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Radiation and Radiation-Backreaction

The electromagnetic fields of charged point-particles
according to Maxwell’s electrodynamics, and
the radiation-backreaction
according to the theory of Abraham and Lorentz

Abstract

The four propagators of the classical electromagnetic field are
derived. On this basis, in section 2 the Lienard-Wiechert potentials
are computed, and from these again the retarded and advanced
fields are derived, which are radiated by point-particle charges. The
properties of these fields are investigated, and Larmor’s radiation
law is computed. In section 3, radiation-backreaction is considered
from the point of view of energy conservation. Subsequently the
same quantity is derived again in the last section, based on the
classical model of an extended electron, which has been proposed
by Abraham and Lorentz.
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1. Propagators

The Lagrangian of the classical electromagnetic field is [1, (4.121)]

1
E - —j'uAM — TMO FO—TFUT (1)

F,r =dsAr —d; A, , (AF)=(P/c, A).

By variation of the Lagrangian with respect to the field component
A, one gets the field equation [1, (4.126)]

oL oL
= dV —
0 o(d,A,) 04,
— L avar - qeary e )
Ho
By means of the
Lorentz gauge: d,A” =0 (3)

the field equation simplifies to
O0A(z) = d,d"A¥(z) = pog*(x) . (4)

According to Huygens’ principle, the field A(z) can be considered
as the superposition of waves, which propagate from the sources
toj(y) to the space-time point x, and there superpose to a field
with the components

(@)= [d'y D (2,) gor o™ () )

The Greens-function D(z,y), which has 4 x 4 space-time com-
ponents, often is called the propagator of the field A(z). (5) is
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inserted into the field-equation (4):

DA (z / d*y OD* (2,y) gor p10j" (y) =

= 1104 ( /d4y5 (= Y) " gor 103" (y)
—
g°r
= 0D (z,y) = g6 (z —y) (6)

Note, that the operator [1 = d,d” acts only onto the space-time
coordinate x, but not onto the space-time coordinate y. The
propagator’s dimension is

1

e 7
length? Q

(e, )] =
If the considered system is invariant under translations in space
and time, then D??(z,y) depends only on the difference (x — y).
Then the Fourier-transformations

4 ~
D7 (@ —y) = [ D) expl—iblz =9} (5

4
3 =) = [ Gz expl{—ik(e —1)) (8h)

can be performed. Thus one gets in the four-dimensional space of
the wavenumbers k the equation

Dﬁpa(kr) = —/<:25""(k) =g
i

[)pa(k) = =

, [f)ﬂ“(k)} = length? . (9)
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Backtransformation to time-position space results into

4 I
D (x —y) = —/((217:;4 g]; exp{—ik(z —y)}

T / (;k;s 9" explik(x —y)} - F (10a)
P / FdkO exp{— zcko(tk:—2 ty)} (10b)
tE:EO/C , ty=1y"/c. (10c)

F' has two poles, because “on mass-shell”
k2 = (K92 —k? = (K + w/e)(K° —w/c) = 0 (11)
w=+cVk?®>0.

We stipulate that w/c shall always be interpreted as the positive
root of k2, i.e. that a negative value shall be written as —w/c < 0.
But in (10b), kY is not fixed to mass-shell. Instead, being the
variable of integration, it assumes — independent of k — all values
in the interval —oo < kY < 400. To avoid the divergence of the
integral F' at the two poles (11), infinitesimal small terms +ie
with 0 < € € R are inserted into the denominator. There are four
different alternatives to do this:

+oo
dk? exp{—ick®(t —t,)}
F. =1 — i 12
S0 ) on (KO 4 w/c+i€e) (kY — w/c+ ie) (12a)
F, = lim fare exp{—ick(t —1y)} (12b)
© TS0 ) 2m (K04 w/c—ie) (k0 —w/c — ie)
—o0
Ak —ickO(t — t
Fr = lim exp{—ick (£ =)} (12¢)

0 ) 2 (K9+w/c—ie) (kO —w/c+ie)
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+0o0
dk? —ickO(t —t
Fy=lim [ &5 exp{—ick (t—ty)} (12d)
e—0 ) 2m (KY+w/c+ie)(k® —w/c— ie)
—00

* F,. has poles at k¥ = —w/c — ic and at k* = +w/c —ie. This
shift of poles results into the retarded propagator.

* F, has poles at k* = —w/c +ie and at k° = +w/c + ie. This
shift of poles results into the advanced propagator.

* F} has poles at k¥ = —w/c+ie and at k° = +w/c—ie. This shift
of poles, which is depicted in figure 1, results into the Feynman-
propagator.

* F,¢ has poles at k% = —w/c —ie and at k° = +w/c + ie. This
shift of poles results into a propagator, for which no common
name exists in the literature. We will call it anti-Feynman-
propagator.

Dependent on the value of ¢t — t,, the integrals (12) can be closed
— as sketched in figure 1 — in the upper or lower complex plane.
The values of the integrals are not changed, because for very large
|k%| their value is negligible due to the (k°)? in the denominator.

Tm (k°) Im (k)
ath 2

. Re(w) O

> > >

L]
w/c—ie

Fig.1: Integration paths (blue) and poles (red)
for the Feynman-propagator
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And due to the factor exp{—ick?(t — t,)} in the numerator, the
integrals along the lower half circle (path 1) are negligible for very
large negative imaginary parts of k° in case of ¢t > ¢,. On the other
hand, in case of ¢ < t, the integrals along the upper half circle
(path 2) are negligible for very large positive imaginary parts of kY.
Applying Cauchy’s integral theorem and the residue theorem', the
integrals along the closed paths 1 and 2 can be solved. By means
of the step function

Lift > t,

13
0ift <t, (13)

ot —ty) = {

the results can be clearly represented. No Greens-function is defined
for t =t,.

F, =iO(t — ty)(CXp{i;EjC f)b | eXp{—_i;iEt/C— ty)}) (14a)
exp{+iw(t —t,)} exp{—iw(t —t,)}
—2w/c +2w/c

exp{+iw(t —t,)}

—2w/c

Fo = i0(t, — t)( ) (14b)

Fy = 'i@(flj —t)

exp{—iw(t —t,)}

+i0(t - 1) S (14c)
Fy=iO(t — t,) eXp{T;i(}jC )}
1io(t, — ) SPERE )] gy

+2w/c

The colors are indicating, that only four of the eight terms are
different. With (10a) therefore the following relation holds for

L A short explication of these valuable mathematical tools, which is tailored
to the particular needs of physicists, can be found in [2].
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the retarded propagator Df?(x — y), the advanced propagator
D??(z — y), the Feynman-propagator Df’(z — y), and the anti-
Feynman-propagator D7 (z — y):

D?? + DF? = D + DY (15)

We now are going to compute a generic propagator D7 (z — y)
by means of

exp{saiw(t —ty)}

F,=1 — 1
. 2@(31(15 ty)) e (16)
Sp=+lor —1 |, n=123.
The generic propagator is
D (z —y) (102) paZ@(Sl(t _ ty))
s Y= T8 T ea(2n)3
-/dk: exp{ik(@ — y)} eXp{SQZ‘J/(i —WE gy

Once we have found this propagator, the four propagators for which
we are looking can easily be constructed by inserting the actual
values of sy, s9, s3 according to (14).

