The author is grateful to his co-authors of the book!?!
for numerous discussions, in particular to V. L. Ginz-
burg, on whose initiative this article was written, and
also to L. V. Keldysh and A, D. Linde for a useful dis-
cussion of the problems covered.

1D, Pines and P. Noziéres, The Theory of Quantum Liquids,
Benjamin, N.Y., 1966 (Russ. transl. “Mir, ” M., 1967).

2p. C. Martin, Phys. Rev. 161, 143 (1967).

31,, N. Bulaevskii, V. L. Ginzburg, G. F. Zharkov, D. A.
Kirzhnits, Yu. V. Kopaev, E. G, Maksimov and D. I. Khom=-
skii', Problema vysokotemperaturnoi sverkhprovodimosti
(The Problem of High-Temperature Superconductivity),
Nauka, M., 1976.

4y. M. Agranovich and V. L. Ginzburg, Kristallooptika s
uchetom prostranstvennof dispersii v teorii eksitonov (Spatial
Dispersion in Crystal Optics and the Theory of Excitons),
Nauka, M., 1965 (English translation published by Intersci-
ence, N.Y., 1966),

v, P. Silin and A. A, Rukhadze, Elektromagnitnye svoistva
plazmy i plazmopodobnykh sred (Electromagnetic Properties
of Plasmas and Plasma-~like Media), Gosatomizdat, M. 1961.

D, A. Kirzhnits and V. N. Sazonov, p. 84 in the book “Ein-
shtefnovskii sbornik,” (“Einstein Memorial Volume”) Nauka,
M., 1974, P. L. Chonka, ibid., p. 178.

'D. A. Kirzhnits, V. Ya. Feinberg, and E. S. Fradkin, Zh.
Eksp. Teor. Fiz. 38, 239 (1960) [Sov. Phys. JETP 11, 174
(1960) 1.

L. D. Landau and E. M. Lifshitz, Elektrodinamika slposhnykh
sred (Electrodynamics of Continuous Media), Gostekhizdat,
M., 1957 (English translation published by Pergamon Press,
Oxford, 1960),

M. A. Leontovich, Vvedenie v termodinamiku (Introduction

A “paradox” of electrodynamics
B. M. Bolotovskii and V. A. Ugarov

to Thermodynamics), Gostekhizdat, M.-L., 1952; Statis-
ticheskaya fizika (Statistical Physics), Gostekhizdat, M.-L.,
1944.

7, D. Landau and E. M. Lifshitz, Statisticheskaya fizika
(Statistical Physics), Nauka, M., 1964 (English translation
published by Pergamon Press, Oxford, 1969).

Ug, Coleman and E. Weinberg, Phys. Rev. D7, 1888 (1973);
D. A, Kirzhnits and A, D. Linde, Zh. Eksp. Teor. Fiz.
67, 1263 (1974) [Sov. Phys. JETP 40, 628}, J. Lliopoulus,
C. Itzykson and A, Martin, Rev. Mod. Phys. 47, 165 (1975).

2p, A, Kirzhnits, Yu. E. Lozovik and G. V. Shpatakovskaya,
Usp. Fiz. Nauk 117, 3 (1975) [Sov. Phys. Uspekhi 18, 649
(1976)1.

BM. L. Cohen and P. W. Anderson, p. 17 in Proc. AIP Con-
ference on d- and f~band Superconductivity (Rochester, 1971),
N.Y., 1972,

4p. A. Kirzhnits and Yu. A. Nepomnyashchif, Zh. Eksp.Teor.
Fiz. 59, 2203 (1970) [Sov. Phys. JETP32, 1191 (1971)]; Yu. A.
Nepomnyashchii, Teor. Mat. Fiz. 8, 413 (1971) [Theor.
Math. Phys. (USSR) 8, (1971)]; Yu. A. Nepomnyashchii and
A. A, Nepemnyashchii, ibid., 9, 137.

5Material from the International Conference on Quantum Crys-
tals (Thilisi, 1974), FNT (Low Temperature Physics) 5~7
(1975).

g, G. Maksimov, Zh. Eksp. Teor. Fiz. 69, 2236 (1975) [Sov.
Phys. JETP 42, 1138].

