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The electric field, B, is given by
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What do the various terms tell us? Take the first term, B = —ge, /47reu-rﬂ. That, of course, is
Coulomb’s law, which we already know: g is the charge that is producing the tield; €, is the unit
vector in the direction trom the point P where E is measured. r is the distance from P to g. But,
Coulomnb’s law is wrong. The discoveries of the 19th century showed that influences cannot travel
faster than a certain fundamental speed e, which we now call the speed of light. 1t is not correct that the
first term is Coulomb’s law, not only because it is not possible to know where the charge is #ow and at
what distance it is now, but also beeause the only thing that can affect the ficld at a given place and
time is the behavior of the charges in the past. How far in the past? The time delay, or retarded time,
so-called, is the time it takes, at speed ¢, to get from the charge to the field point P. The delay is '/c.

ﬂ/ﬂ& cﬂm;t oo ﬁn'm,&,&wwﬁ'ajlﬂ (v=<) Ly fu,a Vv G

5o to allow for this time delay, we put a little prime on #, meaning how far away it was when the
information now arriving aL P lefl g. Just for a moment suppose that the charge carried a light, and that
the light could only come 10 P at the speed ¢. 'Then when we look at g, we would not see where it is
now, of course, but where it was at some earlier time. What appears in our formula is the epparent
direction e the direction it used to be  the so-called refarded direction  and at the rerarded
distance 7', That would be casy enough to understand, toe, but it is also wrong, The whole thing is
much more complicated.

I'here are several more terms. The next term is as though nature were rying to allow lor the fact that
the effect is retarded, if we might put it very crudely. It suggests that we should calculate the delayed
Coulomb ficld and add a correetion to it, which is its rate of change times the time delay that we use.
Nature seems to be attempting 1o guess what the field at the present time is going (o be, by taking the
rate of change and multiplving by the time that is delayed. But we are not yet through. There is a third
term—the second derivative, with respect to £, of the unit vector in the direction of the charge. Now the
formula /s finished, and that is all there is to the electric field trom an arbitrarily mnoving charge.

The magnetic lield is given by

B = —ev x Bfe. (28.4)

Next, the laws of electricity and magnetism, as known at the end of the 19th century, are these: the
electrical forees acting on a charge g can be described by two [elds, called B and B, and the
velocity ¥ of the charge . by the equation

F=g(E+vx B). (28.2)

Feynman, Leighton, Sands: The Feynman Lectures on Physics
Copyright © 1964, 2006, 2013 by the California Institute of Technology, Michael A. Gottlieb, and Rudolf Pfeiffer







g
N

moﬁvu-r ,a-(’x. /



Problémy s nekonecny

, A HUJ*‘ AT,
/waﬁ/.u i

J"’J} AU L J JL&/;%J} Jaﬁ;/‘&‘«(k __A)L;._ﬂ_*_/Jr+u ‘?J‘ O d
Yy .Q’WKL jc J,-"‘V.M_,ﬁﬂé jl,d,u.{_ a -"Mri;"xﬁﬁ,bﬂ e tf'j//{ /’/vp/" (/r ,V‘,h\#) }u

/(2;% fu J’jw 10 /1_'-4‘_- 78 ( ),;_uu.u :4,9 \/7//[ e }f'/rn!/ Jf_fz a i _,,/._-:f;-j r}l{'li.o..-;c ;}{-’ -
fUijJA” Ilf/fij’fj " (o /{ QAL — )j/{;/w— e 'f-:.,f? 4{;’.‘1_4 t...?: {-

Vi

" a} W Tf’ ,'ﬁ '7: 2 e
L -u’//-,;.b.j)__ .:U,-fx;. 2407, Z}

{

Feynman, Leighton, Sands: The Feynman Lectures on Physics
Copyright © 1964, 2006, 2013 by the California Institute of Technology, Michael A. Gottlieb, and Rudolf Pfeiffer



John Archibald Wheeler
(1911-2008)
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Albert Einstein, Hidekei Yukawa and John A. Wheeler at Princeton in 1954. Yukawa received the
Nobel prize in physics in 1949.
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REVIEWS OF MODERN PHVSICS

Interaction with the Absorber as the Mechanism

VOLUME t7, NUMBERS 2 AND 3

of Radiation!”