The computation of the integral (17) is demonstrated in [3,
chap. 20]. We define spherical coordinates in wavenumber-space
with azimuthal angle ¢, polar angle 1, and radial coordinate w/c =
|k|:

2

! ZT :/(?c;smﬁz/dkz (18)
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We choose the k3-axis of the spherical coordinates parallel to (x—y).

Thus
(x—y)k= R cosv
c

R=|z—y|

(19)

holds. These definitions are inserted into the generic propagator

(17). Integration over ¢ gives 2m. Thus we get

i0(s1(t—1,)) |

DY (@ y) = —¢°

832(27‘()2
T dw w? exp{sa2iw(t —t,)}
== K
c c w/c

w=0

K = /d19 sin 9 eXp{iR% cos} .
=0

For the computation of K, we substitute
i —iRw/c T
uEiRE cos? £/du: /dﬁsinﬁ
c Rw
+iRw/c =0
and get

—iRw/c

K= % /du exp{u}
+iRw/c
= % (exp{—iRw/C} — exp{—i—iRw/c}) .

(20)

(21)
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Thereby the generic propagator becomes

pa@(:ﬂ(t - ty)) 7dw (

PO (4 — a) —
D (x =y) =+g $32(27)?Re

w=0

exp{+iw(sat — saty — R/c)} — exp{+iw(sat — saty + R/c)}) :

By means of this formula, the four propagators can immediately
be constructed due to comparison of (16) with (14a) to (14d):

oft—t,) [
po o — po Y
D (z —y) =+g 2(27)2Re _/0 dw(

exp{+iw(t —ty, — R/c)} — exp{+iw(t —t, + R/c)}
— exp{+iw(ty — t = R/c)} + exp{+iw(ty — t + R/e)}) (23a)

o a@(ty — t) r
Dy (z—y) =—g¢" Mw/odw(
exp{+iw(t —t, — R/c)} — exp{+iw(t — ty, + R/c)}
— exp{+iw(ty — t — R/c)} + exp{+iw(ty —t+ R/c)})  (23b)

D (z —y) = +g" 27r 2Rc /d
exp{+iw(t —t, — R/c)} — exp{+iw(t —t, + R/c)})
,Ot—t,) |
9 ek /Odw(

exp{+iw(ty — t — R/e)} — exp{+iw(ty —t+ R/c)})  (23¢c)
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DQ?(x—y)erg"" QRC /d
exp{-+iw(t — t, — R/c)} — exp{+iw(t — t, + R/c)})
+ gf’”m Zdw (
exp{+iw(t, —w ;— R/c)} — exp{+iw(ty —t+ R/e)})  (23d)

For half of the terms we used the fact, that the sign of k in the
exponent of (10a) may be inverted, because the integration is
running symmetrically over all positive and negative wavenumbers
k.

Two terms +exp{...} and —exp{...} each in the retarded and
in the advanced propagator can be combined due to extension of
the integration range from 0 — 400 to —oo — +00. Thereby the
delta-functions

/ dw exp{iw(t — t, — R/c)} = 2n6(t —t, — R/c)  (24a)

/ dw exp{iw(t — t, + R/c)} = 2r6(t — t, + R/c)  (24b)

become visible. Thus one gets the following retarded and advanced
propagators:

DF (z — y) = +W (6t =ty — Rfe) = 8(t — t, + R/c))
(25a)
DF (z —y) = —% (8t =ty = R/c) = 6(t — t, + R/c))

(25b)
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As R/c > 0 always holds, the second delta-function in D, and the
first delta-function in D, are always zero due to the step functions,
and therefore may be skipped. As we exclude R = 0, the remaining
delta-functions enforce t > t, in D, and t < t, in D,. Therefore
the step functions may be skipped as well:

PO

IW%m—y):+qiRcﬂt—Qf—Rk) (26a)
yed

Dfﬂx—y):+qiRC&t—ty+fU@ (26b)

An explicitly covariant formulation of these propagators, in which
only the four-vector x — y shows up, but not it’s space components
R, will turn out useful in the sequel. To derive that formulation,
we invert in (25) the signs of the effectless delta-functions.

_ +g”"@(t —ty)

DF? (z — ) e (8t 1, = R/c) + 6(t — t, + R/c))
(27a)
Df@—w:+¢%§%jﬂ@@—@—RﬁHﬁ@—@+RﬁD

(27b)

Now the retarded and the advanced propagator differ by nothing
than the step function. We make use of the formula

5(f(0)) -3 5(3;“") with f(a) =0, S| 20 (28)
' |da

da a;

fla) = (a+ai)(a—a;) = a’ —a?
d(a—a;) +6(a+ a;)
‘2@1" ’

—  §(a*—d?) =




12 RADIATION AND RADIATION-BACKREACTION

insert a =t —t, and a; = R/c, and get

5(t —t, — Rje) + 6(t —t, + R/c)
( 2;/6 +5/9) = o((t—1,)? - R%/c?) .

(29)

Using c¢?(t — t,)? — R? = 2% — y? and §(bz) = §(z)/|b|, we get the
formulation

Dp(e —y) = L0 50 yp2) (300)
e~y = O (@) (30w

which is equivalent to (26). The step function ©(t — t,) does
not compromise the covariance of this formulation, because the
combined delta-functions and step functions enforce that y is on the
backwards-lightcone of x in case of the retarded propagator, and
on the forward-lightcone of = in case of the advanced propagator.
If this holds true in one coordinate system, then it will hold true
in any other coordinate system which can be reached from the first
system by a proper Lorentztransformation. Thus in the context of
(30) the step functions may be regarded as Lorentz-scalars.

