariant diagram
in Figure 3.6 would correspond to the initial production (by U) of a 7™, 7~ pair
with the 7 then annihilating (V) with the incident 7~. The diagram on its left
would be associated with an amplitude

Ay =Us P Vi, (3.81)

23Here we are relying heavily on R. P. Feynman, Theory of Fundamental Processes, New York:
W. A. Benjamin, Inc., 1962.
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with P, = (Ey — E;)~'. For the diagram with pair production (or with the 7~
going backward in time), taking the exit-entry definition of matrix elements, the
amplitude is

Ay = V0P Uy, (3.82)

where P} = [Eo — (E; + Eo + Ef)]’1 = —(Ey+ E;)~ !, since Ey = E . Then

A+ Ay =Up (P + P) Vo, (3.83)
where
P;+ P, =2E;/(E; — E}). (3.84)

The result (3.84) can be cast in another form that exhibits its covariant character. In
attempting to obtain the form for the Feynman propagator, we should remember that
the ultimate expression should be characteristic of the scalar nature of the particle
(that is, not of its interactions) and be determined by, for example, its free-particle
wave equation. Although we are considering electromagnetic phenomena, we can
consider some special process convenient for the determination of the propagator
for the intermediate state. We can, for example, consider the interaction V to be
some (external) scattering potential (say, produced by some very heavy particle)
such that the incident 7~ suffers a change in the direction of its momentum but
not in its magnitude. The interaction U can be a photon-emission vertex, and let
us assume that the energies of the photons are infinitesimally small; then, even for
the non-covariant diagram on the right in Figure 3.6, the photon momentum and
energy in the intermediate (and final) state are negligible. Dropping, for simplicity,

the subscript / for the intermediate state, we have E?/c*> = —p? + p?, where
p? = pupy. Further, E/c? = m*c* + p} = m*c? + p*. Thus we obtain®*
(E§ — ED/c* = p*+m>*® (p” = pupp).- (3.85)

We see that the resulting expression is an invariant. Note also that, although
pu = (E/c, p) for the intermediate state, p> = p,p, # —m?>c>. The other
factor (2E7) in the propagator (3.84) is of less significance but has some meaning
in terms of the transition to the covariant formulation. In the covariant theory, a
different normalization convention is more appropriate. The conservation of prob-
ability equation (3.70) requires that j, be a four-vector function of x,, and this is
accomplished by adopting a normalization convention® [ |u|*d*r = 2E (rather
than unity) for free-particle states. This makes the probability density p [see also
Equation (3.64)] the O-component of a four-vector. Since u; always appears twice
in the total amplitude, this explains the occurrence of the factor 2E;. The essential
factor in the covariant Feynman propagator for scalar particles is then

Pr(scalar) = (p2 +m2eH (3.86)

240ften in the literature and in texts the propagator for scalar particles is given as (p? — m?c?)~!.
The sign difference has to do simply with the convention (metric) chosen for the four-dimensional scalar
product. Again, the reader will have to be aware of these various sign conventions that are employed.
Also, units with ¢ (and &) equal to unity are almost always used in this subject.

25Taking 2E rather than E just happens to be more convenient.
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An alternative simplified approach?® to obtaining Py is illuminating in a different
way. The coupled field equation (3.79) can be expressed in the form

O° — kP = =S, (3.87)

where the right-hand side can be considered a source term. It is written with a minus
sign for convenience [compare Equation (2.71)]. Both ¢ and § are functions of x,,
and their Fourier transforms can be introduced. With f standing for either ¢ or S,

fxp) = / fk)e™dk, (3.88)

fky) = Q@m)™* / f e mvdty, (3.89)

Substituting into the equation (3.87), we obtain the inhomogeneous solution (k* =
kyk,)

b (x,) = / (k* + 1) Sk, et atl, (3.90)

which yields the factor (k2 + k%)~ as in the result (3.86). The spacetime form of
the propagator can be obtained by writing S(k,,) in the terms of S(x,) by means of
the relation (3.89). We then have

B (x,) = f D(x, — x},) S(x}) d*x’, (3.91)
where
) eiku(x#—xl/l) d4k
D(xu —.Xu) = / WW (392)

is the propagator in the position representation. The form (3.91) exhibits how ¢
depends on § at other spacetime points.

343 Spin-% Interactions

The general theory of the interactions of relativistic spin-% particles with the elec-
tromagnetic field (photons) is what is commonly known as quantum electrodynam-
ics. The spin-% case is much more important than that for spin-0 because nature’s
smallest-mass charged particles, electrons and positrons, are of this type. Unfor-
tunately, the theory is, on the whole, more complicated than that for spin-0 which
we have just outlined. Thus, in imposing brevity, we shall have to be quite super-
ficial and cannot really formulate the subject to provide the foundation necessary
to perform extensive calculations. Nevertheless, certain basic characteristics of the
theory can be seen without getting deeply into a more substantive exposition.
Basically, the content of the theory is determined by the form of the one-particle
relativistic wave equation for the electron and positron, that is, the Dirac equation.
In seeking this equation, Dirac was guided very much by a feeling that it should

26We are, again, relying heavily on R. P. Feynman, Theory of Fundamental Processes, New York:
W. A. Benjamin, Inc., 1962.
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have a form similar to the general time-dependent Schrodinger equation (3.1). Like
the non-relativistic equation—and not like the Klein-Gordon equation—it should
be first-order in the time derivative 9, = d/d¢. But, since covariant equations have
spatial derivatives (3; = 9/dx;; j = 1,2, 3) appearing in the same manner as time
derivatives, it would seem that only the first derivatives d; might be expected. The
simplest such equation of this form is
(A/c)oryr + ;o + iy = 0; (3.93)

here o; and 8 are numerical coefficients and « (= mc/h) is the basic inverse-length
parameter characteristic of the particle whose state is described by v (r, ). The
factor 1/c in the first term is natural in order to give the same dimensions as the
second and third terms, if B and the three «; are to be dimensionless. The factor 7 in
the third term is arbitrary (but convenient) and could, alternatively, be incorporated
into 8.

Equation (3.93) is the free-particle Dirac equation, and it remains to determine
the nature of 8 and the ;. The wave function v is, moreover, allowed to have more
than one component in order, for example, to describe particle spin; that is,

¥
v=|"V]. (3.94)

In fact, the number of components has to be four if (for spin-%) two spin substates
(s, = £1/2) are to be allowed as well as the two types of charge (¢*) or energy or
antiparticle (hole) states in the theory. the four components are also called for by the
resulting requirements on the coefficients 8 and «;; these have to be matrices and
at least 4 x 4. The form (3.93) chosen for the relativistic wave equation inherently
implies an application to spin-% particles with finite mass. The matrices 8 and «; are
determined by requiring that v also satisfy the Klein-Gordon equation (3.57), which
is essentially a consequence of the relativistic relation p, p, = —m?c? required also
for free particles of spin—%. An equation of this type can be obtained if we operate
with (1/c)0; —o; 0y —ix B from the left on the Dirac equation (3.93). The coefficients
and signs in this operator are fixed by the requirement that there be no terms in 9, and
0,0;. Comparison with Equation (3.57) then yields the following requirements?’ on
B and the «;:

Hajoy + agay) =8,
Paj+a;p =0, (3.95)
B* =1 (unit matrix I;; = &;).

It is possible to obtain solutions to these equations for 8 and the «; in terms of the
2 x 2 Pauli spin matrices and the 2 x 2 identity matrix. However, instead of employing
such explicit expressions, it is better not to indicate a particular representation, and

2TThe first of the relations (3.95), obtained through consideration of the term in 9 0y, results in
writing the coefficient of 9;0; (= 0;9;) in the most general form to include all terms in the dummy
indices j and [.
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instead to regard the commutation relations (3.95) as fundamental and make use
of identities derived directly from them. The 8 and «; must be, in general, non-
commuting operators or matrices as we see, in particular, from the second of the
identities (3.95). Rather than employing these identities, it is, in fact, preferable to
cast them—and the Dirac equation (3.93)—into four-dimensional covariant form;
this is easily done.

Because of the last of the identities (3.95), if we operate from the left on the Dirac
equation with 8, we eliminate the matrix as a factor in the third term. The equation
is then

B(1/0)o, Y + Bajo; ¥ + iy =0, (3.96)

and, in terms of x,, = (ict, x1, x2, x3) and d,,, we see that the equation simplifies if
we define

n=peo (3.97)
yj =iajp = —ipaj,
and v, = (0, v1, ¥2, v3). The equation (3.96) then becomes
(Y0, + ) =0, (3.98)
or, in terms of p, = —iho,,
(# —imc)y =0, (3.99)
where
P=Yubu- (3.100)

The covariant form (3.99) of the Dirac equation?® is extremely simple. Moreover,
the new Dirac matrices (3.97) satisfy the very compact identity

YuVv +VVu = 28;1\19 (3.101)

which replaces the three identities (3.95). The identity (3.101) is easily obtained by
operating on the first of the relations (3.95) from the right and left with B.