Joun Arcuisalb Weeerex®* AND RICEARD PHILLIPS Fevnman®**
Palmer Physical Laboratory, Princelon Universily, Princefon, New Jersey

“We must, therefore, be prepared to find that [uvther advance Into this region will require
a still more exiensive renunciation of features which we are accustomed to demand of the

space time mode of description.”—Niels Bohel

PAST FAILURE OF ACTIQN AT A DISTANCE TO
ACCOUNT FOR THE MECHANISM OF RADIATION

T was the 19th of March in 1845 when Gauss
described the caonception of an action at a
distance propagated with a finite velocity, the
natural generalization to electrodvnamics of the
view of force so fruitfully applied by Newton and
his followers, In the century between then and
now what obstacle has discouraged the general
use of this conception in the study of nature?
The difficulty has not been that of giving to
the idea of propagated action at a distance a

* A preliminary account of the considerations which
appear in this paper was presented by us at the Cambridge
meeting of the American Physical Soviety, February 21,
1941, Phys. Rev. 59, 683 [1941).

** On leave of absence from Princeton University.

*#** Now a member of the faculty of Cornell University,
hut on leave of absence from thal Institution.

T Imtroduciory Note—In commemoration of the sixtieth
birthday of Niele Bohr it had been hoped o present a
critique of classical fielil theory which has been in prepara-
tion since before the war by the writer and his former
student, R. P. Feynman. The accompanying joint article,
representing the thlrd part of the survey, is however the
ouly section now finj he war has postponed comple-
tion of the other parts. As reference to them is made in
the present sectlon, it may be useful to cutline the plan of
the survey.

The motive of the analysis is to clear the preseat
quantum theory of interacting particles of those of its
difficulties which have a purely classical origin. The
method of approach is to define as closely as onc can
within the bounds of classical theory the proper use of the
field concept in the description of nature, Division 1 is
intended (rst to recall the possibility of idealizing to the
case of arbitrarily small quantum efects, a possibility
which is offered by the freedom of ch b present
quantum theorv for the d.unenslunless ratio (quantum of
angular momentuin] (velocity of ight),/(electranic charge 5
then however 1o recognize the possible limitations placed
on this analysis by the relatively large value, 137, of the
ratio in question in nature; and Anally to present a general
summary of the conclusions drawn from the more techaical
parr= of the survey. The plan of the second article is o
derivation and resumé of the theory of action at a dismnce
of Schw. hild and Fokker, o Iimpnro this theory as a
toel to ze the feld concept. From the correlation of
the two points of view, one comes to Frenkel's solution of
the problem of self-encrgy in the classical field theory and

suitable embodiment of clectromagnetic equa-
tions. This problem, to be true, remained un-
solved to Gauss and his successors for threc
quarters of the century. But the formulation
then developed by Schwarzschild and Fokker,
described and  amplified in  another article,?
demonstrated that the conception of Gauss is at
the same time mathematically sclf consistent,
in agreement with experience on static and
current clectricity, and in complete harmony
with Maxwell's equations.

To find the real obstacle to acceptance of the
tool of Newton and Gauss for the analysis of
forces, we have to go beyond the bounds of
steady-state electromagnetism to the phenomena
of emission and propagation of energy. No
branch of science has done more than radiation
physics to favor the evolution of present concepts
of field or more to pose difficulties for the idea of
action at a distance. The difficulties have been
twofold—to obtain a satisfactory account of the
field generated by an accelerated charge at a

To new expressions for the energy of clectromagnetic
interaction 1n the theory of action at a distance. The third
division, which is published herewith, is an analysis of the
mechanism of radiation believed to complete twe last tie
between action at a distance and fielc theory and to
remove the ohstacle which has so far prevented the use of
both points of view as complementary tools in the de-
scription of nature. 1t is the plan of a subsequent division
to discuss the problems arise when the fields are
regarded as subordinate enlities with no degrees of freedom
of their own. An infinite number of degrees of freedom are
found to be actributed to the particles themselves by the
theory of propagated action at a distance. However, it
appears that fﬂ additional modes of motion are divergent
and have on (his account to be excluded hy a general
prm.ip].e leads
n at a distance
and field theory constitutes the natral and sell-consistent
generalization i (he I'our-
dimensional space J.
! Niels Bonr, Atamic Theory and ihe Descriplion 4)' \ttt
(Cambridge University Press, ‘Leddington, England, 1937)
% Unpublished, see Introductory Note.
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Classical Electrodynamics in Terms of Direct
Interparticle Action’

Joux ArcHIBALD WHEELER ARD RICHARD PHILLIPS TEYNMAN®

Princeton. University, Princelon,

, New Jersey

. the energy lensor can be regarded only as a brﬂlmmm{ mmm of representing madler.

In rsah’y. watier consists of elecirically chorged particles.