In the Feynman-propagator and in the anti-Feynman-propagator
there are no delta-functions. Instead they are usually quoted in
the formulations (10a+12) or (23). For later reference, we here
compile a list of the four propagators:

(26) g"7
144 _ —_ _ _
D (z —vy) o é(t—t,— R/c) (31a)
(30) g77O(t — ty) 2
R L CRd (310)
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po
D (z —y)( 2 gR 5(t —t, + R/c) (31¢)
(30) gp @ ( )
(31d)
- (10a),(14) e [ 4K
D? (.’E _y) = _’Lgp /(271')3 :
0(t — ) expl—ik(z — )} — O(t, — ) expl+ik(z — 1)}
—2w/e
(3le)
(23¢)

—% [ e (06 ) exp{—i(t — t, + B/} -
w=0
— O(t — ty) exp{—iw(t —t, — R/c)} +
O(ty —t)exp{+iw(t —t, — R/c)} —

— Oty — t)exp{+iw(t —t, + R/c)})  (31f)

poo oy (10a),(19) po/ d3k ‘
Daf (33 y) - ’Lg (27T)3
O(ty —t)exp{—ik(z —y)} — O(t — t) exp{+ik(z — y)}
+2w/c
(31g)
(23d) g7 / _ B _
iy dw t)exp{—iw(t —t, — R/c)}

— O(ty —t)exp{—iw(t —t, + R/c)} +
+ O(t — ty) exp{+iw(t —t, + R/c)} +

— Ot — t,) exp{+iw(t —t, — R/c)}) (31h)

Comparing (31la) with (31c) resp. comparing (31f) with (31h),
the following transformation property of the propagators can be
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discerned:

Inversion of time direction =—
= DF? <— D and Dfa — Dgf. (32)

Note that upon time inversion also the sign of the frequency w
changes, while R and ¢ (the modulus of the speed of light) remain
unchanged.

The propagators D(xz — y) are functions of the four-vector

r—y= (c(t—ty),a:—y> . (33)

The space-time-components of this four-vector are not mutually
independent, but are subject to restrictions, which can most clearly
be discerned in the delta-functions of (31a) and (31c). It’s not
immediately obvious, which components should be regarded as inde-
pendent and which as dependent variables. These three definitions
seem possible:

ty(t,R) =t F R/c (34a)
?

t(ty,R) =t, £ R/c is wrong! (34b)
?

R(t,ty) = £c(t — t,) is wrong! (34c)

We must take care that our formalism stays consistent. The point
of departure was the potential in the notation (5). There x = (¢, x)
was a fixed “outside” quantity, while y = (t,,y) was introduced
as variable of integration. Thus ¢ and x clearly do not depend
on whatever else variables. Therefore definition (34b) must be
discarded. Only t, and y may possibly be dependent variables.
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We try the following definitions:

ty(t,x,y) =t F|x —y|/c=tF R/c is correct (34d)
R(x,y) = |z —y| is correct (34e)

?
y(t,x,ty) = 7?7 is not viable (34f)

The relation |z — y| = £c(t —t,) is not sufficient to define y as a
function of ¢, , and t,,. Consequently only (34d) and (34e) remain
as consistent and viable definitions of the dependencies inbetween
the variables. ¢ and « are fixed “from outside”. The parameter y
as well can and must be chosen arbitrary, it does not depend on ¢
nor on x nor on t,. Only after that, t, = (34d) can be computed
as dependent variable, while R is merely a shorthand notation for
|x — y|. Therefore R as well does not depend on ¢ nor on t,:

dR dR

kg 35

dt — dt, (35)

2. The electromagnetic field of a charged
point-particle

We are in particular interested in the case that the source of the
field is a charged point-particle. Let it’s charge be g, it’s position
at time ¢, be r(t,), and it’s velocity be v(t,) = dr(t,)/dt. The
derivation of the electromagnetic field emanating from that charge
is following by and large Jackson [4, chap. 14].

We will derive the retarded and advanced fields from the retarded
and advanced potentials. To compute the potentials, we insert
the retarded and advanced propagators (31) into equation (5).
Using ¢7° gor = ¢+ = 0,7 and §(z/c?) = 25(z), one finds the two
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notations
Ap(a) = 10 / 3y 70dty *"')]g) 5(t—t, — R/e) (36a)
“w/&!/&w )0t —1,)6(le —4?)  (36b)
Ap(z) = L0 /d3 /dt R (t—t + R/c) (36¢)

= L /d3 /dt i ~06(lz—yP) . (36d)

As these potentials differ only by some few signs, we combine them
to a generic potential A?(x), in which the index s codes for , or ,.
Double signs + or F shall be interpreted as advanced, i. e. the upper
sign always holds for retarded fields, the lower sign for advanced

fields. In this generic notation, the potentials become
+o00 'p( )
Ho J°\Y

#OC /ds /dtyj O(+tFt )5([96—3/]2) . (361)

We adapt the definitions (19) for the case of a charged point-
particle by

=~

R=xz—-r , R=|R|] , n= (37)

E .
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The current density

) = 3ty 9) = a (e 0(t,)) 5 (y - r(t,)

would be appropriate only for a non-relativistic description, because

(c,v) is no four-vector (it’s square ¢ — v? is no Lorentz-scalar).

We use instead the four-velocity

VP(t) = P = s =
dct,r(t
= (%) <dt()) = () (c, v(t))p (38)
(1) = % _ (1 B 020(215))—1/2 |

in which 7 is the time in the coordinate system with v = 0, i.e.
the proper time of the source. As (r?) is a Lorentz-vector and 7
is a Lorentz-scalar, (V?) is a Lorentz-vector as well. Thereby the
current density?

400
i) = e [drgye) e (y - i) (39)

can be defined, which — being the integral over the proper time
of the source — is again a Lorentz-vector.
Inserting this current density into (36f), the integral over d*y

2 This formula has been proposed by Dirac [5, equation (5)].
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can be solved:

+o0 +oo
1ﬁ@»—?f/&%/d@{/dfﬂmww“ly—“ﬂf
Ot F1,)5([a — y)°)

+o00
_ ’;7(7): /quVP(T)@(it$r0(7)/c)6([x_T(T)P) " 40)

T

Comparing (31a) with (31b) resp. (31c) with (31d), one can discern:

i%a@—T¢RﬁQ=@Hi¢TMG$—NﬂF) (41)

Thereby the integral over 7 becomes easy:

AP(z) = Ho qVP(Ts)

s@)=1""%q with 7, =t F R/c (42)

In (41) we transformed the delta function of [z — r(7)]? back
into the delta function of t — 7 F R/c (starting upfront with (36e)
instead of (36f) would clearly be possible as well.) Now we want
to transform it into the delta function of 7 — 7,. For that purpose
we apply again formula (28) with f(7) = [z — r(7)]?. f is zero at

[z —r(T))P=c32t-7)2-R*=0
T=tFr/c,

and the derivatives of f at these two points are

df _

dr @
dr a

—2(z — T)dr

2z —r)V .
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The step function excludes in each case one of the two terms:

o(1 —7s)

20+t F7)6([z —r(1)]?) =O(Ft F 1) ot . (43)
( ) @= V]
The product in the denominator is
(37) 0 _ _
[z —r(1s)]V = ¢t —7]V' —R-V =4+Rey— R-vy =
=+Rey(1Fn-v/c) withn=R/R (44a)

‘[;1: - r(Ts)]v\ =4[z —r(r)]V =Rey(1Fn-v/c) >0, (44b)

because the velocity v of the source is smaller than the velocity
c of light in any reference system. The retarded and advanced
potentials become, using ¢ =2 = €gpug, in four- and three-dimensional
notation

o1 —7s)
[(z =m)V|

s

+oo
AL(t, x) = % /dT qVP(T)O(£t F 1)
s

_ 4 Ko qV*(7s)

i o= ()] V(n) (452)

Bt x) = 1 (45b)
dmeg R(1Fn-v/c)| .