The notation g, read “p dagger” or “p slash,” was introduced by Feynman. For
any four-vector, we define

B = vuBy. (3.102)
With A, and B, being four-vectors, the identity (3.101) yields the useful relation
AB+ BA=2A,B, =2A"B. (3.103)

There are many other identities involving Dirac matrices, and often the relation
(3.103) is employed in proving the more complicated ones.

28The equation appears in this form in some textbooks, but more often it is exhibited without the
factor i multiplying mc. The difference has to do with the convention chosen for the metric (see, also,
Footnote 24), which we avoid throughout by taking imaginary time components of four-vectors, etc.
Our subsequent expressions, such as the Feynman propagator for spin—% particles, will, as a result of our
notation, also contain the factor i.
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To include the effects of electromagnetic interactions, the replacement 9, —
9, — (ig/hc)A, or

P—>P— (/oA (3.104)
can be made in the free-particle Dirac equation (3.99). The equation is then
(# —ime)y = (q/O)AY = (q/O) v Au. (3.105)

Immediately we see two important characteristics of the covariant theory of
electron-photon interactions. The source or coupling is of the y, type—one of
the fundamental kinds of coupling in covariant perturbation theory. In covariant
QED for spin-% particles, there is just this one type of coupling. This is to be
compared with the non-relativistic formulation, which must include three types of
coupling [see Equations (3.12) and (3.13) and Figures 3.2 and 3.4] associated with
the A- p, A+ A, and p - curl A terms in the interaction Hamiltonian. The single
coupling term in the covariant theory accounts for all of these interaction terms in
the non-relativistic theory (even the magnetic moment coupling!). As a result, the
number of diagrams representing perturbations in a covariant formulation is signif-
icantly reduced for the spin—% case. The only vertex is one involving two (charged)
particle lines and one photon line—as in Figure 3.2. As we have seen, basically the
occurrence of only this type of coupling is a result of the inherent simplicity of the
Dirac equation, being linear in the momentum (or gradient) operator.

The other important factor in covariant perturbation theory that can be inferred
from Equation (3.105) is the Feynman propagator for spin—% particles. Comparison
of Equation (3.105) with the corresponding field-source equation (3.87) for scalar
particles suggests a propagator of the form

Pp(spin-3) = (ff —imc)™". (3.106)
Making use of the identity (3.103), this can also be written
1 P+ imc P+ imc P +imc

P —imc . P +imc - 2+ m2c2 = 72+ m2c2’ (3.107)

where, as in the scalar formulas, p2 = puPu. Again, the denominator is not zero
because p* # —m?2c? in intermediate states.

For both the treatment of scalar (spin-0) QED in Section 4.2 and of spinor
(spin-%) QED in Section 4.3, we have given only a sketchy outline. Not only are the
derivations not rigorous, for example, those to obtain Pr (spin-0) and Pr (spin-%),
but we have not derived the multiplying constants. This is not important; there are
other ways of obtaining the factors. For example, we could compute some formula
for which there is also a classical or non-relativistic derivation and compare the
results to determine the factor. Of course, there is a detailed systematic method for
obtaining the results and prescriptions in covariant perturbation theory. This takes
much more time. However, we have given a fairly complete and self-contained
treatment of the non-relativistic theory. Perhaps a comparison of this formulation
with our more sketchy outline of the relativistic theory will help in understanding
the latter. We shall be making some applications of the results derived here and that
should also help in the understanding.
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3.4.4 Invariant Transition Rate

Although a very general result, the Fermi Golden Rule formula (3.43) is inappro-
priate in that form for applications involving covariant perturbation theory. We
can rewrite it for this purpose, however, with the resulting expression containing
factors that are manifestly Lorentz invariant. The most important feature of the rel-
ativistic form of the transition rate formula is the invariant nature of the amplitude
for the process. To distinguish it from the non-covariant amplitude (M 7o) we use
the notation M fq for the quantity. All of the physics of a process is contained in
the corresponding M yo; the rest of the factors in the transition rate formula are
kinematic in nature.

One characteristic of a relativistic formulation that is different concerns the nor-
malization convention for free-particle wave functions. It is no longer appropriate?
to take |u|> = 1; instead we adopt

lul> =2E (3.108)

(some textbooks take 2E /m or E/m). This type of normalization results naturally
from a relativistic formulation, as can be seen from formula (3.64), for example,
and has a simple explanantion or interpretation. To provide an invariant probabil-
ity (volume integral of |u|?), Lorentz-Fitzgerald contraction along the direction of
motion then compensates the factor E. Thus, with our modified normalization we
make the replacement

(Mo’ ;
(1‘[ 2E> (1‘[ 2E)

09 ©0)

M o) = (3.109)

here the products are over the 2E factors for all the incoming (0) and outgoing (/)
particles. There would also be normalization factors associated with intermediate
states, but these can be assumed to be contained within M ¢y. These factors could
be incorporated within the Feynman propagators, for example, since for every pair
of intermediate states, there is a Pr.

There are two other modifications in the non-covariant formula (3.43) that are to
be made. The transition matrix element M so always yields a (total) momentum-
conservation §-function even when multiple perturbations are involved, arising from
an integral of the type [ e*"d’r = (2m)38 (k), where k is the total momentum
change. We extract this ubiquitous factor from M rq and combine it with the energy-
conservation §-function:

27)%s® (Zp - Zp)(?(z E-Y E) = Q)35 (Z pu—3 pu), (3.110)

) (U] (@)] ©) o)) ©

with the four-dimensional covariant §-function now expressing energy and momen-
tum conservation.

21n this subsection, we simplify the algebra by setting ¢ = 1 and /i = 1; this provides an easier
comparison with treatments in modern textbooks. We also take a unit normalization volume.
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The second additional modification of the non-covariant transition rate formula
is, like the factor (3.110), essentially kinematic. It concerns the implied factor,
eventually integrated, for the differential number of states*® for the (N) outgoing
particles:

N
dN; =T[[d*p/@2n)>. (3.111)
)
Instead of counting the states of N particles, momentum conservation could be
applied and N — 1 factors of d> p/(2m)* could be taken, and the momentum-space
8-function [times (277)?] could be omitted. However, it is better to express results
in this more symmetric way. It allows the employment of the covariant §-function
(3.110) and also allows the N factors 2E in the denominator of Equation (3.109)
to be combined with the d° p in product (3.111). This ratio d* p/E is an invariant
[see Equation (1.47)]; it can also be written in another form. With p> = p,p, =
p’ — E? (= inv.), we can write p*> + m* = (E, + E)(E, — E), where E, is the
positive square root of p> + m?. Then, if it is understood that only the positive
values of E will be included in integrations, a factor § (E — E,)d E can be inserted
to multiply each d*p. But, with the implied inclusion of only positive energies,
8(E — E,) = 2E8(p* + m?). Then

d*p/2E = 8(p* + m*) d*p, (3.112)

which is manifestly invariant.
The transition rate can now be expressed in the desired covariant form:
AW 4 }Mf 0 |2
= n)t L

At eEe) ©
0)

(3.113)

where

4
o= (]_[ 28(p? + mZ)%)SW (Z pi=y pu) (3.114)
f @) f )

is the invariant phase space density. The factors of 2 E for the incident particles in the
denominator of Equation (3.113) are kinematic in nature. An important feature of
this resultis, as already emphasized, the invariant nature of the matrix element M .
In fact, in some applications, it can even be possible to make an educated guess as
to its form from considerations of invariance. There are many applications of the
transition rate formula, with the physics of particular processes being contained
in M go. In particular, it is employed to compute lifetimes and cross sections for
processes.

307f the particles have spin and we are not interested in their polarization states, there will also be a
sum over these spin substates. Also, if, as is usually the case in the application considered, the incident
particles are unpolarized, there would be an average over these polarizations. For simplicity in the
notation, we are omitting spin summations and averages from the transition rate formula.
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3.5 SOFT-PHOTON EMISSION

When the photon energy and momentum are small, that is, when the photon is
“soft,” some very general and useful results can be derived. In this section, we
give quantum-mechanical derivations of certain formulas applicable in the non-
relativistic limit and in the general case. All of the expressions are valid only in the
Born approximation, and they will be compared with corresponding results derived
through classical electrodynamics. The formulas are identical to the classical ones,
but it turns out that the non-relativistic expressions derived quantum mechanically
have a more general validity, being applicable even away from the soft-photon limit.