1p, A. Kirzhnits, E. G. Maksimov and D. I. Khomskii, Pre-
print, IFM UNTs AN SSSR (Institute for Physics and Mathe-
matics, Urals Scientific Center, Academy of Sciences of the
USSR), 1973.

BN, N. Bogolyubov, V. V. Tolmachev and D. V. Shirkov,
Novyi" metod v teroii sverkhprovodimosti (A New Method in the
Theory of Superconductivity), Izd. AN SSSR, M. 1958 (English
translation published by Consultants Bureau, N.Y., 1959).

VTranslated by P. J. Shepherd.

P. N. Lebedev Physics Institute of the Academy of Sciences of the USSR

and V. I. Lenin Moscow State Pedagogic Institute
Usp. Fiz. Nauk 119, 371-374 (June 1976)

PACS numbers: 03.50.—z

1. The application of Gauss’s theorem to a nonsta-
tionary spherically symmetric charge distribution leads
to an unexpected result. Suppose that the charge is
bounded by a sphere of radius R, and the charge density
inside the sphere is determined by the function p(r, £).
If we seek the field outside the charged sphere, by
Gauss’s theorem we obtain

4arteE (r, ) = 4nQ () (1)

where @Q(f) is the total charge of the sphere at time £.
From (1) it follows immediately that

Ee =20, @)
and for the potential ¢(E = - v¢)
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qJ(rv t)= (I'>H), (3)

The results (2) and (3) are, of course, Surprising,
Gauss’s theorem is, in essence, the Maxwell equation
div D =4mp, and in the Maxwell theory the speed of
propagation of interactions (the speed of propagation of
the field) is finite and equal to the speed of light 1/

VEu. From (2) and (3) it is possible to conclude that the
field propagates instantaneously. Instantaneous prop-
agation of the field manifestly contradicts the special
theory of relativity.

The fact that the expression (3) corresponds to in-
finitely fast propagation of the interaction can also be
seen, in particular, from the fact that D’Alembert’s
equation (for the vacuum)
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goes over into Poisson’s equation
Ap = —4np \r, t) (5)

when ¢—-, The expression (3) is just a particular so-
lution of Poisson’s equation. The analogous solution of
Eq. (4) has the form

Qu —r("/c)) > R), (6)

(P(T, t) =
which corresponds to propagation of the interaction with
speed c. Perhaps Gauss’s theorem is not always valid?
But the answer is much simpler. Any change in the
charge density should obey the charge conservation law

% +divi=0, (7

where j is the current density.

From the conditions of the problem there are no
charges, i.e., p=0, outside the sphere of radius R.
Therefore, for any spherical surface drawn outside the
sphere of radius R, we obtain that j=pv=0. Consequent-
ly, the total charge inside such a sphere remains con-
stant:

Q= Sp (t) dV = const. (8)

But in this case there is no difference between (4) and
{6). The answer has turned out to be rather unexpected:
the charge conservation law does not allow us to obtain
a varying total charge inside a certain spherical region
if p =0 outside it. The spherical symmetry is, of
course, not essential for this conclusion.

2. The result (2) follows, of course, not only from
Gauss’s theorem but also from the exact solution of the
field equations, If we start from the system of D’Alem-
bert equations for the potentials:

Aq:——-——z—= —4np (r. t).

it is simplest to expand the fields, charges and cur-
rents E,H,A, ¢,p and j in Fourier integrals, i.e.,

A= [Axoetr—iot dkdo,

etc, As is well known, the differential relations be-
tween the quantities of interest to us in this case go
over into algebraic relations between the Fourier com-

ponents, For example, (7) becomes

ki, 0 — woy o, = 0- (10)
Hence,

o0 == ki, 0 == fi. o (11)

The latter equality is written with allowance for the
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spherical symmetry of the problem: j, , can point only
along k. Obviously, we can also write
_jk,w=':TPk, @ (12)

Eqgs. (9) are written in terms of Fourier components

. as follows:

(k’——":;) Px, 0 =47pr, a,

w2 4n (1 3)
(k’—-?) At_ ©= 7" ik, @y
whence it follows immediately that
4"‘91:. » 4 ] ,©
Px. 0= I (0T A o= Tn P2 —k(mz/cz) : (14)

The expressions (14) for ¢, , and A, , have poles at ¥°
=w?/c, Usually the presence of a pole leads to the
emission of electromagnetic waves but in the case under
consideration there is no radiation at all. This can be
seen immediately after going over from the potentials

to .the fields. Making use of the relations E=-V¢ -(1/
c)A, H=curl A, we obtain

Eg, 0= _ik%.u""“i—:lAk,w,
Hk. e=1 [kAk, m].

