
Physics-Uspekhi 33(2) 195-201 (1995) ©1995 Jointly Uspekhi Fizicheskikh N a u k and Turpion Ltd 

PACS numbers: 04 .20 . -q ; 04.20.Cv 

Once again about the equivalence principle 

V L Ginzburg, Yu N Eroshenko 

Abstract. The formulat ion of the equivalence principle 
under ly ing the general theory of relativity is considered. 
Impl ica t ions of the equivalence principle are discussed with 
regard to a charge placed in a locally uni form gravi ta t ional 
field or a uniformly accelerated reference frame (the 
p rob lem was addressed earlier elsewhere, for example by 
G inzburg [1] in 1969). The criticism by L o g u n o v and co­
workers [2] of the canonical equivalence principle in 
e lectrodynamics as presented in the earlier review by 
Ginzburg [1] is shown to be irrelevant. 

1. The equivalence principle (EP) and its role in physics in 
general , specifically in the general theory of relativity 
( G T R ) , has been extensively considered in n u m e r o u s 
publ ica t ions . Ano the r detailed discussion of EP is beyond 
the scope of the present communica t ion , bu t we believe it 
app ropr i a t e to recall once again its formulat ion and offer a 
few commen t s from the classical b o o k by Paul i ([3], p . 196): 

" F o r an infinitely small four-dimensional world-region 
(i.e. a world-region which is so small tha t the spacet ime 
var ia t ion of gravity can be neglected in it), there always 
exists such a coord ina te frame K 0 (Xu X2, X3, X4) in which 
gravi ta t ion has no influence either on the mot ion of a 
mater ia l poin t or any other physical process. In short , in an 
infinitely small world-region, any gravi ta t ional field can be 
destroyed by means of coord ina te t rans format ion . The local 
coord ina te frame K 0 can be though t of as a freely soar ing 
small b o x which is exposed to the effect of no other external 
forces bu t gravi ta t ion in which it falls freely. 

"I t is evident tha t the t rans format ion of the coordina tes 
is possible only because the gravi ta t ional field possesses the 
fundamenta l p rope r ty of impar t ing the same acceleration to 
all bodies , in other words because gravi ta t ional and inertial 
masses always are equal . This inference is based on the mos t 
reliable exper imental f indings ." 

W e have selected this formulat ion of EP because the 
b o o k in quest ion [3] was first publ ished as early as 1921. 
This means tha t the physical sense and the local (so to say) 
character of EP were qui te obvious for m a n y physicists 
within a few years after the const ruct ion of G T R was 
completed in 1915. 
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Cer ta in au tho r s (see for instance Ref. [4]) distinguish 
between the N e w t o n i a n or weak equivalence principle 
(WEP) and the Einsteinian or s t rong equivalence principle 
(SEP). W E P is unde r s tood as being EP applied exclusively 
to mechanics , i.e. as the s ta tement tha t all bodies travell ing 
in a gravi ta t ional field are uniformly accelerated. This 
means tha t an observer enclosed in a freely falling elevator 
has no way to perceive accelerated mot ion of the bodies (in 
the past , such an elevator was frequently referred to as 
Einstein 's elevator; n o w a d a y s it would ra ther be called a 
satellite). Of course, we ignore here possible t idal effects 
arising from inhomogenei ty of the field, which tend to be 
vanishingly small with decreasing size of the elevator. 

The t rans i t ion to SEP accomplished by Einstein implies 
tha t all physical laws, including mechanica l and electro­
magnet ic , hold t rue in a falling elevator exactly as they do in 
the absence of gravity. Na tura l ly , the definition of EP as 
suggested in Ref. [3] also included SEP. 

Since s trong, electromagnetic , and weak interact ions all 
cont r ibu te to the b o d y ' s inertial mass , exper imental ver­
ification of the equali ty of inertial and gravi ta t ional masses 
m a y be regarded as a check of SEP just as it is a check of 
W E P (see Ref. [4]). The fact tha t the gravi ta t ional inter­
action cont r ibutes to the value of the inertial mass does no t 
interfere with the universal character of the equali ty of 
inertial and gravi ta t ional masses (see Ref. [4], p . 162). 

In e labora t ing G T R and in later works , Einstein used 
different SEP formula t ions and commented on them as he 
though t p roper (see Refs [2] and [5], p . 32). However , his 
views were never in conflict with the formulat ion of EP by 
Paul i [3] (see above) . 