As(tv :B) = 577(_; m (45(})

Ts

witht =73+ R/c=7+R/c=1,—R/c.

The step function O(+7s F 7) can be skipped, if the values of 7,
and 7, are indicated explicitly. These equations for the poten-
tials generated by point charges have been found by Liénard and
Wiechert.
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We use greek letters p, o, 7, ... for the four space-time indices
0,1, 2,3, and latin letters j, k, [, ... for the three space indices 1, 2, 3.
To derive the fields

FoP(t,x) =d?AP(t,x) — dP A% (t, x) (46a)
k .
£ _ pro , B = —F* | jkl =123 cyclic (46b)
C
A
E(t,x) = —Vo(t,x) di‘”) (46¢)
B(t,z) =V X A(t, z) (46d)

from the potentials, we start from the integral form (40) of the
potentials. As before, double signs are to be interpreted as advanced,
i.e. the upper sign holds for retarded fields, the lower sign for
advanced fields. The derivative with respect to t does not affect
the arguments 7 and r(7) of the various functions, but only the
argument ¢ of the theta-function and the argument x of the delta-
function. We are interested only in solutions with R # 0. Then in

the product

ot E 7)o~ r(r)? =
— (£t 7 7)8((x — r(r)?) + Ot F 7) % o((x = r(r))?)
=o(+R) +@(t—r)%6((x—r(7))2) (47)

only the second term gives a contribution. Consequently we have
forc =0,1,2,3

+o0
@ Az(w) @ B [ arqve(r Ot 7 1) a76((@ - r(n)?)
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Into this equation we insert

a5 ([e = r(r)]?) =
ar  d3(fz=r(n)P)

B (d"[x B T(T)]Q) dlz —r(7)]? dr
e (e —r@)P)
2z —r(n)) V(1) dr

and integrate by parts:

2
“Z 47 AL(x) =
Hoc
T=+400
_|_

T=—00

[z = r(n)]"V*(7)

— O L v

5([e = r(7)?)

d [z—r(1)]7VP(7)
dr [z —r(7)] V(1)

+o0
+ [arqetstF (e —r()?)

Only the last line is different from zero because of [+t (+o0)] =0
and 5([3: - r(:Foo)]2> = 0. For the reason given at (47), the theta-

function could be shifted out of the derivative with respect to .
Insertion of (43) with the correct signs according to (44) results
into

“+o0o
a7 Ag(z) =+ B /qu@(:I:t:FT)-
T

o 0(r—7) d [z—r(T)]7VP(T)
[ —7r(7)|V(7s) dT [ —7r(7)] V(1)

(48)

We integrate over 7 and then compute the derivative with respect
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to 7:

o AP (y) — 4 HOC qO(£t F75) d [z — 7(75)]7VP(7s)
47 A (@) = + Ar [z —7r(715)| V(7s) d7 [z —7(75)] V(75)

L Boc qO(EtF )

dAP(z) = + .
T (fo = r(m) V() |
(— (;L:Vp—l— [x—r]”%)[x—r]V—
—(—S:_V—l—[x—r]?;)[x—ﬂavp} (49)

Ts

Using (44a) and using

dre dt d o o 1ro
dr _EE(CLT) _’7(67,‘)) =V
2 2
2 2/ 2 2 c—v 2
Ve =v%(c" —v*) = T e =
one gets
For (@) = + 1 . .|
T (iRcv(lZFn 'u/c))
dve dve
T S U, ) .
([m 7] P [ — 7] 1 )(j:Rc'y)(liFn v/c)+
dVv
2 _ = 10y P 1Py C
+(c [ — 7] dT)([x r)°V [x — 7]’V )LS
mitt =7+ R/c=7+R/c=1,— R/c
V =V(rs), r=r(1s), n=n(1s), v="u(Ts) . (50)

The step function O(£t F 75) could be skipped, because the time-
arguments 75 = t F R/c are explicitly indicated.
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To compute the three-dimensional fields E and B we need the
components F70 and F*'. Insertion of the four-vector

r—r(r) Z (e(t—7) R) = (£R.R) T R(£1.n) . (51)

of the notation

dv ! do
— £ — ) = |0 — = 2
7& dr % "0’ 7& dt % ’,U|a (5 )
of the four-vector
V=7(c,v), (53)

and of the derivatives

W AL 0y (o) 42 (o)

dr dr dt
—~ Y
¥
1 v-V+DV-v .
= |- (- w0y
(4 VD (v-D) 2 .\?
= (v T vty o), (54)
results into
R () = B¢ L (R
T (Rc*y(lIn-v/c)) ¢
4 (v-9)

F RO v PR (1 F e w/e) +

V-0 V-0 .
+ (2~ (£R,R) (+* - ,74(62 )'v+72v))'

. (Rj'yc F Rfyvj)}

Ts
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Fjo(x) _ Hoc qRicy

A (! Folje) +
T (Rey(1m-v/e)) |

+R72((nj:ij/c)(n-'D)—(1:Fn-'v/c) @J’)} (55a)

Ts

s % (Rcv(l $qn . v/0>)3 . [<Rk(’y4 (UC';')) o'

a2 at) = R Pk 4020 (e Ren) (1 - /)

Vv R .
+ (2= (R, R) (+* - o 5 )v+72’v))'

: (Rk,wl _szkﬂ _

_ Hoc qRey
Am (Rc*y(l Fn- 'v/c))

+ Ry? ((nkvl/c —nlo¥ ey b +

5 - {02(71’“1)1/0 —nlo®/e) +

L (bl —nl R (1 m- U/c))} (55b)

Ts

In each factor of F* the outer vector-product (@ x b)! = a*b! —a'd*

can be discerned. Furthermore we make use of ¢=2 = egpug and of
the Grassmann-identity

ax(bxc)=(a-c)b—(a-b)c. (56)

Thereby the retarded and advanced three-dimensional fields (46b)
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can be written in the form

&
»
N

I

E{)(x)+ E”(z) , By)=B(z)+ B (x)
1 (nFv/c)

(0) () — q
B () dmeg R*y*(1Fn-v/c)?|_

1
(@) () = q .
B () dmeg R2(1Fn-v/c)3 {

(57a)

(nFov/c)n-v)—0v(1Fn- 'v/c)}

1 anXx ((n:F'v/c) Xz’;)
" 4dmeg  Re2(1¥n-v/c)

W Hoc  g(nxXwv/c)
B, (@) At R*2(1Fn-v/c)d

B@(y) — _H0C q
(@) 47 R2(1Fn-v/c)?

