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Lecture 1

SUMMARY OF BASIC IDEAS IN CLASSICAL ELECTRODYNAMICS

My first lecture will deal with the early development of electro-
magnetism. In later lectures I shall discuss the role of electro-
magnetism in cosmology.

When you look at the history of physics you find that the re-—
lative importance of astronomy has undergone great variation from
time to time. For example, before Newton, astronomy was the most
important branch of physics. However, with Newton came the impor-
tant developments in the laws of motion and laboratory physics.

Still later, toward the end of the lgth century, laboratory phy-
sics attained a dominant role despite important advances in astro-
nomy. The relative importance of laboratory physics has lasted
until recently. However, as you have heard in the other lectures
here, recent developments in astrophysics have brought it once
again to the forefront of physics.

After Newton's law of gravitation

Gmm'

p- (1.1)

received general acceptance, physicists tried to formulate a si-
milar mathematical law for electromagnetism

F=*%2 (L2)

Coulomb's law also seemed to work very well for a while but not
as successfully as Newton's law.. The reason is easy to see. Thg
law of gravitation, although it worked very well, could not be
applied with the same degree of freedom as Coulomb's law. The
smallness of the gravitational constant prevents us from using
laboratory masses in a variety of experiments. Large masses are
only available to us through astronomy where we may observe the
masses but we cannot disturb them. The interaction of isolated
charges is much more easily studied in the laboratory since the
interaction is relatively large. For typical elementary parti-
cles(such as an electron and a proton) the ratio of the electri-

cal to the gravitational force is %1040. When people began to
investigate Coulomb's law in the laboratory they found that it
does not work very well. In particular, the discrepancy from
Coulomb's law arises when the interacting charged particles are
in motion relative to each other. For rapidly moving or oscil-
lating charges,Coulomb's law simply breaks down.

Originally, physicists tried to patch up Coulomb's law by ad-
ding terms depending on the particles' velocity and acceleration,
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but this does not lead to a neat and simple law. Gauss realized
that the problem was in part due to the use of an instantaneous
action between particles. His was the first suggestion that the
velocity of propagation between charged particles might propa-—
gate with the velocity of light. Gauss did not pursue this work
and progress was left to others. Maxwell finally solved the pro-
blem in an altogether different way by introducing the notion of
the electromagnetic field. Thus particles influenced one another
through disturbances in this field. Maxwell also derived the equa~
tion showing that disturbances in the field propagated with the
velocity of light. Maxwell's theory not only led to predictions
in agreement with experiment but also inspired other theoretical
agvances such as the Special Theory of Relativity. Einstein won-—
dered whether the role of velocity of light could be only an "ac-
cident" in Maxwell's theory, OT part of some more general scheme.
In the Special Theory of Relativity it seems very natural that
Maxwell equations are invariant under Lorentz transformations
which preserve the basic nature of the velocity of light.

In the beginning of this century a number of people felt that
Gauss idea of a direct interparticle interaction should be re-
vived. This was done by Schwarzschild (1903), Tetrode (1922) and
Fokker (1929 a, b; 1932) . Basically they suggested that the inter-
action takes place via retarded, rather than instantaneous, in-—
teraction at a distance. Consider the world lines of two parti-—
cles of charges e and e' (Figure 1.1). The old formulation of
instantaneous action would occur along lines AC while the Spe~
cial Theory demanded that the propagation proceeded along DA or
AB. In order to retain the Newtonian concept of action and re-
action we must allow advanced effects along the light cone as
well as retarded effects. 1f the concept of the law of action
and reaction is to be valid then one must allow advanced inter-—
actions to proceed from B to A and A to D. We might ask "Why
not drop the concept of action and reaction?" It turns out that
you cannot formulate a Lagrangian for action at a distance con~
sistent with the ideas of classical physics without the notion
of action and reaction. So, if you want to have retarded action
at a distance you must also have advanced interactions. Now
advanced interactions seem to violate our sense of causality sin-
ce the future will influence the past. Consider the following
typical paradexical situation. In figure 1.2 A and B are separat-
ed by one light hour and operate according to the rules: 1) A
sends a signal to B at 4 p.m. if and only if he does not hear
from B at 4 p.m.; 2) B sends a signal to A at 5 p.m. if and
only if he hears from A at 5 p.m.. What does A do at 4 pem.? If
A sends a signal at 4 p.m. it means he did not receive a signal
from B. Then A's signal would reach B at 5 p.m.. B would in turn
send a signal to A. However, the advanced effect of B's signal
would reach A at &4 p.m. which contradicts the assumption that &
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did not receive a signal at 4 p.m.. If conversely you assume that
A did not send a signal at 4 p.m. you come to the conclusion that
A in fact should have sent a signal at 4 p.m.. We find then that
neither possibility is self consistent. In the 1940's Wheeler and
Feynman addressed themselves to this problem. They suggested that
you can make use of the Fokker, Tetrode and Schwartzschild forma-
lism provided you take into account the rest of the universe. This
is where cosmology first comes into picture. Suppose particle (a)
and particle (b) described by world lines in figure 1.3 are sepa-
rated by a distance r. Then if (a) sends a foreward signal to (b)
it will reach (b) at a time r/c later. The advanced reaction from
(b) will come back along the same path so that (a) will experien-
ce a reaction which is instantaneous with the emission of the sig-
nal regardless of the distance of separation, r. Therefore, we
must include the interaction with all the matter in the universe
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Figure 1.3

and calculate the response on particle (a).

First, I will describe what we expect from the response of the
universe and in later lectures I will describe the detailed calcu-
lations. Normally, the particles radiate both forward and backward
in time i.e. } (Retarded + Advanced) signals. We want the universe
to yield a response which is a § (Retarded - Advanced) signal so
that the sum of the two signals is just the usual retarded signal.
We shall see later that the Wheeler-Feynman analysis gives just
this result in certain cases.

We now present some mathematical relations leading up to the
Wheeler-Feynman result. We start with a review of Hamilton's prin-
ciple of least action.

Classical Action Principle

A free particle of mass m, moving along a path a between two points

fixed at times t and t, possesses an action J, where

12,
J =2 mi(r)de. (non-relativistic) (1.3)
t1
Now Hamilton's principle requires that we choose that path, a(t),
which makes the action stationary

83 = 0. (1.4)
Using the usual Euler-Lagrange variational techniques we obtain
md = 0 (F=5)
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Of course this is Newton's law restated for a free particle.
We use the variational principle because it allows us to treat
more complicated problems in a simpler manner than if treated by
Newton's law. One cannot hope to be like Newton and guess the
right answer!