It should be emphasised tha t q u a n t u m events are 
beyond the scope of the present paper . EP would hold 
t rue if q u a n t u m effects (specifically, zero-field oscillations in 
vacuum) were t aken into account provided an appropr i a t e 
vacuum state has been chosen [6]. 

2. It is also wor th discussing the appl icat ion of EP to a 
charge e placed in a gravi ta t ional field or a uniformly 
accelerated reference frame. This p rob lem at t rac ted the 
a t tent ion of m a n y au tho r s and was examined in a number 
of pape r s [7, 8, 9, 10, 1, 2] for several reasons which will 
become clear from this review. 

In examining different reference frames and different 
s i tuat ions, we shall to a certain extent remain confined to 
classical mechanics (Newton ian approx imat ion) , where 
no t ions of the inertial reference frame, the external 
gravi ta t ional field with acceleration due to gravity g, 
etc., are physically determined. 

The first system to be discussed is the inertial reference 
frame K wi thout a gravi ta t ional field. This system can be 
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physically realised somewhere in outer space at a suffi­
ciently large distance from all masses. Evidently, a free 
charge e in system K does no t radia te . This is especially 
clear when charge velocity (with respect to system K ) v = 0. 
In this case, it simply has 'no th ing to emit ' , and its field is 
the C o u l o m b field. In other reference frames to be discussed 
below, charge velocity at a given m o m e n t is also considered 
to equal zero. 

Let us n o w examine reference frame K g , i.e. an inertial 
reference frame in which the gravi ta t ional field has 
acceleration g. In the restricted space-region of interest, 
field g m a y be assumed to be uniform and constant in t ime. 
The reference frame K g can be realised, with a certain 
degree of error, in a relatively small domain nearby 
any mass , e.g. close to the E a r t h ' s surface. In such a 
system, a free charge is likely to p r o p a g a t e with constant 
acceleration g. 

The p rob lem of rad ia t ion in this or in a m o r e general 
uniformly accelerated mot ion is a mat te r of long-s tanding 
discussion (see Refs [1, 3, 7, 8, 9, 10, 11] and publ ica t ions 
cited in the b ib l iography of each repor t ) . It is n o w quite 
clear tha t a uniformly accelerated charge radia tes in the 
sense tha t the flow of the Poynt ing vector t h rough the 
surface su r round ing the charge is nonzero : 

3c3 (1) 

where w2/c4 = —wlwh wl is the four-vector of charge 
acceleration, and c is the velocity of light (see Ref. [1] and 
chapter 3 in Ref. [11] for details). If charge velocity v at the 
instant of emission is low compared with c, then w2 = |v | 2 ; 
in this case, the flow of the Poynt ing vector in system K g is 

2ez

 2 

3(T 
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Final ly, there is a reference frame K a , tha t is a field-free 
system with acceleration a = —g relative to reference frame 
K. In agreement with E P , a free charge placed in reference 
frame K a (in an elevator) should be expected to behave 
precisely the way it does in system K g ; in par t icular , it mus t 
emit energy (2). 

Moreover , G inzburg [1] ment ions reference frame K g a 

which falls freely in system K g , i.e. a reference frame with 
acceleration g with respect to K g . Therefore, system K g a is a 
locally inertial reference frame in which a charge does no t 
radia te . In other words , system K g a is in fact the reference 
frame K 0 ment ioned in the above formulat ion of EP [3]. 

The presence of rad ia t ion in system K a looks at first 
sight like a p a r a d o x because charge e is no t accelerated with 
respect to reference frame K and cannot radia te . Indeed, 
this p a r a d o x has become a mat te r of deba te in the l i terature 
(see for example Ref. [1]). 

The th ing is tha t expression (1) is Loren tz covar iant , i.e. 
it is the same in any inertial reference frame. However , this 
expression need no t be preserved, as it is actually not , u p o n 
the t ransi t ion to noniner t ia l systems like a uniformly 
accelerated reference frame K a . 

This s i tuat ion is similar to tha t which is wel l -known to 
t ake place in the case of e lectromagnet ic fields in different 
inertial reference frames. In a reference frame K where a 
charge is at rest, only the C o u l o m b field of the charge is 
present , whereas b o t h the t ransverse electric field and the 

magnet ic field are inherent in inertial reference frames K r 

which are in uni form mot ion with respect to frame K. 
Similarly, t rans i t ion from reference frame K to system K a 

results in a change of the charge field: energy P = 0 in K 
while P ^ 0 in K a . 