(57b)

Ts

(57¢)

Ts

: [(n X v/c)(n- D)+

+ (n X é)(:tl—n-v/c)} (57d)

Ts
s : retarded , , advanced ,
4 : retarded + , advanced -
F : retarded - , advanced +
t=1stR/c=7+R/c=1,—R/c.

with

We marked the acceleration fields, which are proportional to ©, by
an index(® (don’t confuse this with the lower index ,, which codes
for , = advanced), and the velocity fields, which are different from
zero also in case v = 0, by an index®).

Before we discuss these results in detail, we want to point out a
remarkable relation between the electric and magnetic fields. For
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that purpose we compute the outer vector-products

1 (n X v/c)
(0) () = g
:|:’n(7'5) XES ('1;) 47T60 R272(1 Fn- ’U/C)3 -
= ¢BW(x) (58a)
1 q
+ A E(a) = — : |:
n(rs) X E" (x) dmeg R2(1Fn -v/c)3

(nXxv/e)n-0)t(nXxv)(1Fn- 'v/c)}

Ts

= c¢BY(2) . (58b)

Independent of velocity and acceleration of the source, the magnetic
field B; is always vertical to the electric field Es, and the moduli
of the amplitudes of the electric and magnetic field differ only by
the factor c.

We stated in (32), that under time inversion the retarded prop-
agator becomes the advanced propagator, and vice versa. As all
of our derivation of the potentials and fields is based onto these
propagators, one might state as well: Retarded electrodynamics
become advanced electrodynamics under time inversion, and vice
versa. But this is not to say, that each single retarded field compo-
nent becomes the advanced field component under time inversion.
That symmetry only holds for measurable phenomena, caused by
some action of the combined fields.

Actually the symmetry of the fields (57) under time inversion is
more complicated: The signs of the magnetic fields change, while
the signs of the electric fields stay invariant. The velocity v of the
source is the only factor, which’s sign changes under time inversion.
v, being the second derivative with respect to time of the position
operator, is invariant under time inversion. The same holds for the
modulus ¢ of the velocity of light.
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An observable phenomenon is for example the Lorentz force,
which a field (F?7) exerts upon a particle with charge @), mass m,
four-momentum (p®) = m(u®), four-velocity (u®) = (¢, u), and
proper time 7:

dp® ,
e QFSBUB = QFyc + QF M yu; (59a)
d o
mcd—z = —QFYy/
d~ud . )
(71? = QF% — QF* >

Insertion of the three-dimensional fields (46b) gives the relativistic
form of the Lorentz force:

d
mcd—Z:—I-Qu-ES/c (59Db)
d
m% = Q(E, +u X By) (59¢)

The first equation describes the particle’s gain in energy, to which
B contributes nothing, and to which E contributes only with
it’s component parallel to w. dv/dt is proportional to v - ¥, see
(54). Being the first derivative with respect to time of the position
vector, v changes sign under time inversion, while ¥ is invariant.
Thus the left side of (59b) changes sign under time inversion, just
like w on the right side. Consequently

E,=E, (60a)

must hold. In contrast, due to the additional factor u, the left side
of (59¢) is invariant under time inversion. On the right side, E is
invariant according to (60a), while u changes sign. Consequently

B,=-B, (60b)
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must hold. The fields (57) comply with these requirements.
In case of v = & = 0 one gets BY") = B(¥) = E(® = and y = 1.
Then E() assumes the well-known form

(57a) 1 qn
dmeq R?

(61)

Ts

of Coulomb’s law. Inbetween the charges ¢ and ) the retarded
force

dyu 61) 1 Qgn
mYgr 9 Areq RZ Iny (622)
and the advanced force
dyu 61) 1 Qgn
-~ =QE, = 2b
m dt Q 47’[‘60 R2 Ta (6 )

are acting. Addition of the two equations, and division by 2 gives
the result
n

)

dyu 1
A T2

61) 1 Qq (’n
R2

E.+FE,) = -
QEr + Ea) 2 4meg

T) . (62¢)

Since the end of the nineteenth century, these equations are inter-
preted differently. According to one point of view, the advanced
fields are nothing but an artifact of the theory, don’t exist at all
in reality, and the observed force is caused alone by the retarded
field, which is described correctly by (62a).

Obviously it’s impossible by measurements of the force in the
static case, to decide whether (62a) or (62c) is correct; both equa-
tions predict the identical force. In contrast, the observations of
the fields of moving and accelerated charges seem to be evidence
against the existence of advanced fields: If a flash of light is emitted
in direction of a mirror, then the reflected flash is always observed
after the emission, but never before the emission. Still there is
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an alternative to Maxwell’s electrodynamics, namely action-at-a-
distance electrodynamics, which has been proposed and worked
out in particular by Gauf}, Schwarzschild, and Frenkel (see [6, 7]
and the references cited in these articles). This theory claims to
be able to describe all observable electrodynamic phenomena as
good as Maxwell’s theory. In action-at-a-distance theory, fields are
no self-contained physical objects. Instead this theory only knows
charged particles, which interact due to action-at-a-distance forces.
Fields are considered to be only computing aids on the theorist’s
paper. We will not delve into that theory. But we want to keep
the option for both types of electrodynamics. Therefore we will
continue to describe retarded fields and advanced fields as well.

In the case v # 0 and ¥ = 0, Bg”) increases proportional to
v. The position r of the source, it’s velocity v, and the point
of observation x define the plane of the left sketch in Fig. 2. In
the sketched example, Bg") ~ —gn X v is directed for positive
charge (¢ > 0) of the source out of the drawing plane vertically
up. Eg”) ~ n Fv/c lies in the drawing plane. Only in the high-
relativistic case v — ¢ the direction of Eg”) can be significantly
different from n.

The power, which is transported by the fields Es and B, through

Fig.2: Velocity and acceleration of the source
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a surface f, is equal to S - f. Thereby

1 58 1
S=—E,xB, 2+ E,x(nxE,) (63)
Ho CHo
is the Poynting-vector. It is zero in the static case v = ¥ = 0
because of B; = 0. But also in case v # 0 and © = 0, no power is
radiated by the source, because due to n X n = 0 we have in this
case

S~ (H)(F)(nFv/c) X (n X v/c) =
=-—nx(n xv/c)tvx(n xv/c).

The first term is vertical to n, i.e. this part of the power flows
around the source, but not away from the source nor towards the
source. The second term, which only in the hight-relativistic case is
of same order of magnitude as the first, has a component different
from zero, which is parallel to n. But if we integrate over a surface
of a sphere with the source in the center, then the contribution in
direction of n is compensated by an inversely directed stream of
energy of same value, but direction —n. The net stream of energy
through the surface is zero. The second term describes as well only
the field-energy which is carried along by the source. No energy is
radiated or absorbed.