We can extend the non-relativistic to a relativistic treatment.
The simplest scalar quantity one can associate with a particle's
motion is mda and the action is given by

J =—T/Aa, (1.6)

where da is an element of proper time along the path of the par-

- . i k '| .
ticle defined by da? = n; da"da”, where the a" are the coordina-

k

tes of the particle and U

—2. The speed of light ¢ = 1.
If we again take the variation of the action equal to zero we
obtain the relativistic equation of motion of a free particle,

is the Minkowski metric of signature

dza1
daz2

= 0. [T
We can extend this idea to other branches of physics such as Max-—

well's electrodynamics. Here the simplest action which describes
the equations of motion of both fields and particles is

B T e W ¥
§ —Zmafja s P, Fid s Zaeaff\.ida (1.8)
a

167 ¥

where again the speed of light set equal to one, A, is the four

-~

i
i . =|-A,% v B DAl A LN i f
potential Al A,D |, Flk slkk okAl and ea 1s the charge o

particle (a).

Variation of the action with respect to the world-line of par-
ticle (a) yields the equation of motion
d2al _ Fi dak

m = S
a da? “a’k da

(1.9)

Varying the action with respect to the fields leads to the equa-
tion

Fik,i = i, (1.10)

where

] (x) = Ze[dak 6y (x,A(a))da Cli= 395
~ &/ da
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and ~(a) is a point on the world-line of particle (a). We can compa-
re the action just treated with that given in an action at a distan-—
ce formulation

e 53 i nii: D T ile
] Zmajda ZZeaebf]r)(sAB)nikda da (IvN1E2))
a a<b

Here S;B is the square of the four-distance between point A, on
the world-line of particle (a), and B on the world line of particle
(b). In Minkowski coordinates
s? = (t, -t)?% - (x, - x,)° (1.13)
AB B A B A
The symbol & denotes the usual Dirac delta function. Finally the
double sum does not permit self interactions.

The delta function implies that in order that there be a non-
zero contribution to the integral, Sap 0. Therefore we get inter-

actions between particles (a) and (b) whenever

x| (1.14)

25 = VAR e
SBatibia el T b ik
The two possibilities account for the retarded and advanced inter-
actions. We define the four-potential produced by a particle (a)
at a field point X

Cadigos - giresd k =
Ai (X) = T \(sAx)nikda (1.15)
= x Aga)(ret) + Aga)(adv)
A =i |
and the current by
) e k ' 16
1y AXY = ea[Su(X,A)nikda (1.16)

From these definitions we immediately get

(a) . (a)
Cla, "= 453,

1 1

1 1517
A@1 g (1.17)

i

That is, Maxwell's equations and the gauge condition are identical-

ly satisfied. When we vary the world line of particle (a) in the
action, we obtain
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d2a

. ; k
1 (b)1 da

= E F s 1.18
"a da? bra k da ( )

The particle then moves under the influence of all the other parti-
cles in the universe.
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Lecture 2

THE WHEELER-FEYNMAN ABSORBER THEORY

I will now review the Wheeler-Feynman treatment of action at a
distance electrodynamics. As mentioned in the previous lecture
the particle produces a signal which is the sum of one-half the
retarded and one-half the advanced fields!. We will show that
the contribution of the universe is just one-half the retarded
minus one-half the advanced fZeld of the particle,leaving just
the retarded field of the particle. Moreover the half retarded
minus half advanced effect of the universe is just what is need-
ed to account for radiative damping, an effect which one ordi-
Qarily does not expect from a theory devoid of self-interactions.
Because the expression describing the effect of the absorber
is quite long I present it term by term together with explana-
tion. Since we expect the universe to make a contribution equal
to one-half the retarded minus one-half the advanced field, and
further the source contributes one-half the sum of advanced and
retarded fields, we expect to see the full retarded wave leaving
the source. Therefore I shall use the full retarded wave for the
calculation, and look for a self-consistent solution. For simpli-
city we can imagine the source to be located at the center of a
cavity in the distribution of absorber particles. The absorber
extends outward from a radius R from the source. The calcula-
tion proceeds as follows:
iwt

RS

1) U = er - It represents the acceleration of the source.
We assume a general acceleration can be Fourier analyzed, in
which case this term represents a particular component.

2) -S sin 0 - Here e is the charge of the source particle. The

-
i

angle 0 is the angle between the vector ﬁo and the line joi-
ning the source and a point in the absorber.
The product of 1) and 2) describes the strength of the retarded
field at sufficiently large distances from the source.

3) e’ - This is the phase change of the wave at a radial distan-
ce r from the source.

4) 2¢1L =+ @~ ik)-1 - A factor by which the outgoing disturbance
must be reduced by reflection at the boundary of the absorber
cavity.

1. In the discussion of the action at a distance theory the word
field will continue to be used. It is used for convenience and
does not imply any independent existance of the electromagnetic
disturbance.
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5) elw(n-lk-l)(r—R) — A factor allowing for the change of phase
and amplitudes as the disturbance propagates through the ab-
sorber medium.

The product of the five terms above yields the magnitude of the

electric field

> > @ 2 -iw(t-r) iw(n-ik-1) (r-R)
= -U (= 8 (——— ;
E Uo(r sin )(1+n~1k)e < ; 2.1
This field acts upon the absorber particles setting them in mo-
tion. We turn now to evaluating the response of the absorber to
this field
Kk
6) a—-P(w)E - This term is the ecceleration of the absorber par-
k
ticle to the electric field E. P(w) is the frequency dependen-
ce of the response of the particle. The complex index of re-
fraction n-ik is related to P(w) by the relation

4rie?N s

(n-ik)? = 1 - P(w),

msz
where N is the number of the absorber particles per unit volu-
me.

e ’

7)) E; sin 6 g T o These terms correspond to terms 2) and 3)
above, but are evaluated for the advanced field of the absorber
at the source. The factor sin & arises because we are consider-
ing the resolved part of the absorber field parallel to the
acceleration of the source. ‘

So far we have calculated the field of an absorber particle back

on the source particle. You may ask why I do not put the respecti-

ve index into this part of the calculation. The reason is that we
needed the net field that acted to accelerate the absorber parti-
cles, but now we want to calculate the direct elementary action

of the absorber back on the source and not the net field back on

the source. The product of terms 6) and 7) give the field of a

single absorber particle on the source. Integrating the contri-

bution of all the absorbers acting at the source and parallel to

: > ;
the acceleration UO yields

el e2 (7 Gl
> =9 3 P [P =
R --——Jlr—-li drdodd P(w)N sin de ldtelw(n YR
l+n-1k mk
R/o/o

2 . = -iwt
= = £ 3 9
3 eleO; (2.2)
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We see that all of the terms describing the characteristics of
the universe have cancelled out. We are left with a contribution
of the electric field which is parallel to the acceleration. If
we now note that the Fourier component (-iw) corresponds to dif-
ferentiation, we have for the force acting on the source parti-
cle

=5 2e” du

eR ——3—-'&‘ (2.3)
This is the usual form of the non-relativistic radiation reaction.
There is no net response force in any other direction.