One m o r e p a r a d o x is the possibili ty 'to create rad ia t ion ' , 
i.e. to m a k e energy P nonzero by means of t ransi t ion from 
one reference frame to another . Nevertheless , the t ransi t ion 
from reference frame K to K a fails to give rise to new 
particles, e.g. electrons, and rons , p h o t o n s , etc. 

The solution of this apparen t p a r a d o x is to be found in 
the fact tha t P ^ 0 is no t equivalent to the presence of 
p h o t o n s , tha t is free solut ions of the electromagnet ic field 
equat ions . This p rob lem has been discussed at greater 
length in [11]. 

A group of au tho r s (A A Logunov , M A Mestvirishvili , 
and Yu V Chugreev [2]) tu rn down the p ropos i t ions of 
G inzburg [1]. These au tho r s argue: " . . .V L G i n z b u r g ' s 
s ta tement tha t a charge in frame K a radia tes is ut ter ly 
wrong , ...just as w r o n g as his s ta tement tha t a charge in 
system K g a does no t radia te . If either s ta tement were t rue, it 
would mean the possibili ty to t ransform rad ia t ion away by 
the choice of the reference frame, which is physically 
u n a t t a i n a b l e . " In fact, L o g u n o v et al [2] quest ion the 
validity of EP or, to be m o r e precise, Einstein 's E P , which 
they thus set off against weak E P . H e r e is a quo ta t ion from 
Ref. [2]: " . . . the equivalence principle as formulated above 
holds t rue for mechanica l processes bu t is no t applicable to 
e lec t rodynamic ones. This suggests the possibility to 
ascertain, by m a k i n g measurements inside the system, 
whether a reference frame is inertial or falls freely in a 
uni form gravi ta t ional field." Here is ano ther extract from 
this paper [2], practical ly to the same effect: " . . .an inertial 
reference frame with a static h o m o g e n e o u s gravi ta t ional 
field is no t equivalent , in physical terms, to a uniformly 
accelerated reference frame free of a gravi ta t ional field. 
Therefore, the equivalence principle is no t fulfilled for 
e lectromagnet ic p h e n o m e n a . " 

Meanwhi le , the validity of SEP has been proved with a 
very high degree of accuracy [4]. Specifically, it has been 
shown tha t the equali ty of inertial and gravi ta t ional masses 
ho lds t rue up to 1 0 ~ 1 2 [4, 12]. A p a r t from this a rgument , 
the reasoning of L o g u n o v et al [2] is benea th criticism in 
itself. Tha t the identification of energy P [see(l)] and the 
energy of free electromagnet ic rad ia t ion (pho ton flow) is 
u n s o u n d has a l ready been ment ioned in the foregoing 
discussion. Therefore, the possibili ty to create or frustrate 
'emission ' of P by the choice of a reference frame does no t 
contradic t current views. It will be shown be low by means 
of direct calculat ion tha t a charge in reference frame K a 

emits energy provided the t ransi t ion from reference frame K 
to frame K a is correctly accomplished; moreover , the 
emitted energy is exactly tha t given by Eqn (2). 

It should be emphasised tha t we in t roduce the no t ion of 
rad ia t ion and variable P in different reference frames 
because it is this var iable tha t is commonly referred to 
in the l i terature reviewed in the present paper . As far as the 
appl icat ion of EP is concerned, it would be possible and 
even m o r e ra t iona l to be confined to fields themselves. It 
follows from EP tha t the electromagnet ic fields of a charge 
in reference frames K g and K a are similar, which imme­
diately implies equali ty of the quadratic-in-field values P in 
these reference frames. 
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3. A n y physical theory has to deal with the p rob lem of 
measurement , tha t is a methodologica l p rob lem of the 
evaluat ion of per t inent physical pa ramete r s , the choice of 
ins t ruments , and the ways to interpret the results. This 
p rob lem is considered to be of p r imary impor tance in 
q u a n t u m theory where its discussion remains a mat te r of 
great concern in the current l i terature. 

However , the p rob lem extends far beyond the limits of 
q u a n t u m theory. Specifically, the features of rulers and 
clocks need to be m o r e accurately specified so far as 
measurement of spatial distances and t ime intervals 
between different events are concerned. F o r example, in 
compar ing lengths and t ime intervals in two inertial 
reference frames K and K r which are in mo t ion relative 
to each other at a cons tant speed, any conclusion abou t the 
cont rac t ion of travell ing rulers (rods) and the deceleration 
of runn ing clocks is m a d e with the rulers and the clocks in 
each system being regarded as similar. It is c o m m o n to 
speak abou t rigid or s t andard rulers and s t andard or ideal 
clocks. General ly speaking, it mus t be possible to transfer 
these rulers and clocks between systems to ensure the 
identi ty of the rulers and clocks in reference frames K 
and K r . However , this is impossible to do wi thout 
accelerating bo th the rulers and the clocks; they must be 
insensitive to acceleration. 