Alternative explication: We start from the fact, that a charge at
rest does not radiate energy. To describe a source with constant
velocity v (no acceleration), we transform ourselves into a coor-
dinate system moving with constant velocity —wv relative to the
source. This transformation cannot change the physical fact, that
the source is not radiating energy.

The issue can be made plausible by still another argument: Let’s
assume, that a charge in constant motion (no acceleration) would
radiate energy. If the theorem of energy conservation holds, then
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the radiating charge must loose kinetic energy, and come to rest
eventually. But that would mean, that one of the infinitely many
inertial systems with constant relative velocity is special, because
this one would be the particular inertial system in which radiating
charges eventually come to rest. That scenario cannot be reconciled
with special relativity theory.

In case © # 0, in addition to the velocity fields E(*) and B{") the
acceleration fields Eg“) and Bga) appear. They are proportional to
R~!, while the velocity fields are proportional to R~2. Above we
have stated, that velocity fields do not contribute to the radiation
of energy. We could have arrived at that result by a much simpler
argument: If a source radiates energy, then the stream of energy
per area will decrease at large distance R from the source like R~2
(because the surface of a sphere with radius R is 47 R?). But from
(57a) and from (57c) one can immediately conclude:

S~E,xB, = (Egv) +Ega)) % (ng +Bga)) _
= E{"xB) + Bl xB{" + B xB{") + E('xB("  (64)

~ R4 ~ RS ~ R ~ R™2

If we want to investigate the radiation of energy, we only need to
consider the acceleration fields, which for this reason also are called
radiation fields. The Poynting-vector built from them at position
x and time ¢ is

1
§=EOxH® £ E® x (n(r) xEW )
CHo

1
S|=—|E"P , n-S#0. (65)

Clo
Note the negative sign of the advanced Poynting-vector: The

advanced field propagates against the “usual” direction of time
from the future into the past. Viewed through the glasses of
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the usual direction of time, the advanced radiation fields form a
spherical wave, which — coming from infinity — is collapsing onto
the position of the source.

All formulas stated thus far are valid for arbitrary velocities,
including relativistic velocities, of the source g. The non-relativistic
approximations of the radiation fields can easily be extracted from
(57) and (58):

1 ¢gnx(nXxX0o)

E{(z) = 47T60 = (66a)
’ ‘ - 47r60 s Siz(czl’,b)‘ Ts (66b)
(I (z) = 4n(r,) X B (x) (66¢)

ifv/c<<1 , witht=7,+R/c=7+R/c=1,— R/c

E9 lies in the non-relativistic case in the plane which is defined
by n and ¥ (see the right sketch in fig.2), is vertical to n, and
the angle (E®, %) is always > 7/2. In the example of fig. 2 the
direction of Ega) is in case of ¢ > 0 approximately 8 o’clock. The
retarded vector B@ is in this case directed vertically up out of the
drawing plane, and the advanced vector BE;” is directed vertically
down into the drawing plane.

To compute the radiated power d P, which is going through an
infinitesimal area dv¥ dy in the distance R from the source, we
define a system of spherical coordinates such, that the source is
at the origing (r = 0), and the polar axis 9 = 0 is parallel to v,
see the right sketch of figure 2. (Thus this is an accelerated coor-
dinate system. But that’s of no relevance for our non-relativistic
considerations.) We have

dp _|EW)? 66a) 1 ( qo

2
= 47‘(‘60RC2> Sin2 19 . (67)

R2sin® dv de  cug clo
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Note the dependence of the radiated power on the direction of
acceleration, described by sin? . The total radiated power is equal
to the integral

2

T 1 qv 2
pP— 2 . .9
/dﬁR sin ¢ d<p 70#0 (47T60R02> sin“ 1

87‘(6003 /d’l9 sin 'l9 = m . (68&)

This formula was found in 1897 by Larmor. To derive the result for
the relativistic case v — ¢, one could try to repeat the computation
with the relativistic fields (57). But there is a much simpler alterna-
tive. We are looking for a relativistically covariant equation (i. e. an
equation which is composed exclusively of Lorentz-tensors), which
reduces in the limit v < ¢ to (68a), and which shall furthermore —
with regard to (57) — shall only depend on v and ©. If the non-
relativistic formula (68a) is written in in the form

- sty ().
© 3c3(4meg)m?2 \dt/
with m being the mass of the charged particle and p it’s momentum,

then it seems plausible that the relativistic generalization of (68a)
is

_ 2¢ dpy2
P= 3c3(4meg)m? (E) ) (68b)

dp/dr is the derivative of the particle’s four-momentum with
respect to it’s proper time 7. To check the result, we insert p =
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(E/c,p) = v(me,mv) and get

2¢> d dywvy2
P=tr) (mear) ~m(ar) ]
2¢° d 2
~ Wqﬂeo) (d—;}) for 2—2 <1.

3. Radiation-backreaction: energy conservation

In the previous section we computed the retarded and advanced
fields radiated by an accelerated point-charge. Where does the
radiated energy come from? It can come only from the radiating
particle’s kinetic energy, i.e. the radiating particle must be decel-
erated. This decelerating action is called radiation back-reaction.

Our discussion of radiation back-reaction will follow by and large
Jackson [4, chap. 16]. If a charged particle is accelerated by an
external force Fleyt, then it’s kinetic energy is increased. At the
same time, it looses energy due to radiation. This part of the
energy must be supplied by the external force as well. Therefore
the force Foyt can formally be considered to consist of two parts:
One part F,., which is accelerating the particle, and one part
F',.q, which is supplying the radiated energy.

In the following non-relativistic investigation we assume, that the
velocity v # 0 of the charged particle is different from zero. This
does not reduce the general validity of our considerations, because
we can always perform the investigation in an inertial system, in
which v # 0 holds. The work done by Fext = Face + Fraq in the
time interval t9 — t1 is

2¢%1°
dt (Facc + Fraq) dt — .
/ + Fraa) / mov + 363471'60) (69)
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To derive an explicit expression for F',q, we integrate the second
term by parts:

t

; 2¢%6 - v
—/Hrﬁ——f (70)

3c34meq

262 - v |2

3c34meq

to
/dt Frad-'v =
t1 t1

t1

In the sequel we will concentrate on those cases, where the first
term on the right side is zero. This will be the case, if either
the external force is acting only during a limited time interval
th ...t5 (then one can choose t; <t} and ¢y > t, and consequently
v(t1) = v(t2) = 0), or if the observed process is periodic (then the
points of time t; and ¢ can always be chosen such, that the first
term on the right side again is zero). If for example an electron is
accelerated up and down in an antenna, then v = 0 holds at the
points of return. If the particle is accelerated on an elliptic orbit,
then there are two points of time with © - v = 0. In all of these
cases, the integrands of the remaining terms must be equal:

2¢°% - v
Fragv=—-1"2
rad*¥ 3c34meq
2q2 3] .
| Frad| cos(Fraq,v) = _3634|7r6|0 cos(U, v) (71)

This must hold for arbitrary angles (F'.q,v). Consequently the
angles (Faq,v) and (¥, v) must always be equal. If the direction of
¥ would differ from the direction of F'.,q then the question would
arise: why just this direction? Regarding the symmetry of the
model, that question can not be answered. Thus the both vectors
must be parallel, resulting into the equation

2¢%

Frag = -39
rad 3c34meg

(72)
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With this expression, the particle’s equation of motion becomes

2q2

F‘:F‘acc“‘lrrad:Tnjj—mij

(73)
F',,q depends only on ¥ and on the modulus of the accelerated
particle’s charge.