In the calculation just completed we calculated the effect
of the universe at the position of the particle. One can also
calculate the field of the absorber in the neighborhood of the
source. Wheeler and Feynman have done this. When you calculate
this field, you find that the effect of the absorber is a field
which is half of the difference of the retarded and advanced
fields of the particle.

GENERAL METHOD

As we have seen the particular characteristics of the absorber
have dropped out of the final result. This leads us to seek a
more general way to arrive at the same result without going
through all the intermediate details. This method is also found
in Wheeler and Feynman (1945). We consider a completely absor-
bing universe, i.e. there is some boundary beyond which the
field of the particles vanish:

L (b) (b) .
ZZE:(Fret + adv) 0 (outside the absorber) (2.4)

Here F(b)(F ) is the retarded (advanced) field of the bth par—

ticle. Howaver, if the sum vanishes then
(b) (b)
ZFret dna 2 Fadv 0

since there cannot be complete destructive interference between
the outgoing retarded and incoming advanced waves. This implies
that

1 (b) (b) )

QEE:(Fret adv) (outside the absorber) (2.5)
The half retarded minus the half advanced field satisfies the
homogeneous Maxwell equation and, if it is zero everywhere on a

closed boundary, then it must also vanish everywhere inside the
boundary. We can now calculate the force acting on the charge
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n_ mn_n

a". According to Wheeler—-Feynman theory the field acting on a

] }E:(F(b) (b)) (2.6)

2 b ret adv

This can be broken up as follows:

L (b) (b) ¢b) p(a) _ (a) il (6) _ (®)

2 Z(Fret: adv ZF ( ret Z( ret adv)’
b#a

the last term of which vanishes. We are left with

«(B) (F(a) (a)) (2.7

“ret 2" ret adv
b#a =

This means that charge "a" is acted upon by the retarded field of
all the other particles in the universe and its radiation reaction.

TIME SYMMETRY

We started out with a theory which was explicitly time symmetric
but which now, through the radiation reaction force, is no lon-
ger symmetric. It seems that we should be able to reverse the
sign of the time and not affect the universe but we know that
advanced and retarded fields would switch roles. Wheeler and Feyn-—
man (1945) recognized that the arrow of time is selected by the
boundary conditions placed on the absorbing universe. These boun-
dary conditions are thermodynamic in character, connected with
the asymmetry between initial conditions and final conditions.

In obtaining the usual radiation damping we assumed that the par-
ticles of the absorber were at rest before the source is set ip
motion, and move later as a result of absorbtion of energy from
the source. In the time reversed picture the absorber particles
were moving before the source is accelerated in just such a way
as to come to rest and give up their energy to the source parti-
cle. Thermodynamics argues against such an unlikely situation.
Hogarth (1962) examined the effect of cosnology on the Wheeler-—
Feynman theory. He noted that if the universe is expanding the
invariance under t - -t is no longer valid for the expanding
universe becomes a contracting one. This means we must check to
see if the retarded or advanced solutions work in an expanding

or contracting universe. In this way cosmology can lead us to

a particular choice of models.

SELF INTERACTION

I will now turn to a discussion of the solutions of the equation
on the non-relativistic level. The equation of motion in ome di-
mension reduces to

mg = F o+ 28

o (22:8)
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where F is an axternal force. This is the same equation as one ob-
tains from classical field theory. In the case F = 0 it reduces to

de?
G = 8C (2.9)
3
This equation has, as one solution,
X = ext, where A = %97, (2.10)
a2

the classic runaway solution.

Dirac noted an equivalent problem in the relativistic treatment.
Dirac suggested an ingenious way out of this difficulty. He con=
sidered what happens if the particle is acted upon by a delta
function force

ol = 3‘;4'5{=5(c). (2.11)

By applying final boundary conditions, x = const. for t > 0, he
found he must have a pre-acceleration before the pulse hit the
particle as shown in figure 2.1. The time scale over which the
particle suffers a pre-acceleration is very short, of the order

10 e seconds. Dirac attempted to relate the premonitory effects
to light propagation inside the electron. In the Wheeler—Feynman
theory such effects arise from the advanced disturbance of the
universe. One advantage which is present in the Wheeler-Feynman
theory is the impossibility of the runaway solution. If you impo-—
se the solution (2.10) you find that the fields become infinite
in extent, and you can no longer satisfy the condition of comple-
te absorption.

region of
pre-acce|eration region of

constant velocity

Figure 2.1
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Lecture 3

THE RESPONSE OF THE UNIVERSE

This lecture will be concerned with the application of the Wheeler-
Feynman theory to cosmological problems. However, before one can
proceed, there are some technical problems which must be solved.
The flat space action contained the expression 6(53)n,k where s?
i

and Ny refer to flat space. Also, the § - function is the propa-
gator in flat space. It will be necessary to make this expression
generally covariant. I will outline the way this is done while
leaving out the details. The expression G(SZ)nik
Ei ;o Let me explain what this means.We recall that in the pictu-
A'B

re of the worldlines of particles (a) and (b), 5(55)11ik

the space between the points A and B. It has a foot on each end

and must transformas a vector at each end. In the flat space case,
an object which transforms as a vector at one point transforms as
a vector everywhere. But, this 1is not true in curved space. Thus,

is replaced by

spanned

the iA subscript indicates that Ei ; transforms as a vector at
A'B

point A and the iB that it transforms as a vector at point B. We

call such an object a bivector. T

If we consider the point A fixed, then G. . 1is a function of B.

A'B

It behaves like a & - function on the light cone, but it also has

support inside the light cone. The part of G with support inside

the light cone is a result of curved space and is sometimes called

gravitational scattering. It turns out to be not very important in

our calculations as I will show. But it has the basic property that

in curved space light travels not only on the light cone but also

inside of it. Now, what one must do is take a cosmological model

with curved spacetime and work out G. At first sight this appears
to be a complicated problem. However, one may utilize the confor-
mal invariance of this theory to transform to a flat space where
ai FANE 8(s?)n.. . I will describe how this is done.

A'B Bl

Consider the Robertson-Walker line element

ds? = g¢2 - Sz(t)[ 13

+12(de2 + sin?8de?)| . (3.1)
1-kr



Electrodynamics and Cosmology 360

S(t) is the expansion factor, and k is a parameter which takes the
values O, ¥ 1. The line element can be rewritten as

ds? = ezg[df
where p = p(r,t),t = t(r,t) and dp2

()

e _ozdg::], (3.2)
do? + sin20de?.