3.5.1 Non-Relativistic Limit

Consider the motion of a charge in the presence of some perturbation V that does
not involve the spin of the particle.>! The charge also feels a photon-emission per-
turbation, the lowest-order type being the interaction Hamiltonian (3.20) designated
Hq/. The charge always experiences the perturbation H(;; that is, it is always try-
ing to produce photons. However, as mentioned earlier in this chapter, an isolated
charge without internal structure cannot do this because of energy conservation. The
combined action of the two perturbations V and H, (; does allow the phenomenon of
photon emission to take place. The total perturbation Hamiltonian is then

H' =V +H, (3.115)

and this perturbation can account for a variety of processes. The non-electromag-
netic part V could represent various mechanisms. For example, it could be some
scattering potential, or it could even be some interaction that causes the creation
of a charge as in B-decay. In the latter process, a charge of opposite sign must
be created (as in neutron decay: n — p + e~ + v,), or the charge on a proton
must be transferred to a (positive) electron as in positron-producing B-decay. It
is always the electromagnetic interactions with the e* or e~ that are important for
photon production because of their small mass. Further, regarding the application
in B-decay, the e~ or e™ involved must be non-relativistic for the applicability of
the formulation in this subsection. There are such -decays, an example being the
decay of tritium (H?), for which the maximum e~ energy is about 18.7 ke V.

We are interested in this section in evaluating the probability that a soft photon of
energy within i dw accompanies some radiationless process, the photon emission
being just a small perturbation on the rest of the overall process. Both interactions
V and H é are treated as perturbations; that is, in lowest order, they are considered to
“act once.” This is always a valid assumption for the electromagnetic perturbation

3We ignore spin to simplify the formulation. This assumption is really not necessary, and, if spin
interactions are involved, there is no difficulty in modifying the equations by adding the spin coordinate
to a total description of the particle state: o = ¥ (r, £)¥pin. If there are no spin interactions, the
orthogonality of the spin eigenfunctions would simply tell us that the spin coordinate remains unchanged
in the overall process and can be ignored. In the following subsection (5.2), we consider a problem
where spin plays a major role.
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(1) )

Figure 3.7 Diagrams representing the combined action of two perturbations, one being some
coupling or perturbation V and the second representing an electromagnetic cou-
pling, in this case associated with the production of an outgoing photon.

H 4 , since the interactions is fundamentally weak. The smallness of the fine structure
constant guarantees this: « & 1/137. Treating V as a perturbation that acts once is a
more restricting assumption that generally confines the application to the domain of
the Born approximation. The Born approximation would require the energy of the
charge to be sufficiently large if, for example, V is a Coulomb scattering potential.
Specifically, in Coulomb scattering where the charges are ze and 7e, the criterion
for Born approximation would be simply*? zz'e?/x « mv?, where X = h/muv is
the de Broglie wavelength. The requirement is then 8 = v/c > zz'e*/hc = zZ'a
or that the particle energy is E > (z2/)?Ry.

With both V and H, (; acting once, the process can be represented in terms of the
diagrams in Figure 3.7. In our non-covariant formulation, there would also be pair
production-annihilation diagrams (see Figure 3.6), but these give a negligible contri-
bution in the non-relativistic limit (see previous section). The effective perturbation
Hamiltonian matrix element for the process is [see Equation (3.44)]

FIH ) (1]V]0) FIVII){I'Hgl0

H}O=Z—< a1 +Z—( NE1H10) (3.116)
7 Ey— E, 7 Ey— Ep

In the evaluation of matrix elements, let us, for convenience, set the normalization

volume L3 equal to unity in all subsequent formulae; factors involving L always

cancel in final expressions for probabilities, cross sections, etc. For outgoing pho-

32This is a requirement that the characteristic scattering potential is small compared with the particle
kinetic energy. The probability current associated with the amplitude of the scattered wave would, as a
result, be small compared with that of the wave incident on the scattering center. The Born approximation
is essentially that of a perturbation or iteration procedure.
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tons (wave vector k and polarization €), the matrix element associated with the
photon-emission vertex (between plane-wave states a and b) will be given by [see
Equation (3.20)]

(blH)la) = @rh’ [w)"/*(q/m)(e - kq) / ¢/ ka—ko=lr g3, (3.117)

where k, and k;, are the wave vectors of the charged particle. The integral is just
a three-dimensional, momentum-conservation, Dirac §-function, which can also be
expressed as a Kronecker §:

fe"<’<~—"b—">"d3r = 2n)*8D (k, — ky — k) = Sk, 1y ik (3.118)

The Dirac or Kronecker §-functions are eventually used in the intermediate-state
summations in Equation (3.116). Leaving out the trivial §-function factor, the matrix
element (3.117) can be written very simply:

(blH)la) = @1’ /0)'?q(e - v,), (3.119)

where v, is the velocity of the charge in state a. The matrix element of V does not
involve the photon and is only a function of the charge wave vectors:

(d|Vle) = Vae = Vac(ka, k). (3.120)

Further, we allow the source of the potential V to have “internal structure” such that
it can possess an excitation energy x. For example, it could be an atom or it could
be a nucleus when the potential V causing a S-decay.

The energies of the various states are given by

Eo = (hko)*/2m + xo.
Ef = (hky)*/2m + hek + X,

(3.121)
E; = (kp)®/2m + xy,
Ep = (hk;)?/2m + hck.
Since Ey = Ey, there is also the relation
(hko)?/2m + xo = (hk;)*/2m + hck + x . (3.122)
Moreover, because of momentum conservation at the photon-emission vertices,
ki=ks+k, kp=ky—k (3.123)

Making use of the identities (3.122) and (3.123), we obtain the energy denominators
Eo— E; = hick — Bk - kg /m — h*k*/2m,
(3.124)
Ey — E; = —hck + Bk - ko/m — h*k* /2m.

We now make the assumption that the photon energy (Ack) is of the order of or less
than that of the charged particle [say, E, = (hky)?/2m]; then, [see also Equation
(3.46)]

k/ko S Pko/me =vy/c = Bo L 1. (3.125)
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In other words, for non-relativistic particles, when the photon and particle energies
are comparable, the photon momentum is small. Under these conditions, the photons
are always soft—at least as regards their momenta. Also, as we see easily, the three
terms on the right-hand side of each of the Equations (3.124) are successively smaller
in the ratio S,.

There are two especially simple and important applications of the above results.
The first is to the problem of particle production such as in S-decay. We ask for
the probability that a photon (energy within Adw) accompanies the production of
a particle of given velocity Byc. Except for summing over photon states dN =
d’k/(2m)?, this differential probability is given by, in Born approximation,

2
5
dw = —sz. (3.126)
Vol

In this process, there is only diagram (1) of Figure 3.7, and the energy denominator
is given by Ack in good approximation. Further, since € - k = 0, by the first equation
(3.124), & - k; = € - k, and the photon-emission matrix element is given by

(fIH,II) = Qrh/w)'Pq(e - vy). (3.127)

Because of the inequality (3.125) and the equation (3.120), the matrix element
involving V is given by

(I1V10) = Vio = Vyo. (3.128)
Thus,
2
|(F1Hg1T)]
= ———>—dN, 3.129
Y= T ek (3.129)
with
dN = Qn)3k*dk ds, (3.130)

in terms of the solid angle element 2 for the outgoing photon. In terms of w (= kc)
and z = g/e, we have, very simply,

dw = 2 (a/4n*)(dw/w)(e - B )dS2, (3.131)

where « is the fine-structure constant.

The expression (3.131) is the result of a quantum-mechanical derivation of a
formulaidentical to the semi-classical expression (2.142). However, now we see that
the expression is not restricted to the soft-photon limit when the Born approximation
holds. We can also sum over polarizations for the outgoing photon. The two possible
(linear) polarization states are perpendicular to k. With k and B defining a plane,
one of these polarization reference directions (&) can be taken perpendicular to this
plane. The other polarization unit vector (¢;) is in the plane and perpendicular to
k and gives the whole contribution (the reader can construct a simple diagram to
indicate this). Thus,

Y(e-Bf)? = (e2-Bf)* = Phsin’0, (3.132)
pol
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where 6 is the angle between k and B ;. Summed over polarizations, the angular
distributions of the photon emission is then

dw = z*(a/47%)(dw/w) B7 sin® 0 dS2. (3.133)
Finally, integrating over angles for the outgoing photon,
dw = 7*a/3m)fjdw/w. (3.134)

The three formulas (3.131), (3.133), and (3.134) exhibit the characteristic “infrared
divergence” factor dw/w, indicating an infinite probability of emitting infinitesi-
mally soft photons. However, we emphasize again that, in the Born approximation,
these non-relativistic expressions are not restricted to the soft-photon limit. That
is, hw does not have to be small compared with the charged-particle kinetic energy.
The general nature of these formulas has not been emphasized in the literature.
Let us turn to another important application of the above general formulation. This
is to the problem of photon emission (bremsstrahlung) in the scattering of a charged
particle. We need not specify the nature of the scattering potential, although the
important application would be for Coulomb scattering (the photon emission would
then be Coulomb bremsstrahlung). The Born approximation is assumed, however,
since the scattering potential is treated as a perturbation that acts only once. Both
diagrams in Figure 3.7 give contributions to the amplitude for the process, so that

H}O = H| + Hj, (3.135)
and the energy denominators are given by
Ey — E; =~ hck,

(3.136)
Ey— E; ~ —hck.