F u r t h e r m o r e , the length of the rulers and the runn ing of 
the clocks must be independent of their locat ion in space 
and t ime. If this requi rement cannot be met (e.g. clocks 
showing different t ime in reference frames K and K r are 
used), the Loren tz t r ans format ions and their k n o w n 
corollaries will be incorrect . 

Of course, this line of reasoning holds equally t rue in 
nonrelat ivist ic physics where clocks in reference frames K 
and K r are also considered similar whenever the Gal i lean 
t r ans format ions need to be defined. Tha t is p robab ly why 
this p rob lem is usually assumed to be generally k n o w n and 
the said requi rements of rulers and clocks are jus t implied 
ra ther t han explicitly specified in var ious t ex tbooks (see for 
instance Ref. [13]). There is certainly some reason for this 
assumpt ion , bu t we believe it o p p o r t u n e to highlight the 
p rob lem of measurement when dealing with the special 
theory of relativity in order to avoid mis interpre ta t ion. A n 
example of a detailed discussion of the requi rements to 
rulers and especially to clocks in the relativistic theory is 
provided in Ref. [14], dedicated to ' the twins p a r a d o x ' . 

In special relativity (inertial reference frame K or 
M i n k o w s k i space), the Car tes ian coord ina te system 
xl = (ct, x, y, z) is most frequently used in which the 
square of the interval (bor rowing no ta t ion from 
Ref. [13]) is 

ds2 = c2 dt2 - dx2 - dy2 - dz2 . (3) 

In such a system, the above agreement as regards rulers 
and clocks actually looks a lmost evident. 

General ly speaking, G T R uses curvilinear coordina tes 
xl = (x°, x 1 , x 2 , x3) so tha t 

ds2 = gik(xi)dxidxk . (4) 

But the relat ionship between coordina tes xl and ' real ' 
dis tance and t ime measured with s tandard rulers and clocks 
is no t so obvious . This p rob lem was discussed by L a n d a u 
and Lifshitz ([13], p a r a g r a p h 84), who showed tha t 

intervals of real t ime or p roper t ime dx at a given space 
poin t are related to dx° as 

d T = - V ^ d x 0 . (5) 
c 

F o r the distance dl between two close poin ts , one has 

d / W - ^ + ^ W d ^ . (*> 
W e shall use Car tes ian coordina tes xl with interval (3) in 

the inertial reference frame K. F o r the t ransi t ion to the 
uniformly accelerated reference frame K a , cor responding 
coordina tes x'1 mus t be chosen ra ther t han a rb i t ra ry ones to 
al low us to compare the results of the measurement with 
those in system K. Doubt less , Einstein was perfectly aware 
of this when he wro te the following in one of his papers 
([15], p . 189) publ ished in 1912, i.e. before the const ruct ion 
of G T R was completed: 

"Suppose tha t system K (coordinates x , y, z ) | is in 
uniformly accelerated mot ion t owards axis X. This accel­
erat ion is uni form in Born ' s sense, which means tha t 
acceleration of the coord ina te origin in this system is 
cons tant with respect to such a non-accelerated system 
relative to which poin ts of system K are at rest ( that is, they 
have infinitely low speed, to pu t it m o r e precisely). 
Accord ing to the equivalence principle, such a system K 
is exactly equivalent to a certain system at rest where a 
mass-free gravi ta t ional field of a given form acts (masses 
tha t generate this field can be imagined as infinitely 
remote) . Spatial measurements in system K are performed 
by means of scales which have identical lengths if compared 
with each other at rest in a selected place of the system. All 
geometr ic proper t ies as well as the relat ions between 
coordina tes x , y, z and other lengths must be examined 
with the use of such scales. These rules must not be taken 
for granted; instead, they contain certain physical a s s u m p ­
t ions which m a y sometimes happen to be incorrect . ...It is 
feasible to imagine scales, as well as axes of coordinates , in 
the form of absolutely rigid rods despite the fact tha t 
absolutely rigid bodies cannot exist in the relativistic theory. 
In fact, absolutely rigid measur ing rods m a y be imagined as 
being composed of a large number of bodies which are no t 
absolutely rigid; they are connected in such a way tha t they 
do no t transfer pressure between them when one or ano ther 
rod s tops. W e shall measure t ime t in the reference frame K 
with a clock posi t ioned in spatial po in ts of the system so 
tha t the t ime interval measured in this way and necessary 
for a light beam to t ravel between two po in t s A and B of the 
frame is independent of the instant when the light beam was 
emitted from A . . . . " 

F u r t h e r m o r e , in the same paper , Einstein examined 
system K g with a gravi ta t ional field, bu t we feel it would 
be inappropr i a t e to dwell on this subject here. 