Expression (3.2) is just a factor 2t multiplying a line element
for flat space. Ignoring this factor you are in flat space where

= 5 -
you can use G = 6(s~)nik. Now, we can make a conformal transforma-

tion to flat space and use the simple flat space form of the Wheeler-
Feynmann theory.

As an example, I will do the case k = 0. The cases k = * 1 can be
done, but they are more complicated. For k = 05 thed (E,2) > CT.,0)
transformation is

't
= s s 0 =T, and eZC = Sz(t).
S(t)

In the Einstein-deSitter model

S(t) = (3%)2/3 - % H2:2, (3

where H is the present value of the Hubble constant. In this case,
both t and t range between 0 and + =. The present time corresponds
to ty= 2/3H; e = 2/H,

In the stecady-state model we have

gteyr=nelifonas =1y (3.4)

HT
In this case t and T range in the intervals - @ < t < o and -® < T < 0
while the present time corresponds to t = 0, or T = - H™!,

Since physical processes are measured relative to the t coordinate,
one does not need to be bothered by the finite range of the T coordi-
nate.

I now wish to consider the redshift phenomena. A retarded wave
in the flat space which is conformal to the model universes we are
considering will have the form exp{-iwe (1-r)}. Since the equations
of electrodynamics are conformally invariant, it will have the same
form in the geometries we are considering when measured relative
to the 1t coordinate. But dt = dt/S(t), so that the wave will appear
redshifted relative to the t coordinate. The observed frequency will
be

W= e (31.5)

I must now repeat the calculation of the response of the universe
which I did in the previous lecture. I will not go through it all
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but will point out where the essential differences arise. In the flat
space case the wave contained a phase factor: exp{iuw (n-ik-1)r}. In
o

the curved space case this must be replaced by:

r
exp[iwo (n - 1k = l)dr}.

e}

The integral appears because the index of refraction is measured
relative to the t coordinate and the frequency changes in the t co-
ordinate system as the wave propagates. We have taken the cavity
radius R which appeared in the earlier calculation to be zero since
we are only interested in the large r part of the integral. The
argument of the exponential contains a real part mofkdr. If we are

going to get a damping over and above the 1/r dependence, it must
come from here. Thus, the condition for a complete absorption of
retarded waves 1is

r
kdr - - as r approaches =,
0

or whatever is the maximum of the r variable in the geometry. A
similar analysis for advanced wave absorption gives

r

kdr -+ +o,
o
We now examine particular universes to see what type of refractive
index we would actually have. First, I consider the case where the
retarded wave is affected by radiative damping. If one is looking
for self-consistent retarded solutions, then the radiative damping
force and the equation of motion are given by @.7) and (2.8). This
leads to a refractive index

y52 7,2 .
(n - ik)2 =1 - 5‘1\—"‘—[1 - e 3 O(M-ﬁ)} (3.6)
muw -~ 3m
(If we were looking for self-consistent advanced waves the X term

would have the opposite sign and things would be worked out in a
similar way). In the steady-state model, N = constant, and if we
recall that w is getting red-shifted to small values, then we find
that k « 1/w, the constant of proportionality being a negative quan-—
tity, and that

kdr'\l_‘ —0. T W o s S

) w w

dr dt dw

This shows that the absorption is complete. For the Einstein-de
Sitter model N « S~ « w?, and we get k ~ .%. The result 1s that
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the integral Jkdr converges and the absorption is not complete.
When the same calculation is carried out for advanced waves, the
result is that the absorption is complete for the Einstein-de Sit-
ter model but not for the steady-state universe. If we recall that
the advanced wave is indefinitely blue shifted in both cases, we
can understand this result by noticing that the particle denmsity
rises in the Einstein-de Sitter model to absorb this energy, but
it remains constant in the steady-state universe. These results,
however, are not as reliable as for the retarded waves since we
are ignoring quantum effects for high frequency waves, but are
valid if quantum cross sections converge at high energies - as
they must do. Figure 3.1 shows the models we have considered.The
case k = +1 is also shown. In this case there are infinite densi-
ty states in both the past and the future which could lead to
complete absorption and the consistency of both advanced and re-
tarded solutions. The table below shows the results for the var-
ious models.

Model Future Past Nature of e.m.
Absorber Absorber wave propagation
Minkowski perfect perfect ambiguous
Einstein-de Sitter imperfect perfect advanced
Closed Friedmann perfect perfect ambiguous
Steady-state perfect imperfect retarded
s
Steady
state N\ Einstein
de Sitter

Y

Closed Friedmann

k=+1)
/ &

o,
-

t

Figure 3.1
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As another mechanism for absorption of the retarded wave we may
consider collisional damping. In this case,for a particle in the
absorber, we have
¥+ ux = £

m
where v is the collision frequency. The radiative damping X term
would also be here, but it is dominated by the ux term for the
small red-shifted frequencies we are considering. If we wish to
consider the absorption of advanced waves, it is not clear what
to do with the sign of the vx term. Its origin is thermodynami-
cal and it is difficult to say whether thermodynamics would go
backward or not. When we work this out for retarded waves, we must
be careful about the w - O limit. If w is very small, then the
wave is damped by collisions before it can set up oscillations.
But,if we take this into account correctly and work everything
out, we get essentially the same result as for the radiative damp-
ing case.
Other types of cosmological models can be considered to see how
far one can go and still get perfect absorption. The flat space
with constant density was a perfect future absorber, but the Ein-
stein-de Sitter model was not. Thus, there should be some cases
in between where the absorption is still perfect. Or, if you want
to bring in creation of matter, you can work out what sorts of
expansion factors will give perfect absorption. If you insist on
solutions to Einstein's equations, the choices are limited. But,
if you do not want to limit yourself, you can consider more gene-

ral models where the expansion factor goes like S(t) » tn, and
the density is not proportional to S(t)_3, but has some dependen-

ce of the type N « t". Hogarth and Davies have looked at some mo-
dels like this one. It turns out that the conditions for perfect
absorption are sensitive to the details of the models. Thus we
see that the large scale nature of the universe bears on the re=
sults of laboratory experiments which measure the electromagnetic
waves from accelerated particles.