(15)

From (14) it can be seen that A, , points in the direc-
tion of jy,,, and jy,,, as can be seen from (12), points
in the direction of the vector k. Therefore, it follows
from (15) that H, ,=0. The spherical symmetry of the
problem has led to the disappearance of the magnetic
field. From this the absence of radiation is obvious.

We now find the electric field. From (15),

. —{(0/c?)
Ex o= -—4:!;————-———1“)"‘;;_5::2;62;"' 2.

(186)

We shall transform the numerator of (16) with the aid
of (11) and (12):

kpk,m—v_(:jk.u):j:‘(? (kz“'(;:‘) Pk.m=':)— (kz_'%z‘) ik, o

amn
Substituting (17) into (16), we see that the pole that
exists in the expression for the potentials disappears in
the expression for the electric field. As a result, we
have from (16)

.k 4ni
Ei, o= — 4R 77 0, 0 =5 ik, o (18)

If we substitute this value of the Fourier component into
the expression

E(r, t)= S Ep ekt dk do

and perform the integration, we obtain formula (2). In
conclusion, we note only that the absence of radiation
in the case of a spherically symmetric charge distribu-
tion also follows from the fact that in this case all the
multipole moments are constant.
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3. One can point to yet another case in which, at
first glance, an infinitely fast signal appears. ™! We
shall consider a sphere, the material of which has con-
ductivity o and dielectric premittivity e. From the
Maxwell equations there follows the dependence for the
variation of the volume charge density at any point:

o0 =p 0)ecue (19)
It can be seen from (19) that at any point where p(0)=0
charge density cannot appear. We shall suppose now
that at time ¢£=0, inside a very small sphere concentric
with the original sphere, a volume (or even a surface)
charge density is created. This charge immediately
begins to decay in accordance with (19); again in ac-
cordance with (19), it cannot appear anywhere inside
the sphere, and, consequently, by the charge conserva-
tion law, it must appear immediately on the surface of
the sphere in the form of surface charge, irrespective
of the radius of the sphere. The appearance of the
charge on the surface of the sphere could serve as a
signal, and, as we see, an infinitely fast one.

But it is simply impossible to send such a signal.
First, as we have seen in considering the previous case
it is impossible to create the charge instantaneously in
the interior region: the charge conservation law would
be violated by this. However, we can postulate one
further assumption. Suppose that a charge was intro-
duced into the very small sphere concentric with the
original sphere at some much earlier time. To prevent
it from flowing away we confine it in a thin shell of an

14
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ideal dielectric. This situation is stationary; then, at
a certain time, we take away the insulating shell. Then,
on the basis of our discussions, it would seem that the
charge should appear without delay on the surface of

the large sphere. It is not difficult to find the error in
this argument. The charge situated inside the original
sphere and separated from it by the insulating shell
gives rise to an electrostatic displacement in the ma-
terial of the sphere. Free charges appear at the bound-
ary with the insulating shell in the dielectric. There
will also be such charges on the outer boundary of the
dielectric sphere. The removal of the insulating shell
inside the sphere only gives rise to compensation of the
“added” charge and the free charge on the interior
boundary of the original sphere (these charges are equal
in absolute magnitude). As regards the charge on the
exterior boundary of the sphere, it simply remains un-
changed.

Note added in proof. As is frequently the case, some-
thing which appeared to be a “paradox” for some raises
no question for others. Having become acquainted with
this note, Ya. B. Zel’dovich and 1. A. Yakovlev re-
marked that the charge conservation law forbids the
very formulation of the problem, But it is precisely
this which forms the content of the explanation given in
the note,

!M. Abraham and R. Becker, The Classical Theory of Elec-
tricity and Magnetism, Blackie, London, 1932 (Russ. tramsl,,
Gonti, M.-L., 1939).

Translated by P. J. Shepherd.
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