In this equation, the limitations of the classicle model of radiation
and radiation-backreaction become clearly visible. First, it has for
F = 0 besides the reasonable solution ¥ = ¥ = 0 also the senseless
“run-away” solution ¥ = exp{+t3c34regm/(2¢*)}. The senseless
solution can be avoided due to fixing in addition to position and
velocity of the radiating charge at time tg also ©(t — o0) = 0 as
the third boundary condition. With regard to that, Dirac [5, page
158] remarked in his discussion of equation (73): “We now have
a striking departure from the usual ideas of mechanics. We must
obtain solutions of our equations of motion for which the initial
position and velocity of the electron are prescribed, together with its
final acceleration, instead of solutions with all the initial conditions
prescribed.”

But (73) has even worse consequences: In the article just cited,
Dirac considered the acceleration of a charge due to a force which
is acting only for a very short moment (i.e. a pulse). Thereby he
found [5, equation (35)] that the electron is already accelerated
before the pulse arrives at the particle’s position. This is often called
“pre-acceleration” in the literature. A discussion worth reading on
the strange results and paradoxa, which are following from the
classical treatment of radiation and radiation-backreaction, has
been published by K. Brown [8].

Given these absurd results, one may try to evade backwards
or forwards. The backwards evasion goes along these lines: Our
derivation of (73) is based on Larmor’s formula (68a), which again
has been derived from the formulas (57) for the electromagnetic
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field of a charged point-particle g. Medina[9] gives good arguments
for the assertion, that the assumption of charged point-particles
(with the notion point used in the strict mathematical sense) is
irreconcilable with classical electrodynamics. Under the premise
that in a classical treatment the radius of a charged particle must
never assumed to be smaller than the classical radius (95), Medina
[9, (96)] finds instead of (72) in non-relativistic approximation the
following radiation-backreaction force:

22 " @'Facc
T (- 2 By

Frad = ——o0—
e 3c34meq c?

The forwards evasion consists in challenging any attempt of a
classical description of radiation and radiation-reaction from the
outset. We know that electromagnetic energy is not emitted in
form of continuous waves, but in form of photons. If an accelerated
charge is emitting photons in irregular time intervals, then it will
feel some recoil at each photon emission, and hence it’s acceleration
is ill defined. If this point of view is assumed, then we should for
the sake of consistency abandon the notion of the “orbit” or “path”
r(t) of a particle completely, like Heisenberg [10] did in his seminal
work on quantum mechanics. Then consequently the notions of
the particle’s velocity v(t), acceleration ©(t), and the derivative of
acceleration ¥(t) become obsolete.

Equation (73) has been discovered by Abraham and Lorentz.
These scientists did not content themselves with that formula.
Instead they looked for an explanation of radiation-backreaction,
which should be derived straight forward from Maxwell’s equations
of electrodynamics. The theory, at which they eventually arrived,
will be discussed in the next section.
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4. Radiation-backreaction of an extended charge

Abraham and Lorentz considered an accelerated electron, radiating
electromagnetic energy. They did not treat the electron as a
charged point-particle; instead they assumed that it’s charge is
distributed over an extended range of space:

—e= /de p(x) = —1.6-1071°C (74)

The integral must be extended over all space, in which the electron’s
charge density p(x) differs significantly from zero.

The radiation back-reaction is in the model of Abraham and
Lorentz identical to the Lorentz force, which the accelerated elec-
tron exerts onto itself due to the retarded fields E(*) and B(®
which it is radiating. It is characteristic for the work of Abraham
and Lorentz, that they considered the advanced fields E(® and
B ((la) as unphysical artifacts of the theory, and discarded them from
the outset. If no other charged particles are within the volume over
which the integral is extended, then that force can be written as

F@ = / Bz (pEY +j x BW) . (75)

The solution of this integral is described in Jackson [4, chap. 16]. In
the sequel we content ourselves with a non-relativistic description
(v < ¢), and apply an inertial system, in which the electron’s
velocity is so small, that the second term in (75) is negligible
versus the first (j x B(® <« pE®). Such a reference system can
always be defined, at least for a short time interval. If E(® is
written as a function of the scalar potential <I>q(na) and the vector
potential Aff‘), then under these premises

Fl@ = / B pE@ = — / Brp(vel + Ay (76)

r
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holds. Into this equation we must insert the retarded potentials

(36e) /d3 /dt 2L §(t —t, — R/c) (77)

withR=x—y , R=|R|.

These potentials allow for the finite time ¢ — ¢, > 0 needed for the
propagation of the fields from the point y to the point . Due
to the delta function, the integral over ¢, can easily be solved.
In a non-relativistic description with (j7) =~ (pc, pv), the three-
dimensional potentials can be written as follows:

(pgda)(um)zlll /dByp( T‘ay)

€ n R) with £, = ¢ — 2 (78)
A,(ﬂa)(t,ib):ff*o/dgyj Ey c
m

In the model of Abraham and Lorentz the electron is extended
over a finite, but very small volume. In (95) we will compute
the “classical radius” of the electron as ~ 3 - 10~ m. Therefore
t—t, = R/cis a very short time interval of about 10~23s. Therefore
it is reasonable to expand the retarded integrand of (78) in a Taylor
series around t (to be precise: before t > ¢,):

s CR/O" A sy 1y )

.atTa =j*(t—-R )
3t y) = 5 /e, y) = 2 dtn

We insert the retarded potentials (78) with the expansion (79) into
(76), and make use of ¢~2 = epp:

d3x /d3 (t,
471'60 On'cn/ yplt,z)

d"p(t,y)  1d . d”J(t Y)
n—1 — Y pn-1 ’
Vi den zql din ]

Fla) —

(80)



40 RADIATION AND RADIATION-BACKREACTION

For the moment being we ignore the second term in the square
brackets. Assuming that p(x) is a rigid structure with spherical
symmetry, for n = 0 the first term results into