We found that the steady-state model satisfies the condition
of perfect absorption of the future waves. There are other models
which do this, and one which has been considered 1s shown in fi-
gure 3.2. It is a steady state in the asymptotic past and future,
and involves matter creation. A random observer in this model would
most likely be at |t[ very large. If he is toward t = +» he is es-
sentially in the steady-state universe which gives consistent re-
tarded waves. His universe would be expanding. An observer toward

L = -=, where the model is contracting, would have consistent ad-
vVanced waves. But, since he uses electromagnetic waves to view
his universe, he would see it as expanding too! To make this more

tertain, one should examine the way thermodynamics goes relative
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S(t)T

Y

Figure 3.2

to the direction of electromagnetic wave propagation. Black body
radiation shows a time asymmetry in the existence of spontaneous
downward transitions. One should try to understand this asymmetry.
To do so, we will need a quantum theory and this will be the topic
of my next lecture. Let me briefly indicate which problems will
arise. In the Maxwell theory, we have both the particle trajecto-
ries and the electromagnetic fields as dynamical variables. The
quantization of the fields leads to the concept of photons and 1s
responsible for the spontaneous downward transitions. However in

the Wheeler-Feynman theory the fields are not separate dynamical
variables to be quantized. Also, the non-local nature of the Wheeler—
Feynman theory could be a source of difficulties. We will face these
problems in the next lecture.
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Lecture 4

QUANTUM FORMULATION

I would like to begin by discussing the ideas of path integration
which were introduced by Feynman in 1948. We will use this method
of quantization in order to avoid the problems which I discussed
at the end of the last lecture.

This method is based on the following expression for the amplitude
G ) that a particle at the space—time point 1 will be found
at the space-time point 2:

K2, 1).= E exp‘}h—s} ., (4.1)

Fq 1
=
where S is the classical action for the system and the sum is ex-
tended over all paths T, ; that connect the point 1 to 2. This 1is
bl

a non-relativistic theory, so we will restrict ourselves to paths
which do not go backward in time. That is, paths such as (a) and
(b) in figure 4.1 are allowed, but not (c¢). What we are saying is
that there is an amplitude exp [}S(Fz l)Ha for the particle to go
from 1 to 2 by the path ', ;. To get the total amplitude for the

transition we must sum the contributions for all the paths. Now,
we must recognize that there are not just a discrete number of
paths but rather a continuum. The sum becomes an integral over
the space of paths which I indicate by -

P :
K(2,1) =f exp 25 pap (4.2)

ot

‘4

Figure 4.1
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Rigorous mathematical treatments of this integral over paths are
still in their early stages, but Feynman showed that the correct
physical answers can be obtained if one is sufficiently clever!

We can now see how the classical prescription §S = 0 arises. In a
macroscopic system, S >>+h, and a small change in the path will
result in a huge change in the phase. For most paths there will

be many others around it with very different phases, and these will
tend to all add up to zero. This will be the case except for those
paths very near the classical path 65 = 0. In this region, the action
is stationary for a small change of path, so these paths make a fini-
te contribution. This idea is due to Dirac originally, and is de-
scribed in great detail by Feynman and Hibbs (1965). Let us consider
the example of a free particle with the action given by (1.3). We
proceed by dividing the space up into small time steps of length

e, with Ne = £ - t_ . We will approximate the path between two neigh-

bouring points 41 and X by a straight line. For a particular
path, we add up the contributions from each little interval to get
N-1 [ x = %l 9
1 -k+1 -k
B E " Z t -t (tk+1_ tk)
k=0 k+1 k
4.3
i a . k8520
1 el ~ Xk
& E m ———
k=0 £

We must sum this over all paths. To do this, we integrate over each
of the points xk(k =1,...., N-1) to generate all paths. Finally, we

will pass to the limit € = O. Thus

tA /.

Y

Figure 4.2 X
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>0

K(2,1)= hmffA"exp——mZ(k“ ‘k)} dy\l (4.4)

-N 5 5 :
The factor A represents the difficulties with the integration
over paths. Feynman showed how to find this factor for various
special cases. For this case it 1is

=3/2

B2 (2nhls)

If we carry out all the integrations and take the limit e+o(N->=),
we get

2 2
3/2 im(x,-%)

m
K(Z’l)_[zmi(tz—tl)] P (et EoaiEG 6y,

(4.5)
= o for t2<t1.
You will recognize this to be the propagator for the Schrodinger
equation, and recall that it satisfies the equation

2m 2 atz

2
[- L —"’—]K(z,n = 5*2,1). (4.6)
The 64(2,1) comes from the discontinuities of K(2,1) at 2 = 1. Thus,
we ended up with the Schrodinger equation rather than having begun
with it, as in the conventional formulations of the quantum thedry.
Now, if I do not know where the particle came from, but I have given

the amplitude w(gl,tl) that the particle is at a point X at time

tl’ I can calculate the amplitude w(gz,tz) that it will be at a
point X, at time t2:

_ 3
A more general situation would be represented by a Lagrangian
I %»mgz - V(x).

The propagator then will give a wave function which satisfies

ﬁz 3
v i = v
P P+ V()Y itr dt . (4.8)



‘
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Now, if we use the principles of quantum mechanics, we can write
down the expression for the transition amplitudes between states
ll’i(l) and v (2)

<Yelv,> =Uﬁf(2)K(2,1)wi(1)d3>_<1d3>_<2

te 18(T5 4 .
- b (2) exp[—h—]u (1)a> 30T (4.9

and for the tran51t10n probability

exp[ {3(r)- S(I‘)}]d x d3\<id3x2d3xzD3I‘D3I" (4.10)

In general, we would like to be able to calculate the transition
probability for a particle (a) under the influence of all the other
particles (b) in the universe. However, we are not interested in
the final states of the particles (b) and will sum over them. These
effects are represented by the influence functional. For a simple
case we have the action divided up in the following way:

S = S()[q(t)] *+ Sg [Q(t)] + Sl[q(t),Q(t)} . (4.11)

S0 is the action for the free particle with coordinates q(t);
SE(Q(t)) is the free action for the particles of coordinates Q(t)
which cause the influence, SI[q(t),Q(t% represents the interaction
between them. We are now interested in calculating the transition
probability between a state wi(qi,ti) and a state wf(qf,tf) regard-

less of what happens to the other particles. Substituting in our

previous expressions we get
P/ P

P(. ) =j[ffj/ af(qf)wf(q%)u.'li(qi)@i(qi) (4.12)
i 1y Ty 2 T 1 3 3 '
X eXP[,r—T{SO(q)-SO(q )}] F(q,q )aqidqidqqufD aDq'""

where q and q' represent paths from q; to g, and the influence

functional F(q,q') is defined as:
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B P

F(q,q") =§:ff exp[f;{sE(Q)-sE(Q')}]

x exp[%{slm,cz)-s][(q',q')}] D o0’ (4.13)

where the sum is over the final states of Q.
This is what we will need for our calculation of the quantum respon-—
se of the universe in various cosmological models.

For the classical case we showed that the effect of all other
particles (b) on the particle (a) is given by the expression (2.7),
where the first term is the normal retarded field and the second
term is the effect of all the advanced fields. I will show that in
the quantum mechanical case the retarded effects of the rest of the
universe give rise to the induced transitions, and the advanced ef-
fects give rise to spontaneous transitions. Classically, a particle
in an energy level above the ground state might stay there forever
since there is no field to induce a transition. However, in our for-
mulation, there are paths to the lower state which must be taken in-
to account. Since the particle changes its energy on these paths, it
is accelerated and the advanced field of the universe responds with
a field at the particle which can be viewed as causing the transition..
One might then ask the question:'"What about spontaneous upward tran-—
sitions?". We will be able to see later why these cannot happen.