INTRODUCTION AND SUMMARY

ANY of our present hopes to understand the
behavior of matter and energy rely upon the
notion of field. Consequently it may be appropriate to
Te-examine critically the origin and use of this century-
old concept. This idea developed in the study of classical
clectromagnetism at a time when it was considered
appropriate to treat electric charge as a continuous
substance. It is not obvious that general acceptance in
the early 1800's of the principle of the atomicity of
electric charge would have led to the field concept in
its present form. s it after all essential in classical field
theory to require that a particle act upon itself? Of
quantum theories of fields and their possibilities we
hardly know enough to demand on quantum grounds
that such a direst self-interaction sheuld exist. Quantum
theory defines those possibilities of measurement which
are consistent with the principle of complementatity,
but the measuring devices themseives after all neces
sarily make use of classical concepts to specify the quan
tity measured.® For this reason it is appropriate to begin
4 re-analysis of the field coneept by returning to class
electrodynamics. We therefore propose here to go back
to the great basic problem of classical physics—the
motion of a system of charged particles under the
influence of clectromagnetic forces—and to inquire
what description of the interactions and motions is
possible” which is &t the same time (1) well defined
(2) economical in postulates and {3) in agreement with
oxperience.
We conciude that these requirements are satisfied by

" the theory of action at a distance of Schwarzschild,

Teirode,® and Fokker.” In this description of nature no
dlirect use is made of the notion of field. Each particie
moves in compliance with the principle of stationary

'Pm 11 of a critique of classical field theary of which anather
re: referred ma.iIII:: peared in Rev. . Phy , 15
'w;w Vo related discussios sec also R. P, Feynman, Phys. Rev,
74, 1430 (1948},
% Now at Comell University, [thaca, N. Y.
3 A, Einstein, I'he ,Uau,m»g of Relathuity (Princeton University
Press, Princetan, New Jersey, 1045}, secord cdition, p. 82.
*See in this connection I\mls Bohr, Atomic Thsm) and Ihe
Description of Nature (Cambridge University Press, 1934) and
chapter by Bohr in Esnstein, o o, Living Philasophers Series
LNun}wnd.e.n University, scheduled fos 1049).
K. Schwarzgchild, Gottinger Nachrichten, 128, 132 (1903).
® H. Tetrode, Zeits. [. Physik 10, 317 (1922).
7 A D, Fokker, Zeits. f. Physik 58, 38 (1929); Physica 9, 33
and 12, 145 (1932).

action,?
—Zmdf( —dadas i+ X (eqen/c)
o ach

% f f Bkbsab ) = evireitainn: (1)

All of mechanics and electrodynamics is contained in
this single vatiational principle.

However unfamiliar this direct interparticle treat-
ment compared 1o the electrodynamics of Maxwell and
Lorentz, it deals 1 the same problems, talks about
the same charges, considers the interaction of the same
current elements, obtains the same capacities, predicts
the same inductances and yields the same physical
conclusions. Conscquently action at a distance must
have a close connection with field theory. But never
does it consider the action of & charge on itself. The
theory of direct interparticle action is equivalent, not

5 Here the Ieners a, b-o+ denote the rE&pecl'vc particles.
Paiticle @ has in c.g.s. tmifs a mass of #, grams, a charge of eq
frankling (Nu l and has ar a given instunt the ¢ nnrdlrmes

)’=w}tht three space coordinates, measured in cm,

at= —ay, a quantity which has also the dimensions of a length,
and which represem- the product of the time coordi-
pute by the velocity of light, ¢ {ef=""cotin

(Note: Tn comparing formulas here with those in the lterature,
note that not 2l authors use the same convention about signs of
cavariant and contravariant components.)

The expression 2l is an abbrevistion for the vector, ambm.
Creek indices Indicate places where s summation is understond
to be carried out over the four values of a given label. The argu-
ment ahyat” of the delta-function thus vanishes when and only
when the locations of the two particles in space-time can be
connected by a Mght ray. Here the deltafunction 8(x) is the
nsual symbolic operator defined hy the conditions 5(r)=0 when
=0 and Smtplx)de= L Tn the evalualion of the action, J, from

! f the severzl particles are considered 1o be
., the coorinates a* ave taken to he given
Funerions of a single parameter, 4, which inCreases monoto
along the world line of the first particle; likewise lor &, ¢, el
An arbitrary assumed motion o tﬁe parnda, is not in general in
accord with the vasiation principle: a small change of the first
order, ﬂn“‘-’m BB, - 1d s
chanvz here bung limited
time, and the length of s
without Inmit) produces in general a norzéro varidtion of the
first otder, &7, in J itsell. Only if all such first ovder variations
away from the originally nssumed motion produce no first arder
slanu in J is that originally assumes] motion considered to
satinly the variational prineiple. It is such motions which are in
this article to be i with
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