The matrix elements of the electromagnetic perturbation (photon emission) have the
form (3.127); thatis,  f| H/|I) oc e -v p and (I'| H}|0) o< & vo. Both matrix elements
of the scattering potential can be approximated by the (radiationless) expressions
(3.128), because of the inequality (3.125). Because the two energy denominators
(3.136) are equal but opposite in sign, we have the important result

Hjyyoxe-(vy—vg) =€+ Av. (3.137)

The formulas for the photon-emission probabilities are then the same as the results
(3.131), (3.133), and (3.134) with ﬂf replaced by AB. They are again identical
to the semi-classical expressions (2.142) and (2.143). However, we now see that,
basically because of the inequality (3.125), they are not restricted to the soft-photon
limit—at least when the Born approximation holds. We return to make use of these
formulas when we consider the general bremsstrahlung process in a later chapter.

3.5.2 Emission from Spin Transitions

Phenomena having to do with a particle’s intrinsic magnetic moment associated
with its spin have only a limited classical analog. This intrinsic moment is without
spatial extent in a quantum-mechanical formulation, and the special case of spin-%
is particularly interesting and unique. The effects associated with photon coupling
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to this moment are small, especially in the soft-photon limit. It is well to demon-
strate this, if only as an illustration of the general theory developed in this chapter.
Interest in the problem should be more than academic, however; it is important to
demonstrate the magnitude of the effects in comparison with those involving photon
interactions with particle “orbital” motion (interaction with the charge). There is,
in fact, a particle in nature that has a magnetic moment but no charge. The neutron
is electrically neutral but has a magnetic moment of magnitude® p, = —1.913,,
where py = eh/2M ,c is the nuclear Bohr magneton. The neutron moment—as
well as most of the proton’s moment—can be thought to be a result of the cloud of
virtual pions that is associated with the nucleon. To regard the neutron’s moment as
point-like and “rigid” is thus an approximation, but to do so using the experimental
magentic moment should take into account the virtual pion field. The approximation
can be expected to be valid for photon energies much less than the pion rest energy
(~ 100 MeV); this is in the non-relativistic domain for neutron motion. The other
relevant application for spin-% particles is to the electron, but photon interactions
with that particle’s charge are much greater.

For particles of spin—%, the spin angular momentum is given by Jpin = Ais with
s = %a, o being the set of 2 x 2 Pauli spin matrices: o0 = (oy, 0y, 0;). The spin
wave function has two components representing the amplitudes for the two possible
values for the spin component in some specified direction. In terms of its spin
magnitude w, the spin magnetic moment is given by

Iy = 1400, (3.138)
and in the (02, 0.) representation where the z-direction is chosen to describe one
component of ¢, the three Pauli matrices are (see any book on quantum mechanics)

0 1 0 —i 1 0
GX:(I O)’ O'yZ(i O)’ O'Z=<0 _1). (3.139)

The matrix o, is diagonal and the eigenvalues are -1. That is, the two eigenfunctions

are
Ay = (é) A= <?> , (3.140)

and we can use the simplified notation
Ay =|%). (3.141)
The Pauli matrices anticommute; that is, 0,0, + 0,0, = 0, etc. Also, 0,0y = io,
with other relations obtained from a cyclic permutation of x, y, z; in general, we
can write
oxo =2io. (3.142)
Further, 02 = ayz = 0? = ¢ /3 = 1. The eigenfunctions are orthogonal: (m’|m) =

Z
8wm- The operators oy, oy, and o yield

oy |£) = |F),
oy |£) = +i |F) (3.143)
o, |+) = £ |4) .

33The minus sign means that the magnetic moment is opposite in direction to the spin.
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Instead of the form (3.22) for the spin magnetic moment interaction (with a
photon) Hamiltonian, we can rewrite it more simply as

S =iQrhw)*u, - (3.144)

where &’ is a unit polarization vector in the direction of the photon’s magnetic field
(that is, &’ = k x &/k, where € is the polarization vector for A and the electric
field); €, like &, has two fundamental polarization directions perpendicular to k.
As in Section 3.5.1, we consider the action of perturbations V and H;/u where
now V is independent of particle spin, so that the total perturbation Hamiltonian is
H' =V + H),. We allow both V and H, to act once on a single particle with spin-%
and magnitude pq of its magnetic moment (see Figure 3.7). The particle is initially
unpolarized, so we average over initial spin-polarization states and sum over final
spin polarizations; we also sum over polarizations for the outgoing photon. The
photon emission probability will be determined by

_
S=322% (m'le" - olm)|* = (2 + &2 + &) = 2. (3.145)
pol

pol m’ m

In the evaluation of the photon-emission probability, we again employ the basic
equation (3.126) in terms of the effective Hamiltonian (3.116) for the combined
process. The diagrams are of the form in Figure 3.7. In the perturbation Hamiltonian
(3.116), the energy denominators can be approximated by (x = mc/h)

E() — E] = hck(l —k- kf/Kk),

(3.146)
Ey— E; = —hck(1 — k - ko/xk),

in terms of the initial and final wave vectors (ko and k ) of the scattered particle

(with magnetic moment). The matrix elements of the scattering potential V are
(k1 |Vko) = (ks + K|V ko),
(3.147)
(kpIVIkp)=(ks|VIko — k),

which are the same in Born approximation. The combination of energy denomina-
tors is given by

1 11 k-k; k- ko
+ > (1+—L 1
EO_EI EQ—EI/ hck k Kk
(3.148)
k- Ak,
mc2k? ’

where Ak, = ko — k is the change in the wave vector of the scattered particle
(having a magnetic moment). Employing the above results, including Equation
(3.145), we obtain

k- Ak, \? &Pk
”) d (3.149)

_ 2
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Setting d°k = k>dk d$2 and integrating over angles of emission, we have

2
L0 Ak ho do. (3.150)

dw, = —
! 3w m?c

For the case of scattering of an electron (1o = eh/2mc), the result can be written
dw, = (ho/mc*)dw,, (3.151)

where dwy, is the corresponding emission probability associated with photon inter-
actions with the charge [see Equation (3.134) with 8y — Ap]. The emission from
spin interactions is small for non-relativistic particles. Moreover, we note that there
is no infrared divergence effect as w — 0; in fact, dw,/dw — 0 in this limit.
Finally, it should be mentioned that the results (3.149)—(3.151) are not confined to
the soft-photon limit.

3.5.3 Relativistic Particles without Spin

Consideration of soft-photon emission associated with processes involving relativis-
tic particles provides our first application of the methods of covariant QED outlined
in Section 3.4. First, for scalar charged particles, we derive an expression for the
photon-emission probability corresponding to the non-relativistic formulae (3.134)
and (3.150). As in the derivation of those results, two perturbations are allowed to
act on the particle (see Figure 3.7); one can correspond to, say, a scattering potential
or some perturbation that creates the charge at high energy, while the other is the
purely electromagnetic perturbation (photon-emission vertex). In our elementary
sketch of covariant QED, we concerned ourselves with the establishment of the
form of the perturbation amplitudes and Feynman propagators corresponding to
the perturbation Hamiltonian and energy denominator in the non-covariant, non-
relativisitic theory. Although the multiplying factors for these terms can be derived
formally in a systematic exposition of covariant perturbation theory, we shall merely
leave them as undetermined constants. This is not a serious problem; in fact, the
undetermined factors can usually be established through a comparison with known
results in some special case such as the non-relativistic limit or the classical limit.

The fundamental factors that are needed in a covariant perturbtion calculation
are the Feynman propagator (3.86), Pg(scalar) = (p? + m?c»~!, and the term
associated with the photon-emission vertex. For such a vertex (see Figure 3.2), the
matrix element between initial state a and final state b has the form (3.73) in the
momentum representation:

My, = asqsu(pa + pb)/u (3.152)

where g, is some numerical factor for this scalar-charge interaction; p,, and p;,
are the four-momenta for the incoming and outgoing charge (¢), and ¢, is the unit
polarization four-vector. The amplitude My, is, like Pr, a Lorentz invariant and is
the analog of the non-relativistic formula (3.20) associated with the same type of
single-photon vertex. With the combined interactions (3.152) plus the perturbation
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V, the matrix element for the process between initial state O and final state f will
be (see Figure 3.7)

Mo = asqe,(py + pr)u(p; +m*c®) Vi

) 5 9 (3.153)
+ Vi (pp +m7c?) " asqe(pr + po)y-
At the vertices, there is four-momentum conservation so that
Pin = Pfu + kuv Pru = Pou — k/,u (3.154)

k,, referring to the photon. Since pi = (pup)r = pé = (pupu)o = —m*c* and
k. k,, = 0, the Feynman propagators for the two intermediate states are, very simply,

1 1
P[Z—, PI/:_—v
2(py k) 2(po - k)

where the notation (p - k) = p,k, is employed for the four-dimensional scalar
products. Further, because of the relations (3.154),

(pf + 171);4 = (2Pf + k)/,_,

(3.155)

(3.156)
(pr+ Po)u = 2po — k-
Also, the Lorentz gauge condition
gk, =0 (3.157)
holds. In the soft-photon limit
Vio = Vi = Vyo, (3.158)

which is the matrix element in the radiationless problem. The matrix element for
the combined process involving V and the (soft-) photon perturbation is then the
invariant

Mo~ asqvfo[(g pp) (& p")]. (3.159)
(k-pg) (k- po)
The photon-emission probability is [see Equation (3.126)]
2
M
dw = | f°|2 an’, (3.160)
Vol

where d N’ is now the invariant phase-space factor (3.113) or number of photon final
states divided by 2E. That is, with k£ designating the magnitude of the energy or
momentum of the outgoing photon,>*

AN’ o« K*dk d$2/k = k dk d$2. (3.161)

34The appearance of the additional factor of 1/k could be understood in another way. Instead of
employing the (more natural) invariant phase-space factor, the photon-emission invariant amplitude
(3.152) could be employed with an additional factor k~'/2. This perturbation amplitude would then
be essentially a relativistic generalization of the corresponding non-relativistic interaction Hamiltonian
(3.20). Alternately, the factor could be regarded as associated with the relativistic normalization [see
Equation (3.108)] of the photon function.
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If, in addition, a sum over photon final-state polarizations is performed, the proba-
bility (3.160) is given by an expression of the form

dw:KqZZ

pol

€-pp)  (-po)|
(k-ps) (k- po)

kdkds2, (3.162)

where K is a constant.