Let us now write down the transition probability for a particle to
go from a state m of higher energy to a state n of lower energy. We
make use of our previous results to get

P(mn)=////@n<gf>wn(gpxwm@i>5m<gi'>d3§id3§;d3gfd3§g ; (4.14)

where the a's are particle coordinates and

P ,P
K =II exp;%[So{g(t)}—So{g'(t)il

with

F{a(t),a'(t) }D3§D3§',

Fla(t),a' () 3=] [F®tace),a' 03,
b#a

F(b){é(t),év(t)%%E;[X[f@f(hf)wf(QE)J(b)¢i(éi)@i(Ei)d3éid3§£d32fd3hé’

.

where the sum is over the final states of (b), and

P P
J(b)if j‘ exp&%[%o(b)+SI(§39)"SI(§"E') - So(h{ﬂ

LBbDBb'.
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J

Figure 4.3

We are interested in the same sort of self-consistent calculation
as before so we take the retarded interaction

o (a)
SI(Q,I_)) g ) A2 (@)bdt. (4.15)

+

Since we are interested in the behaviour of particle (a) between

t = o0 and t = T, the integral is over A which is the part of the
world-line of particle (b) that is between the forward light cones
from particle (a) at .t =0 and t = T: It As: at this point that
we must consider the role played by the universe, and the distinc-
tion that it makes between upward and downward transitions. In
order to evaluate F{g(t),g'(t)} we consider a Fourier decomposi-—
tion of the path just as we did in the classical case. As a wave
of frequency w from particle (a) travels into the future in the
expanding universe, it is red-shifted. When it reaches an absor-
ber particle it will cause it to make a transition. We shall as-
sume that an expanding universe is cold in the future. That is,
all of the absorber particles are in their ground states, and the
wave from particle (a) will induce only upward transitions. With
this in mind, the calculation of F{g(c),g‘(t)} is performed by
resolving a(t) and a'(t) into Fourier frequencies. If we assume
perfect absorption in the future, and combine the contributions
from all absorber particles, the parameters of the absorber again
drop out, and we get:
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- il
2
F{a(t), a' (t)} = exp e2 [dQJ kdk Z [ fa(J)' é) X
0 =1, 0 2

47 1r j=1,2
T
x exp(-ik-a + ikt)dt j’ (gij)- a') exp{ilc-a’ = ike")de" -
o
AE t
—‘[ (giJz é) exp(-ik-a - ikt)dt j.(EiJzé) exp(ik-a + ik;)dg =
o o
T t
-[ (EIEJ)' a') exp(-ik-a' + ikt)dt f(gf)- a') exp(ik-a' -
o )
- ike)de

b

(4.16)

where[dn is the solid angle summation of the type I did in the
classical calculation. The géJ) are the polarization vectors
of the k Fourier component of the field. Note that the expres-
sion is not symmetric in k and -k. When it is substituted
back into the rest of the expression for P(m»n), it gives the
correct downward spontaneous transitions and no spontaneous up--
ward transitions.

We will now consider an actual cosmological model. As we
have seen, the only requirements are that the universe should
be perfectly absorbing in the future, and that it should have
a cold environment in the future. We have seen classically
that the steady-state model meets these requirements. The num-
bers which follow refer to this model. One should not WOrry too
much exactly what Hubble constant or particle density I put ing
it won't make much difference. Collisional damping has been

taken as a typical absorbing process. The collisional frequency
for ionized hydrogen is given by

2 2,52
veff = 27Nv(e /mv ) ln(mvz/hno (4..07)
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2 =29 3
If we take p = 3H /476G to be ~ 4x 10 gm/cm , then N n

) 3 ,
v 2 x 10 © atoms/cm . The average electron velocity v/c should
be ©1/300. w is the frequency of the wave when it is absorbed.
We will anticipate the result and take i >> v 5 in which case
e

; : 2. 2 -
the attenuation factor is &~ (2wNe /mw )v e The attenuation
e

over a range O < r < R is

2
ATNE. Vot 3 ds
e
efp| = ——=— j == (4.18)
mk (1-Hr)

where we have ignored the dependence of Vogg ON W The factor

(1-Hr) is a redshift factor similar to those that appeared in
the classical calculation, and k is the frequency which appeared
in our previous expression for the influence functional and arose

from a transition E., - Ef = E, + hk. We are measuring this fre-
i i

quency with respect to the time of the conformal space, so the
proper frequency is redshifted:

w = (1 - Hr)k (4.19)
Appreciable absorption from the integral requires that
2
2 N
(1= Hr) ‘= 2n2e v £f (4.20)
mkH ¢

or, from (4.19)

2
2 27nNe
e L 4.21
Y mH veff ( )

If we solve this equation along with our other equation between
=] -10 =1 :
f we get y v 10 sec and Veff ~v 10 seci iz ajustis

fying the ¢ >> v £f assumption. These are just some numbers to
e

w and v
e

show where the absorption is taking place. If the frequency

« ; > 6 1 Ny 3 .
emitted in the laboratory is > 10 sec ~, the radiation is first
redshifted until it is below that critical frequency, and is then

28 . .
absorbed over a distance of 10 cm. If it is emitted at < 10
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sec : it is absorbed right away.
I will conclude this lecture with a discussion of what is
meant by the concept of a photon in the Wheeler—Feynman theory.
You will recall that the photon normally comes from quantizing
the free Maxwell field. In the Wheeler-Feynman theory, there
is no electromagnetic field to quantize, so one would expect
there to be no such thing as a photon. One can introduce the
concept of a photon in a straight forward way having obtained
the transition probability formula. You are used to talking
about the photon as a solution of the source-free equations.
In practice, a photon is always emitted somewhere and absorbed
somewhere else. The source of a photon is a particle in an
upper energy state. As we have seen, the universe offers a cold
environment and the particle tends to jump to a lower state and
lose some energy. We can take that spontaneous downward transi-—
tions as a unit and speak in the following way. For Em > En,
we can always write
PLE =2 F)
m e A mi el
P(E +E) n
n m

(4.22)

and call n the number of photons of energy Em = En present. We
are able to do this because of the asymmetry between upward and
downward transitions which, as we have seen, 1s due to the asym-—
metry between future and past of the universe.
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Lecture 5

WHEELER-FEYNMAN WITHOUT WHEELER-FEYNMAN

I now wish to continue the discussion of the Quantum
aspects of the Wheeler-Feynman theory. Whenever I talk to
Professor Wheeler about the Wheeler-Feynman theory he says
that his view is like that of a converted alcoholic who started
out pro action at a distance but realized the errors of his
ways and is now strongly pro local field theory. Professor
Feynman's view is that it is something that ought to be done,
but he is not going to do it. Hence Wheeler-Feynman without
Wheeler—-Feynman. i
" In the last lecture I discussed the non-relativistic treat-
ment of Wheeler—-Feynman theory and showed how the universe
played a role in atomic transitions. In this lecture I will
discuss the treatment of relativistic electrons. The first
difficulty we run into is writing down the path integral
formulation of spin } particles. There is presently no path
integral formulation for spin } particles which fits into the
Wheeler-Feynman description. As Professor Hoyle will discuss
this topic in his lectures, I will just treat it briefly.