3 3 / -1

because there is — due to the spherical symmetry — for each
positive contribution to the integral a negative contribution of
same value. For n = 1 the first term in in the square brackets of
(80) again is zero due to the factor VR!™! = 0. Using

VR = (n—-1)R"? % =(n—1R" SR

we get
Fl@) = _ / d*z / a3y p(t, 1)-
47T60 2 n, o yp(t, x) +2) S(n+1)
d"2p(t,y)  1d d"j(t,y)
. pn—1 ) n—1
RIR =055 4 5 o R } L (82)

The derivatives with respect to ¢ can be shifted out of the square
brackets because of (35):

1 X (- amtt -1
Fl@ = J& [y plta) S [
47e nZ::O n!cnt? . yrlte) d¢nt1 {(n—i— 2)
dp(t
-R" 'R pgt,y)Jar Li(t, y)} (83)

Using the equation of continuity

d
~o(ty)=—-V, -] (t
dtp(,y) w3 (ty),
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which is describing the conservation of charge, we find

F(a _ /d3$p t I,U i (_]‘ TL dn+1 /d3 R 1
dre = n! cnt2 dgntl
R

—— =V, -7 (¢, ) (¢, . 84
) )3 (ty) +5(ty)] (84)
At the boundaries of the volume, over which the integral over y is
extended, p resp. j is zero (resp. negligible). Partial integration of
the first term over y thus gives besides some constant factors

4 R ,

AR
o3, . R net J
:/dsy(*(nfl)R 3(J'R)(nJr2)7R 1(n+2))'

Therefore the y-integral over the square brackets of (84) is

/d?’yR"_1 } =

n— : R (n+1)j
= [y [~ - R )

As we are assuming a rigid charge distribution,

It y) = pt,y)v(t) (85)

holds. As we furthermore are assuming a spherical charge distribu-
tion, all components of the integrand, which are perpendicular to v,
mutually compensate upon integration over « and y. Therefore the
integral’s value remains unchanged, if the factor R in the square
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brackets is multiplied by the unit vector v/v:

/d3y L] = /d3y R p(t, y)u(t) -

.{_ (n—l)(v-R)2+ (n—l—l)}
(n+2) (vR)? (n+2)

(86)

As R assumes under the integral all directions with equal frequency,
(v - R)?/(vR)? may be replaced by it’s mean value

() - & oo forciom -

_1[_008319} 1
2 0

3

This results into

(56) = [dy B plt, y)olt) >

Consequently the field radiated by the electron exerts onto the
electron itself the force

F@ =3%"F® (87a)
=0

n n+1
(a) (84) _é (a) (= d*
F Un ol Cn+2 dtn+1 v(t)

_ 32 [ d3y p(t )
(a)

»n ~ could be shifted before the differential quotient, because we
are assuming a rigid form and charge distribution of the electron.

(87b)

Therefore Ufla) does not depend on t. The force is zero, if all
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derivatives d"*lv/ dt" ! are zero, i.e. if the electron is at rest or
is moving with constant velocity. In the limit of a point-particle
electron (R — 0), Uéa) would diverge, Ul(a) is independent of R,

and Ué“) with n > 2 would converge to zero. As we are assuming an
extended, but quite small electron with radius of about 3 - 1071°m
(reasons for this assumption will be given in a moment), the terms
with n > 2 are different from zero, but they are quite small. The
result is dominated by the two terms with n = 0 and n = 1. This
becomes obvious, if the orders of magnitude of the terms n and
n — 1 (with n > 2) are compared:

dn+1
F@O| g v(t)‘ ~
a) | dm -
F'“ a
[Fy ] c dtnv(t)‘
dn+1 d»
~10-2 ; ~
~ 1072 if \dtnﬂ v(t)\/]sdtn 'v(t)‘ ~1  (88)

Due to the small value of R, all terms with n > 2 are negligible in
most cases. Thus we find the radiation back-reaction

a a a 4[%0 . 4L@1..
F@ = F(" + F{" = - 52 VT3 s

(89)

The term F((]a) essentially is the electron’s electrostatic self-energy

e 1 [ [ PEE)p(ty)
U / d*z / ady B S 90
0 4meg R (90)
This is the work required to bring together the charge of the
electron from infinite distance against the electrostatic repulsion
to it’s position within the electron.
Using

2
y@ & /d3 [y pho)plhy)

47T€() R1-1 8meg
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the radiation back-reaction may be written as

1 U™ 2¢2
F(a) ~ __ 0 o .o 2
3 2 7 + 3c34meg Y (92a)
This should be compared with
FOp, +F 5o 2 (92b)
acc ad 30347'('60

The signs are different, because F' was defined in (73) as an external
force acting on the electron, and thus is acting in opposite direction
to the back-reaction force F(®) exerted by the electron upon itself.
The both last terms in (92) are identical. Thus it seems reasonable
to mutually identify as well the both terms which are proportional
to ©. The “electrostatic mass” of the electron is defined by

(a)
_ 40,
me = g 02 s (93)
resulting into the equation
FY = _mo . (94)

Some years later (namely in 1905) Einstein discovered the relation
E = mc? of energy and inertial mass. The inertial mass me found
by Abraham and Lorentz differs from Einstein’s result by the
strange factor 4/3. Regarding the explanation and elimination of
this factor we again refer to the work of Medina [9]. Besides that
issue, the theory of Abraham and Lorentz does not need a separate
mass parameter, but can explain the electron’s inert mass by the
self-interaction of it’s charge! The “classical radius” of the electron
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re is defined as weighted average of 2R in the integral (90):

e? p(t,z) p(t,y) (90)
= [d3z / a3y Ul
4megre / 47T60 2R 0

4
3 47reomec2 ~3

= .= 2.8-107°m~3.8-10"""m . (95)
This value is found, if the experimentally observed value me =9.1-
10~3kg is inserted. If instead of m, the mass m = U /c =9.1-
10~3'kg according to Einstein is inserted, one gets 7, ~ 2.8-10~°m
At the end of the nineteenth century, the electron model of
Abraham and Lorentz was a remarkable progress of the theory,
because it supplied plausible explanations for

* the inert mass of the electron, and for
* the radiation back-reaction.

The close connection of both explications enforced their persuasive
power. Still there are several severe flaws. The two most obvious
and most important are:

« Until today (2013) no force is known, which could hold together
the electron against the electrostatic repulsion of it’s constituents
within the small volume of 4773 /3 ~ 10~*3m?3.

* There is by today convincing experimental evidence, that the
radius of the electron (if it should have finite size) must be
smaller than 2 - 10722m [11]. (Remarkably, this limit does not
result from high-energy lepton collisions, which can restrict the
electron radius to about < 10~ '8m only, but from evaluation
of the electron’s anomalous magnetic moment.) The classical
radius of the electron is larger by more than a factor 107 than
compatible with observation.
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