Although the photon polarization unit four-vector ¢, has four components, only
two contribute in the polarization sum. There is a covariant (Lorentz) transversality
condition (3.158), but within this class of gauges there can be a (convenient) choice
of gauge (see Section 2.1.1). The transformed vector potential A}, = A, +9, x could
be used if x satisfies (0*x = 0. This is satisfied by, for example, the choice x =
aexp(ikyx,), where k, = (ik, k) is the photon four-momentum. The transformed
polarization four-vector would then be

e, = &, +iak,, (3.163)

and the choice a = g9/ k could be made so that g, = 0. We assume that this gauge
is employed so that (dropping the primes) €, has a vanishing time component, the
relation (3.157) giving the usual transversality for the space part of ¢,:

ek, = (€ - k) = 0. (3.164)

For general p, and p,, the expression (3.162) does not yield a simple formula
on integrating over d£2 and summing over polarizations. Only for a frame with
Po =0 (or p; = 0) does the result simplify. Designating either of these as p (with
the other zero), we have

Yle-plP=Y(e-p)?=p>—(p-k)?*K, (3.165)
pol pol
and
(e-p) 2_/3_2 1 —cos?6
(k-p)| — k* (1 —PBcosh)?’

2

pol

(3.166)

in terms of B (= v/c) for the outgoing charge and the angle 6 between p and k.
This expression (3.166) gives the angular distribution (dw/dS2) of the emission.
Integrating over d 2 = 2 sin 6 d6, we get the emission probability in any direction:

1 2

1——xdx'
1 (1= Bx)?

The integral is elementary [in fact, it was already encountered in Equation (2.146)]
and we obtain

dk
dw = 2n1<q27,32 (3.167)

dk (1. 1
dw = 47qu27<E In % - 2). (3.168)

For B « 1, the parenthesis above is

TltB 2, 3,0,
ﬂlnl_ﬂ 2_3,3<1+5,B+ ) (3.169)
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which allows a comparison with the non-relativistic formula (3.134). For g = ze,
we then have K = (472he)~! and

dw=3£<lmliﬁ—2yﬁ, (3.170)
T B 1-p8 k

which is identical to the result obtained in Equation (2.149). The formula exhibits
the usual infrared divergence factor (dk/ k). It is valid in the soft-photon limit, that
is, for ick < (y — Dmc?, except when 8 <« 1, for which, as we have seen in
Section 5.1, it holds for general photon energy.

3.5.4 Relativistic Spin-% Particles

Here we wish to derive an expression for the probability that soft-photon emission
accompanies some process involving relativistic particles of spin—%. This case is far
more important than that for spin-0 considered in the previous subsection, since it
applies to electrons. It will provide a first illustration of the techniques of modern
QED and is perhaps the simplest example of methods in the theory. Employing the
basic principles, the application is elementary, yielding a general formula that can
be compared with that for spin-0 and with the classical expression.

In the covariant theory, the probability of a process will be proportional to the
square of a matrix element M ¢y. This amplitude is a Lorentz invariant and is
constructed from the one-particle Dirac wave functions vy and v, for the initial
and final states and a product (M) of factors associated with interaction vertices and
Feynman propagators. In the momentum representation, the invariant amplitude is
constructed from

Mo =uygMuy, (3.171)
where uy and u s are the momentum-space Fourier amplitudes for the initial and
final states, respectively. That is, u is related to ¥ by

Y, 1) =ue?, (3.172)

where, again, (p - x) = p,x,. Both ¥ and u are four-component (spinor) wave
functions satisfying the free-particle Dirac equation in the position and momentum
representation, respectively.

Now, however, we have to develop the basic theory a little further. For example,
what, precisely, is the conjugate wave function #? While ¥ is the column wave
function (3.94) with four components, ¥ is not the row ¥ = W 5 ),
which is the Hermitian conjugate® wave function, but is defined by3°

Yv=v"B=v"w; (3.173)

35The Hermitian conjugate or adjoint of a matrix is formed by interchanging rows and columns and
taking the complex conjugate of its elements: (A*)jk = (Ag;)*. A matrix is Hermitian if it is equal to
its Hermitian conjugate, that is, if AT = A. While 8 and the & matrices are Hermitian, of the y matrices
only yo (= B) is Hermitian; y, y2, and y3 are anti-Hermitian.

36The operation on the right in Equation (3.173) is a matrix multiplication of the single-row matrix
v ong (= o) and yields another single-row matrix (¥). This can be easily seen from the matrix
multiplication rule (AB)y; = Ay Bjj. Here Ay = O unless k = 1 and (AB)y; = (AB)yj, thatis, a
single-row matrix.
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also, of course, u = uTyo. The reason for introducing the functions W and u (rather
than v " and u") to form the invariant (3.171) can be seen through consideration of the
continuity equation for probability density and current in the Dirac theory. To obtain
this relation, we first derive the equations that 1" and ¥ satisfy. These manipulations
will make use of the Hermitian character of the « and 8 matrices: a; =aoj; B T=g8.
That 8 and « are Hermitian is expected because of the Hermitian character of
the (four-momentum) operators id,, in the Dirac equation (3.93) (multiplied by 7).

Alternatively, the character can be seen from the specific representation

0 o I 0

where the o are the three Pauli spin matrices (3.139). The representation (3.174),
in terms of the three anti-commuting Pauli matrices and the identity matrix, satisfies
the identities (3.95).

Returning now to the problem of the equations for ¢ " and v/, we take the Hermi-
tian conjugate of the Dirac equation (3.93), making use of the Hermitian property
of oj and B:

(1/e)d ' + 8¢ a; —iky'p =0. (3.175)

Multiplying from the right by # and making use of the anti-commutation relation
a;B = —Ba;, we have, in terms of the definition (3.173) for v,

(1/0)d ¥ — djYa; —ikyp = 0. (3.176)

Again multiplying on the right by 8 and using the definitions (3.97) and (3.100),
there results an equation for ¥ in covariant form:

Y(f +ime) =0, (3.177)

where the gradient d,, in jf is meant to operate on the function ¥ to the left. This
equation is the free-particle Dirac equation for the conjugate function ¥, and the sign
difference in parentheses should be noted when comparison is made with the Dirac
equation (3.99) for ¢. On the other hand, the conjugate momentum component
amplitude u is given by

U o=ue P (3.178)
with a sign difference in the exponent (as if p, — —p,). That is, u_,) satisfies
U—p)(p +imc) and u, = u satisfies

u(p —imc) =0, (3.179)
the parenthesis having the same sign combination as in
(# —imc)u = 0. (3.180)

The sign difference should also be noted in the terms in Equation (3.175) for ¥ and
in Equation (3.176) for v, indicating how ¥ is a more natural conjugate function
than ¥ in a covariant theory.
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The continuity equation for probability density and current can be obtained
by multiplying equation (3.93) on the left by " and adding the result to Equa-
tion (3.175) multiplied on the right by 1. We then have

3wty 2 evtay) =
WY+ o, (c¥'a;y) =0, (3.181)

which is a conservation equation with density p = v and current density j =
cyTayr. However, in terms of the covariant Dirac matrices y,,, since ¥ = '8 and
so " = ¥ B, while y; = ia;f = —ifa;, the continuity equation (3.181) can be
written in covariant form in terms of ¥/, ¥, and the V'

3. (Yyu¥) =0. (3.182)

Thus, we see how, in a covariant theory, the function v/ is a more natural conjugate
function than .

Finally, for the basic formulation, we derive a relation between the normalization
for uu and that for uu. If we write the Dirac equation (3.93) in terms of the
amplitude u defined in Equation (3.172) and then multiply the equation from the
left by u (= u'B), we obtain

Eu'Bu=cu'Ba - pu+mc*u'u. (3.183)

Taking the Hermitian conjugate of this equation, and making use of the anti-
Hermitian character of the operator Ba, there results an equation identical to the
relation (3.183) except that the first term on the right has a minus sign. Adding
Equation (3.183) then yields the result

wu = (mc?/E)u’u, (3.184)

which will be referred back to later.