Consider a relativistic, spin } particle going from point
1 to point 2. Feynman has considered this problem non-
relativistically. He has shown that the probability amplitude
of a particle going from 1 to 2 can be understood as a product
of a chain of propagators between the point 1 and 2. If
K(i, i + 1) represents the propagator between two neighboring
points i, i + 1, then the probability amplitude for the parti-
cle going from 1 to 2 is

N-1
Probability Amplitude (1 - 2) = | | K(i, i+1) A. (51
51

: ; : : 3 :
Here A is a factor of dimensionality (length) put in to recon-
cile the dimensionless probability amplitude and the propagator

whose dimensionality is (1ength)—3. We let N » = and the prob-
ability amplitude is the equivalent to that defined by the sum
over paths. Feynman applied this procedure to relativistic
particles by using the propagator, K, appropriate to the Dirac
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equation. He used a propagator which was zero for motion into
the past and non-zero for motion into the future. The diffi-
culty with this approach is ‘the same one which occurs for the
Dirac equation, namely the existence of negative energy states.
In the non-relativistic approach one need only consider posi-
tive energy solutions propagating forward in time, while in
the Dirac theory both positive and negative solutions propa-
gate forward in time. To get around this difficulty it is
necessary to postulate a sea of electrons which fill the neg-
ative energy states.

Relativistic Electrons

I will now discuss a somewhat different approach to the
problem. Feynman's treatment, with the filled sea of nega-
tive energy states is intrinsically a many body problem. To
avoid this problem we use another idea of Feynman, treating the
negative energy solutions as going backwards in time, or posi-
trons.

From the Dirac equation

(Y + im)y = 0 (5.2)

one gets an equation for the propagator
4
(. + im)K (2, 1) = §,(2, 1). (5.3)
2 o 4

The solutions for the propagators are

+ -
R = ke, = ) ; U (2) U_(1) (5.42)

el
I

-o(t, - t,) Z U () U_(1) (5.4b)
1

Here O(x) is the Heaviside function 0(x) = 1 for x > 0,0(x) =
= 0 for x < 0; U are just the free particle solutions of the
n

Dirac equation. We see that K 1is just the time reversed sol-
o

+ ks . . ~ . .
ution of K . Thus K describes propagation forward in time and
o o

K is used to describe those paths which propagate backwards in
o

time. Thus we can define the probability amplitude for a path
going forward in time as
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i

t=0
(@ (b)
t=T ﬂ N
t=0
©)
Figure 5.1
N-1
PO =TT 4 K Gy 14D (5.5)
21 i<1 i e 7
1:

+
where I'" represents paths going forward (backward) in time.
; .
Thus, electron wavefunctions are built up of T paths and of

positron wavefunctions of T paths.

We now come to the more complicated case where an external
potential can cause reversals in the paths of the particle.
Consider the motion in a time slab between t = O and t = T.
Looking at Fig. 5.1 you can see the various probabilities that
must be computed for zero, one and two interactions of the eleécs
tron field. 1In order to calculate the wavefunction at time T
from that at time t = O we must take into account the various
Possibilities in calculating the propagator. If the propagator

. A
from t =0 to t =T is K (2, 1) we have
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KA(2, I): = K (25 1= ie.f K (2, 3) K (3 1)d3x TR (5.6)

+ + + 7 3

Here the first term describes a path which goes through
without interacting with the electromagnetic field, and the
second term describes a single interaction. As seen from Fig.
5.1(b) we have two possibilities: the particle can propagate
forward, or can scatter off the external field and travel back-—
ward in time. So K+ must include the two possibilities
K (2, 1) = 2: U (2) U (1) A
+ Eog B n 2 1
n
(5.7)

- v T e, <t
E <O
n

which you recognize as the Feynman propagator for electrons
and positrons.

These possibilities describe whether the electron has
scattered off the external field and remains an electron or
if the situation is one of pair annihilation. Of course, the
description can be carried out to higher order of scattering

C)) (b)

Figure 5.2
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) @ (b) -
Figure 5.3
with the external field. You should note that K+ contains
§ +
very neatly the positive energy states propagated by Ko and
the negative states propagated by K . It must be used each
)

time there is a possibility of scattering of the electron.

Closed Loops

Consider the case where an electron goes from point 1 to
point 3, and another electron goes from point 4 to point 2
as in Fig. 5.2(a). Antisymmetrization requires that the am-
plitude represented by 5.2(b) must also be included and sub-
tracted from the amplitude represented by 5.2(a). The two
diagrams (a) and (b) together represent, of course, the case
of two incoming electrons at t =0 and two outgoing electrons
at t = T with no interactions.

Now consider the case of a particle which comes in at point
1, leaves at point 2 and the external field scatters twice.
In Fig. 5.3(a) we represent the particle being scattered twice
by the external potential. If we apply the same principle as
in Fig. 5.2(a) and (b) to Fig. 5.3 we are lead to the closed
loops represented in 5.3(b). These closed loops must occur
in all orders of the perturbation expansion since you can allow
for more time reversals of the electron paths and you get
correspondingly more loops.

I would now like to consider the question of self-interaction.
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(2 (1) o

Figure 5.4

We saw that there was no self-action in the classical Wheeler-
Feynman theory and we would like to see to what extent this ig
true in the relativistic quantum theory. An interaction be-
tween two worldlines is drawn in Fig. 5.4(a). The relativistic
theory allows worldlines which go backwards so we might expect
that the picture in Fig. 5.4(b) would also be possible. lioy-
ever, this represents self-interaction and we might want to
eliminate it. Experimentally we cannot determine if such an
interaction has taken place, so we have no reason to elimin-
ate the possibility. If we are going to include graphs of
that type, then ones of the type in Fig. 5.4(c) should be
Possible also.

In the classical theory all paths are time-like and we would

not get a contribution because the s2 in the é-function would
never be zero. An exception to this would arise if the pointsg
1 and 2 coincide. This problem is removed in the quantum
theory by putting in a requirement which does not allow the
two points to coincide.

I turn now to the relativistic quantized Wheeler-Feynman
theory. The interaction is now written

2 i
R = - % Z Z eaeb (S(qAB)daidb (')_le)
a b
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- 2
R is what we have previously called SI and q AB was
2 . ; >
Syn The restriction a # b has been dropped. I will look
at these terms later; they are important only in discussing
self-interaction. We will consider a time slab t = 0 to t =T
which we would like to detach from the rest of the universe

t <0and t > T. I will now write the interaction as

i 2 i
- Z ey jBida -4 aZ: ; eaeb j[ G(qAB)da dbi (5.9a)

a

where the first term represents contributions from outside the
slab and the second term is the contribution from inside the
slab. The potential B, will have two parts, B, (t < 0) and

i i

B.(t > T) arising from contributions before and after the
i

slab respectively.

My aim is to determine what the universe must do in order
to give results consistent with local experiments.

First, look at the classical case. The potential produced
by particle b is

i(b) i Drglad !
A (8 =%, j.é(qXB)db (5.10)

The total potential whieh acts on the particle a is

A @'Y P
(a) b#
a

i

i
%[A(a) X) + & <X)] (5.11)
ret dv

a

The classical action can then be rewritten as

i i i
- Z ea[Bt>T da, - 3 Z eaf[A(a) + A(a) ]dai (5.9b)
ret adv.

a
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i
The Bt<opart has not been included because I am only inter-—

ested in considering the contributions which might lead to spon-
taneous transitions.

If there is complete absorption in the future, then the action
would become

B it (| €a) _ i(a)
Z ea[ A(a) * 2[Aret Aadv] dai

What we can do is subtract this from our action and require
that the difference be zero. The result is that we must have

: (a) _ ()
01 E [0 a0 | |

ret adv

w
y—t
12
~—

For the quantum mechanical case we must multiply the action
by i/tr and exponentiate it, and, if you recall the form of a
transition probability, then you will see that the expression

—Zeaf

a

%[Ai + Ai ] + Bi(t>T)
(a)ret (a)adv

—f; %[A'(i + A'i ]+ B'i(t>T)
a)ret (a)adv

will appear in the exponent. The primes indicate conjugate
paths and the sum is over all a. We must now lay down a
condition corresponding to the perfect absorption condition
that will give us the right kind of QED and that will reduce

to the classical result when t+0. The result is that we must
have

Bi(t>T) = B’i(t>T) = % Z[Afb) = A(b) ]-ﬁ- % Z[A; =
ret-

7
b ret+ adv+

e } :
1
adv- (5.13)
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where the + and - indicate the positive and negative frequency
parts respectively. This expression is relativistically in-
variant. In the classical theory, there is a unique path and
the conjugate path is thus equal to the path. In this case,
the above expression for Bi(t>T) reduces to the classical con-—

dition. This expression for B, (t>T) leads to the influence
. i
functional

2 2 i 2 i
L a1 5% s ' = !
F(a, a') exp ( ie_ ff <S+(qA,A)daida [j 8§ _(q ,)daida
t

>t > A
Yy Lk,

2 | 2 1.8
S | . + 3 da' 1 =
2jfé+(qAA)da dai %II 6—(qA'A') a''da',
e
= exp %Idﬂf exp 1k(t - tA') +
41
+ i_k.'(EAv = % )}da da! +II exp[ik(t[\ = tA) 3

t>t

+ ik- (x~ =RX ):lda da j[ exp[ik(tA, - tA') +

,
+ ik (%, zA,>}da' aa; (5.14)

which is equal to the corresponding expression for the non-
relativistic case. This gives the interaction of a single
worldline with the rest of the universe. It would be appli-
cable for the calculation of processes such as pair creation
or annihilation. For the interaction of two particles we
require the influence functional
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F(a; bs a's b') = exp ieaeb I:ff 6+(q§ B)
'dbi - ) 2 )d db + 8 )
A ~(ap,.0da; (qB A

| 5 >
B CA he Ui

i 2
daldbi -fj 8 _(q AB,)da db' —ff § (q )da db i

t >t
A B'

. e e
o o ., a b 5 N
f/é (qA B’)daidb exp ) > /dﬂjkdk 1/[ exp[ LkItA
m

- tB + il_(_-(x da db f[ exp 1k|t - tB'l + il (XA'-XB,)]
da'db'i = exp|ik(t - t_ ) + ik-(x_,- x )|da db'i -
i A B' =: "=pt =N 1 i
: ; i
"f[ exp[lk(tB- tA') + ik- (5A,— 53)}daidb (5..15)

This expression contains the information necessary for calculating
many processes in electrodynamics including scattering and energy
level shifts. One should note that it is given as an exponential
in closed form. In principle, one could work out the answers for
various processes in closed form. In practice, we expand the ex-
ponential and this leads to the standard perturbation expansion.
We can now consider any model of the universe and check in detail

s . s oo 316 1 5
whether it satisfies the condition on B (t>T) that we have derived.
The necessary condition for this to work is first of all that the
classical theory should work and second that the model should
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provide a cold environment in the future.

I would now like to return to the discussion of the self-
interaction problem. We saw before that in a self energy graph
we did not want the points 1 and 2 to get too close together.

A close look at this condition reveals that we must know what
shape the worldline takes in the quantum sense. It turns out
that the line is not smooth but is made up of small null steps.
This comes from the fact that we wrote K(2, 1) as a product of
propagators for very short steps, and that for short steps the
main contribution to such a propagator comes from null direc-
tions. So, we must decide how small we will allow the steps
to get. We can get a finite answer for ém/m if we do not
allow the step size to go to zero. If we take the size equal
to the gravitational radius of the electron we get a result
like Prof. Salam showed. Similar ideas apply to the calcula-
tion of closed loops.

In their book, Feynman and Hibbs (1965) showed in a problem
that for an electron in one space and one time dimension, the
Dirac equation comes out of the following consideration. The
electron is assumed to do a random walk with velocity plus or

minus c. The amplitude for a particular path is (ime)R, where
R is the number of velocity reversals or corners in the path.
If N(R) . is the number of paths with R corners, the propagator
is proportional to

Y (ime)® N(R)

and leads to the Dirac equation when € »+ 0. One wonders what
sort of magic leads to this result. Dr. Hoyle will talk more
about the role of the mass as a scatterer.

This result, along with the considerations that arose in the
self energy problem,suggeststhose problems should be looked into
more carefully. We saw that in the interaction part of the

: 2 ; 2
action a §(q ) was converted into a 6+(q ) by the response of

the universe. One wonders whether the universe plays some role

=

: . * .

in converting the K~ propagators that we began with to the K+
o

propagator.
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