The free-particle Dirac equations (3.183) and (3.184) in the momentum represen-
tation are necessary to prove the important expression for the soft-photon emission
probability associated with a process involving relativistic electrons. We again con-
sider the combined action of a perturbation V and a photon-emission perturbation
ona spin-% charge (see Figure 3.7). The photon-emission vertex is associated with
a coupling of the form ¢ [the (¢/c)y, A, term in Equation (3.105)]. There are two
types of intermediate states, just as in the spin-0 case in Section 5.3, for which the
Feynman propagator is of the form (3.106) or (3.107). The matrix element for the
process is given by the form (3.171) in terms of an invariant amplitude M. Accord-
ing to the Feynman rules for spin-% charges, the amplitude corresponding to the
spin-0 case (3.153) is now given by

M = §(p; —ime) 'V, 0) + V(f, I')(p; — imc) "¢ (3.185)

As in the relativistic spin-0 formulation, there is four-momentum conservation at the
photon-emission vertex and p;, and py, are again given by the relations (3.154).
The V-perturbation amplitudes are associated with particle “transitions” 0 — [
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and I’ — f as indicated in the simplified notation in Equation (3.185). With the
propagators expressed in the form (3.107), the amplitude M is given by

#(Py+ K+ imo) . (Po — K+ imc)
_——V{,0)-V(f, ) ———
2 ppy O VDT

In the soft-photon limit, we neglect the terms ¥ in the numerators and we also
approximate

M= 3 (3.186)

V({I,0) = V(f0),

, (3.187)
V(f, 1) = V(f,D0).
Employing the identity (3.103), we rewrite ¢ » and p¢:
=—Psf +2@E-py),
iy =—0s# f (3.188)
ot = —#Po +2(c - po).
Since uyp, = imcuy and pouo = imcuo, we have
_ _ (e-pyr) (E'Po)}
Mep=urMug=usV(f,0 — . 3.189
jo=usMuyg~usV(f. )uo[(k pn G po) ( )

This modified amplitude for the combined process has the same relation to that for the
radiationless problem as in the spin-0 case. Thus, the photon-emission probability
is identical to the formulas for that case. In other words, the angular distribution
for the soft photons is again given by the form (3.166), and the probability for
emission in all directions is given by the result (3.170). The establishment of the
multiplying constant requires, as in the spin-0 case, a comparison with the non-
relativistic formulas that were given a detailed systematic derivation.

Spin seems to be unimportant for emission in the soft-photon limit. It should be
emphasized that in the covariant spin—% formulation employed in this subsection, the
spin effects are included in the single electromagnetic perturbation ¢ (or y,,). That
is, as we have emphasized near the end of Section 4.3, this perturbation includes the
three perturbation terms A - p, A+ A, and p - curl A in the non-covariant theory. The
result that spin is unimportant in soft-photon emission involving relativistic (and
non-relativistic) charges can perhaps be understood in terms of the result (3.150) for
spin transitions as obtained in a non-covariant formulation. Finally, it should be em-
phasized again that all of these results have been derived in the Born approximation.
The results will be employed later in various applications.

There is one feature of the soft-photon emission formula (3.170) for relativistic
particles that should perhaps be noted at this point. In the limit of ultrarelativistic
energies where 8 — 1, the argument of the logarithm approaches the large number
(2E /mc?)?. The emission probability then approaches

272 2FE dk
dw — ﬂ(ln—2—1>—. (3.190)
T mc k
Further, if we integrate over photon energies or wave numbers from k; to k;, the
total photon-emission probability is approximately
2%, E _ k

wk; <k < k) = ——1In—In-—=. (3.191)
T mc?  k
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Although o = 1/137, the logarithmic factors can compensate to make the photon
emission probability appreciable (that is, not small). This does not occur in the non-
relativistic case where instead of the first logarithmic factor in Equation (3.191),
there is a factor v?/c? [see Equation (3.134)].

3.6 SPECIAL FEATURES OF ELECTROMAGNETIC PROCESSES

There are several characteristic of electromagnetic processes that can be described in
a general way and that represent features that are of great importance in determining
the details and qualitative aspects of various processes. Some of these, like radiative
corrections and renormalization techniques, are really beyond the scope of this book
for a substantive discussion; we only mention these fundamental and subtle topics.
However, certain physical processes are very closely related and can be described
in a unified way with the help of a property called crossing symmetry, which will be
discussed later in this section. Also, for some kinds of processes there are special
kinematic invariants that are useful in relating cross sections through crossing sym-
metry, and these will be introduced. Of great importance in categorizing processes
is their “order” or characteristic magnitude of the associated cross sections. This
can be done quite simply, and it is useful to be aware of the elementary ideas that
allow a determination of the characteristic magnitudes of various cross sections.

3.6.1 “Order” of a Process

One of the basic properties of the electromagnetic coupling is that it is a fairly
weak interaction—not very weak like that (called “weak,” in fact) associated with
neutrino processes, etc., but weak enough that a perturbation-theory approach is
useful. We have discussed this aspect of the coupling in Section 3.5.1 in connection
with soft-photon emission. In fact, treatment of that phenomenon yielded results that
exhibit the characteristic strength of the coupling very clearly. We have seen [see
Equations (3.134), (3.170), (3.190)] that the differential probability for soft-photon
emission (energy within idw) to accompany some process involving a charged
particle is of the form

o) xR,
alny(dw/w) (ER),

dw (3.192)

in the non-relativistic (NR) and extreme-relativistic (ER) limits. Aside from the
factor dw/w and the kinematic factors 8% and In y, the probability is determined
by the dimensionless coupling constant & = e?/hc. The factor o can be considered
the square of a dimensionless charge:

g =e/(hc)'/? = al/?. (3.193)

The probability [Equation (3.192), for example] is the square of an amplitude M
corresponding to some perturbation, in this case associated with a photon-emission
vertex. For a single-photon vertex, the perturbation (interaction Hamiltonian or
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Lagrangian) is proportional to the charge g (or the dimensionless g), and the
probability is

W=IM?xg’=aqa. (3.194)

A general relation can be written down for the total amplitude and probability asso-
ciated with a purely electromagnetic process that can be represented by a collection
of diagrams representing the actions of perturbations and the roles of propagators
(or energy denominators). Let us now consider processes and diagrams that allow
both charged particles and/or photons in intermediate states as well as in initial and
final states; up to now we have regarded the photons to be “real” and occurring
in intermediate states only if they were the same as in initial or final states. That
is, we now consider processes that can correspond to “virtual” photons—photons
that are only part of intermediate states. In this more general classification of elec-
tromagnetic processes the order of the various diagrams can be designated by the
corresponding number of vertices they contain. This designation is sufficient in a
covariant formulation for spin—% charges for which there is only one kind of vertex,
namely that representing the y,, interaction [see Equation (3.105)]. This is the vertex
of Figure 3.2 (or 3.3) with one photon line and two fermion lines, and the strength of
the perturbation is proportional to g (or ¢). In a non-relativistic formulation, there
are two types of vertices (Figures 3.2 and 3.4) associated with the interactions (3.20)
and (3.21), respectively (H q/ and H(;z), as well as the magentic-moment interaction
H l’L given by the form (3.22), but this latter perturbation is usually not important
[see Equation (3.25)]. In fact, as we have seen, for spin-0 charges a covariant for-
mulation also introduces two types of vertices [see Equation (3.73)]. However, for
these cases we find that the two-photon perturbation H(;2 (and its relativistic coun-

terpart) is proportional to g2 or to g2, so it is higher order by the same factor '/
in its amplitude. That is, the two-photon vertex yields a factor ” in the squared
amplitude—Tlike two single-photon vertices.

In classifying the order of a general electromagnetic process, we can say that its
probability is of the form

W xa”, (3.195)
where
n=ny+2ny, (3.196)

being the number (n;) of single-photon vertices plus twice the number (n,) of two-
photon vertices associated with the process. Processes that are complex and require
a larger number of interactions, or vertices in a diagrammatic representation, are
less probable and have smaller rates. Usually the important parameter associated
with some process is a cross section and, if » is its order, the cross section can be
written

o ~a"l?, (3.197)

where [ is some characteristic length. We can think of four such lengths: the
(electron) Compton wavelength (A = h/mc), the de Broglie wavelength (x = //p),



QUANTUM ELECTRODYNAMICS 125

the classical electron radius (ry = e?/mc?), and the Bohr radius (g = h*/me?).
Of these, the only possible candidates for / in Equation (3.197) are A and X if we
are considering free-particle processes,’’ for both ry and ag involve the electronic
charge e and all such dependence should be contained within the factor «”. The
squared ratio (A /1) approaches

B> (NR)

2
WO @Ry

(3.198)
in the non-relativistic and extreme-relativistic limits. The factor g2 and y? are
kinematic in nature and in the intermediate domain where c.m. energies are of
the order mc? the ratio A/X is of order unity. At this “characteristic” energy, the
appropriate choice for / is the constant A, and so the characteristic cross section is
of the order

o~ a"A>. (3.199)

Figure 3.8 exhibits Feynman diagrams for a variety of electromagnetic processes,
with those on each row having the same order and so the same characteristic cross
section. For each process, only one diagram is shown; some processes have a
number of other diagrams that contribute to the total amplitude. The top three rows
exhibit diagrams with only one kind of vertex, corresponding to the charged spin—%
case. In the bottom three rows are diagrams for processes involving spin-0 charges
for which there are two kinds of vertices. For spin-0 charges, there would also be the
diagrams on the top half contributing to the total amplitude for the corresponding
processes. Also, in a non-relativistic formulation, there would be both the single- and
double-photon vertex in a diagrammatic representation—even for spin-% charges.
Finally, it should be noted that, for simplicity, the arrows have been left off the
diagrams in Figure 3.8. It is clear, for example, that a V-like vertex involves
production of a particle-antiparticle pair, etc. The description of the processes
below the diagrams will also clarify the nature of the processes represented. In the
processes (bremsstrahlung, for example) where there is an “extra” photon produced,
the differential cross section will always be proportional to dw/w, as is indicated,
for these cases, in parentheses for the corresponding cross section on the right.

We can be a little more sophisticated in expressing the cross section for an elec-
tromagnetic process. Formally, at least, the origin of the energy dependence of
a cross section can be indicated to give, for an individual process, an expression
modifying the characteristic value (3.199). The energy dependence can come from
three different factors in the cross section. For a process, the product of the cross
section and the incident particle flux (essentially its incident velocity vg) gives the
transition probability per unit time (AW /At). This quantity is, in turn, given by the
square of the matrix element (M ro) for the process times the final state phase space
per unit energy (@ s, see Section 1.3.3). Thus, we write

ovg X |Mf0|2 CDf_ (3200)

37For processes involving bound electrons, ap might be a candidate. In fact, the characteristic cross

section for photoionization is of the order aaé.
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Coulomb Compton pair prod. pair
scatt. scatt. n y—y annihilation
H W X 6 ~ 03 A% (do/w)
Coulomb pair prod. radiative radiative y—y
bremsung. in Coul. field Compton pair prod
» pair prod. in double pair
Yoy scatt Coul. scatt. prod in Y=y
Compton pair prod. pair
scatt. iny=y annihilation
>L< W X > < 6 ~ 03 A2(do/w)
Coulomb pair prod. radiative  radiative y—y
bremsung. in Coul. field Compton pair prod.
>)4< \H/ o~ on2
pair prod. in double pair
Coul. scatt. prod in y—y

Figure 3.8 A collection of diagrams associated with various processes. There are other
diagrams for the particular processes. The top part is for the covariant spin—%
formulation. The bottom diagrams would be for the covariant spin-0 formulation
or a non-relativistic formulation and include the two-photon vertex.

The energy dependence in the cross section for a process is contained in vy, M rg,
and @;. If we express these in dimensionless form by dividing by their values at
the characteristic energy E. ~ mc?, the cross section can be written

o~ a" A7, (3.201)
where

=170 /Bos (3.202)
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with (B = vo/c)
2 = [Mpo(B)) ) |Mpo(ED|. (3.203)
D ;=@ (E)/Ps(E,). (3.204)

The phase-space factor @, always increases with increasing energy; for a single-
particle phase space, @ o« vy and E % in the NR and ER limits, respectively. The
matrix element M yo generally decreases with increasing energy at high energies.
The energy dependence of 7 thus depends on the nature of the process, that is, its
amplitude, number of final-state particles, etc.

3.6.2 Radiative Corrections and Renormalization

In Section 3.1, brief mention was made of the problems encountered in QED when
attempts were made to compute processes higher order in perturbation theory. After
the initial development of QED in 1927, in the early 1930s it was noticed that in
the calculation of perturbation amplitudes to higher order, divergences sometimes
appeared in the theory when summations over intermediate states were performed.
These problems occurred, in particular, when the higher-order amplitude involved
perturbations that could be described in terms of diagrams in which a virtual photon
is “emitted and reabsorbed” by the same charge (in loose terminology). These
“photons” are thus not observed but contribute to the corresponding correction (M)
to the lowest-order amplitude (Mj). Then, for a process in which the final state is
specified, the total amplitude is

M=My+M +--. (3.205)

Here, for each M, the final state is the same, so that the probability for the process
is
W= |My+ M +--- > = |Mo|> + MoM} + MM + - - . (3.206)
The type of amplitudes that would be part of M, can be indicated in terms of
the diagrams®® in Figure 3.9. These are the types®® modifying the lowest-order
amplitude for which M, is part of the total diagram for the complete process. The
characteristic magnitude for each amplitude is determined by ", where ¢ = '/? is
the dimensionless (electron) charge and  is the number of vertices. Moreover, there
is a special terminology for these types of diagram parts, as is indicated. Because
of its role in giving rise to the electron self-energy due to electromagnetic effects,
parts with virtual photons being emitted and reabsorbed before another interaction
(vertex) are called “self-energy parts.” Then there is the “vertex part” of the same
order in e. The “photon self-energy part” has a virtual electron-positron pair bubble;
this type of virtual state is also connected with a phenomenon known as vacuum
polarization. At the bottom of Figure 3.9 are what we shall call “radiative parts.”
These perturbation amplitudes (M, ) are associated with a different process, namely,

3Here we consider only one kind of basic vertex as in the covariant formulation for spin—% charges.

3For a complete process with associated diagrams, there can be other kinds of higher-order diagrams.
For example, in Coulomb scattering (see Figure 3.8), there can be the higher-order amplitude associated
with the exchange of two photons.
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Figure 3.9 Self-energy diagrams.

that in which there is an additional photon in the final state. Thus, they do not
contribute to the total amplitude (3.205), and the associated probability is

W, = |M,|*. (3.207)

We see that, while | Mo|? is of order « (times something from the rest of the diagram),
the lowest-order correction term is of order o?; W, is also of order «2.

When the corrected amplitude M is computed by the standard methods, it is
found, for example, in the integration over the four-dimensional volume d*k’ asso-
ciated with the virtual photon state, that there are divergences. Divergences occur,
in different instances, at both the low and high end of the £’ integration and came to
be called, respectively, the “infrared catastrophe” and the “ultraviolet catastrophe.”
The former is really no catastrophe at all, as first shown by Bloch and Nordsieck in
1937. They explained that for any process where we consider some particular final
state, our ability to observe the details of the process depends on the experimental
energy resolution and detector sensitivities. In particular, if an additional soft photon
is emitted in the process, our measuring apparatus may not be capable of detecting
it. Suppose that the apparatus has a threshold &, so that photons of energy below &,
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cannot be detected. Then, experimentally we are looking at the process without an
extra photon plus the radiative process with an extra photon of any energy less than
&;. The associated probability would be

Eexpl=W+Wr=W0+W1+"'+Wr, (3208)
with Wy = |M0|2 and W, = MoM7{ + MM} from Equation (3.206). If we write
Wexpt = WO(l + E)’ (3209)

we find that the relative correction £ is of order 2> = o and composed of several
parts. In the two terms

E=Wi/Wo+ W,/ W, (3.210)

there is a cancellation of the infrared divergence. This can be shown to order @« when
explicit processes are considered, such as bremsstrahlung or Compton scattering,
and also for a general process.*? That is, if we take &( as the lower limit in the (extra)
photon spectrum in W, and also in the lower limit of the virtual photon spectrum
in the (infrared) divergent part of Wy, we find that both integrals have the same
coefficient except for a sign difference. In W, there is a term of the form In(e,/&¢)
(see Section 3.5) and in W) there is one of the form In(g(/&char), Where &cpar 1S SOMeE
characteristic energy in the problem (such as mc? or some charged particle energy).
The terms have the same coefficient and the sum is then of the form In(g; /ep,:) and
contains no divergence for gy — 0.

The occurrence of infrared divergences is a consequence of the particular math-
ematical formulation of the subject. When the results are expressed in a form more
suited to experience or measurement, the divergence disappears. Not that the soft
photons emitted are unreal; there are an infinite number of infinitesimally soft pho-
tons emitted during, say, the scattering of a charged particle. However, the very
soft photons have no physical effect on the process. In fact, in the case of very soft
photons when the wavelength is very large, there is little distinction between real
and virtual photons. The real photons are eventually reabsorbed someplace and in
that sense are virtual in their temporary existence. Thus, it is understandable that
there is a cancellation of the infrared divergences, their occurrence being simply a
mathematical artifact. In fact, in most problems involving soft photons, it is actu-
ally preferable to treat phenomena by classical electrodynamics, which is a limiting
domain of QED. In the classical theory, the photon concept does not appear and the
mathemtical formulation does not result in an infrared “catastrophe.”

The ultraviolet divergence is a more serious problem in QED and was handled in
calculations of phenomena for the first time in 1947—twenty years after the subject
was originally developed. The first such calculation was by Bethe in an evaluation
of the Lamb shift, and the techniques of the method have been developed fully and
incorporated into modern relativistic QED. The resolution of this type of divergence
problem with the theory is not clean like that for the infrared divergence, and it is
generally regarded as a rather unsatisfactory procedure even though it seems to allow

40See J. M. Jauch and F. Rohrlich, The Theory of Photons and Electrons, 2nd ed., Berlin: Springer-
Verlag, 1976. This book gives an excellent discussion of the divergences in QED and, in particular, of
the infrared divergence.
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accurate higher-order calculations of any observable electromagnetic phenomenon.
In the end, perhaps the ultraviolet divergence will, in some future formulation of
QED, like the infrared problem, be shown to be a mathematical artifact. This has yet
to be achieved, and the present theory still suffers from an uncomfortable subtraction
of infinities.

The method for handling the ultraviolet divergence makes use of renormalization
techniques. This idea, already mentioned in Section 2.6 of the previous chapter
on classical electrodynamics, prescribes that results be expressed in terms of the
observed or phenomenological mass (m) and charge (eg) of the particles involved
in the process. The values m( and ey contain electromagnetic parts (§m and §e)
due to emission and absorption of virtual photons and charged pairs, and these
contributions should, in principle, be capable of computation by the theory. The
problem is that the theory gives infinity for §m and §e when it is applied. However,
when radiative corrections to processes are computed and then formally expressed
in terms of m( and ey, the ultraviolet divergences can be handled by introducing
covariant cutoff or convergence factors, so that the whole computational procedure
is made systematic. In a practical sense, the whole technique seems to work very
well. However, the parameters m( and e, are measured quantities, and the theory
really gives infinity for both when it is applied.

We go no further into this topic. Generally, the coefficients of the higher-order
corrections in «” have numerical values of order unity when the theory is handled
as prescribed above. The nature of the infrared and ultraviolet divergences seem
to be quite different. The former difficulty is completely understood and resolved,
while the latter is handled only with some embarrassment. For a more extensive
discussion, the reader is referred to the standard textbooks on the subject.

3.6.3 Kinematic Invariants

In covariant perturbation theory, the amplitude M ( for a process is itself a Lorentz
invariant, being a function of invariants involving the energies and momenta of
the various particles that are present in the initial and final states. These are the
so-called kinematic invariants constructed from the four-momenta of the incoming
and outgoing particles. In particular, for the case where there are two incoming and
two outgoing particles, certain of these invariants are particularly convenient and
have some physical significance. For the process

a+b— c+d, (3.211)
kinematic invariants can be constructed from the individual four-momenta (p,,), =
(iE/c, p)g, and there are four such quantities. Designating an individual four-
momentum simply as p,, we can express the conservation of four-momentum in
the reaction (3.211) as

4
3 go =0, (3.212)
a=1

if g1 = pa, 92 = Pv, 43 = —Ppe. and g4 = —py.
In addition to the squares of the individual g, [(¢,q.)e = g2 = —m2c*], which
are just constants, six invariants ¢, - gg can be formed from the six combinations of

o and B. These quantities are kinematic invariants, but only two are independent
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because of the four conservation relations (3.212) for each component (u = 0, 1, 2, 3)
of four-momentum. However, instead of the g, - g, it is more convenient to intro-
duce the following three invariants:

s = (g1 +q2)* = (g3 + q4)*,
t=(q1+q3)° = (g2 + qu)’, (3.213)
u=(q+q1)° = (@2 + ¢3)*.

Here the squares represent four-dimensional scalar products and, since, as is easily

seen,
s+t+u=—Y mict (3.214)

only two of the three invariants are independent.

The quantities s, #, and u are what we shall be referring to when we speak
of kinematic invariants. Although only two are independent, it is convenient to
introduce all three. This is because in addition to the process (3.211) for specific
particles a, b, c, and d, there are also reactions involving the corresponding anti-
particles. If, for example, b and c are transferred to the other sides of the arrow
and made to represent their anti-particles (designated by a bar), the reaction is
a+¢ — b +d. In fact, designating the particles by numbers instead of letters, we
can have the following three “channels” for reactions with two incoming and two
outgoing particles*':

142—>34+4 (s),
1+3—>2+4 (1), (3.215)
144342 (u).

The channels are sometimes referred to as the “s”, “t”, and “u” channels, as indicated
above. The reason for this is that s, 7, and u have a very physical significance for
the corresponding channels. They are, for the channels, just minus the total c.m.
energies (divided by ¢?).

In the case of elastic scattering, the expressions for s, ¢, and u are particularly
simple. Then the type of outgoing particle is the same as the incoming ones: m; =
ms3 and my = m4. In terms of c.m. quantities, the g’s are

q1 = (iEl/cv ps)v q2 = (iE2/C’ _ps)7
q3 = _(iE3/C’ P;), q4 = _(iE4/C, _p;)’

where p; and p) (or their negative) refer to the initial and final momenta, respec-
tively. Since the scattering is elastic, |p,| = |p,| = p, and so E; = E; and
E, = E4. The values for the three invariants can then be written

s = —(E1 + Ep)*/c?,
t =2p(1 —cos#by), (3.217)

(3.216)

u=—(Ey — E2)*/¢* +2p}(1 + cos b)),

where 6, is the c.m. scattering angle between p and p.

4IThe reactions can also procede in either direction, these additional processes being simply the time
reverse of the others.
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3.6.4 Crossing Symmetry

The kinematic invariants are particularly useful in connection with a fundamental
property of covariant perturbation theory. Because the amplitude M ¢ introduced
in Equation (3.109) is an invariant, it must be a function of invariants. These
invariants must be associated with the observable characteristics of the process,
that is, with parameters of the initial and final states. For a reaction of the type
(3.211), these would be the invariants s, ¢, and u. More properly, for the case where
the particles have spin, if we are not interested in the spin states of the incoming
and outgoing particles, we should average over initial spin states and sum over final
states. Then the only remaining kinematic parameters for these states are the particle
four-momenta, and the invariant squared amplitude can be written

Y (Mol = £is. 1. (3.218)

all spins

One of the significant and useful features of covariant QED is the basic symmetry
in its formulation in terms of particle and antiparticle states. The unified description
of processes involving, in particular, electrons and positrons has been examined only
in a superficial manner in this chapter. A brief discussion was given in Section 4.2,
indicating how the theory encompasses, in a convenient and simplified way, the
inclusion of positron and pair-production effects in terms of a backward-in-time
description of the antiparticle states. As we have seen, it is useful to speak of
“entry” and “exit” states in evaluating the total amplitude for the process. The
unified treatment is also appropriate in the description of initial and final states for
processes, that is, in the diagrams, for the meaning of “external lines.” In this
formulation, the cases corresponding to an initial-state particle and a final-state
antiparticle are equivalent in that a single expression for an amplitude can refer to
either case. The symmetric covariant theory yields a useful result that allows a
convenient way of obtaining the squared amplitude (3.218), spin-averaged, for any
cross channel (3.215) in terms of that for one of the other channels. That is, as a
result of the unified formulation of the theory, a single function f yields the squared
amplitude for each of the three channels (3.215). The invariants s, ¢, and u will be
different for each channel, but the functional form (f) will be the same. This is
what is known by crossing symmetry.

Figure 3.10 indicates the replacements for s, ¢, and u in channels II and III as
obtained from those for channel I. When an antiparticle is involved, the g, has a
minus sign as a result of the backward-in-time description. Also exhibited in Figure
3.10 are three examples of specific physical processes in the three corresponding
channels. In addition to these, there are the time-reversed processes that have the
same squared amplitude. We see, for example, that the processes of Compton
scattering, pair annihilation into two photons, and pair production in photon-photon
collisions are closely related. Note that, since the photon is identical to its antiparticle
(y = ¥), we do not distinguish the two. In transferring the photon to the opposite
side of the reaction equation (3.211) the processes of absorption and emission are
interchanged. We should also keep in mind that for antiparticles, even though they
are indicated as going backward in time in a diagram, the actual momentum of the
particle is in the opposite direction; in other words, pang-paticle = — Pdiagram- 1N
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Figure 3.10 Channels associated with related processes.

evaluating the kinematics of the process in terms of diagrams and Feynman rules,
the four-momenta are handled as in the diagram.

There are other examples of crossing symmetry besides those associated with
the processes in Figure 3.10. For example, bremsstrahlung and pair production
are related by crossing symmetry (see Figure 3.8). In fact, this was noted already
in 1934 by Bethe and Heitler. Actually, the existence of this type of symmetry is
very general and not restricted to electromagnetic processes. Finally, it should be
mentioned that the physical domains of s, ¢, and u for the three channels of a process
would be different. Mathematically, it is said that the scattering amplitude, being
an analytic function, is “analytically continued” from one domain to another for the
three channels.
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