4. Thus , our objective is to construct coordina tes in the 
accelerated reference frame K a tha t would satisfy the above 
requi rements . It will be shown be low tha t such coordina tes 
include the coordina tes x'1 = (crj, p ) , described for 
instance in Ref. [16] (pa rag raph 18.6) and usually referred 
to as Mol ler coordinates . 

The relat ionship between Moller coordina tes and 
coordina tes xl = (ct,x9y,z)9 which were previously used 

fThe system denoted here by K is evidently our system K a . 
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in the inertial reference frame K m a y be presented in the 
following form: 

where p ^ 0. In Ref. [16], this t r ans format ion was 
in t roduced by considering system K a as a con t inuous 
t rans i t ion between ins tan taneous ly co-moving systems. 

It is easy to see tha t 

d , 2 = g'ik dxH &x'k=^4- dn

2 - dp2 - &e - dX

2 . (11) 

Accord ing to E q n s ( 7 ) - ( 1 0 ) and (6), in Moller coor ­
dinates , 

d/ 2 = d p 2 + d<f + dX

2 (12) 

i.e. the physical length element coincides with the 
coord ina te one. Element dl is independent of the 
coordinates , and measur ing rulers m a y be regarded as 
rigid (see Ref. [6], p a r a g r a p h 2.2, for details). 

F u r t h e r m o r e , in compliance with E q n s (5) and (11), 
where x° = crj, 

dz- ap 
••— drj , (13) 

with variable rj (coordina te t ime) being the p rope r t ime at 
the poin t p = c2/a. 

It follows from the definition of the Mol ler coordina tes 
( 7 ) - ( 1 0 ) tha t they cover only a pa r t of the M i n k o w s k i space 
in which z > c\t\. L o g u n o v and co-workers [2] consider this 
to be a defect since, in their opinion: ". . .from the physical 
po in t of view, t ransi t ion to a new reference frame should 
always ensure t rans format ions of all po in ts of the spacet ime 
in the initial reference f rame" . W e consider this s ta tement to 
be completely w r o n g because in G T R reference frames of 
'g lobal ' na tu re are far from being always considered. 

In the case in quest ion, the discussion concerns small 
doma ins of spacet ime in keeping with the spirit of E P . It is 
in these doma ins tha t the equivalence of reference frames 
K a and K g is to be demons t ra ted . Moreover , it is physically 
meaningless to consider uniformly accelerated mot ion at all 
t imes, i.e. in the interval —oo < t < oo, as is emphasised by 
m a n y au tho r s (see for instance Refs [1, 11]). To summarise , 
the t ransi t ion to Moller coordina tes ( 7 ) - ( 1 0 ) for the 
descript ion of the uniformly accelerated frame K a meets 
all necessary r equ i remen t s ! . 

If a part icle (a charge) in a reference frame K a is at rest, 
its coordina tes p A , £ A , and Xa a r e cons tant , i.e. 
d p A = d £ A = d # A = 0. In system K, the part icle is in 
hyperbol ic mot ion , tha t is z\ — (ctA)2 = p A (henceforth, 
index A will be omit ted) . The velocity v of the part icle, its 
acceleration, and p roper t ime x are 

f i t should be noted that Ref. [10] suggests coordinates which generalise 
the Moller coordinates and cover the entire space. 

dz (ap Jc) sinh (arj/c) drj 

. - arj 
ct = p sinh — , (7) 

c 
(7) 

= 
x = £, (8) 

y = x> (9) dv 

arj 
z = p c o s h — , 

~dt 
arj 

z = p c o s h — , (10) 

dt (1 /c) (ap jc)cosh (arj/c) drj 

csmh(arj/c) c(ct/rj) c2t 
co$h(arj/c) 

2 2 
C p 

(p2 + c2t2f/2 

2 2 
c_p_ 

^3 
(14) 

The four-vectors of velocity ul and acceleration w\ 
together with the vector dw1/ds, for this part icle, if 
expressed via the coordina tes ct, x a n d p , have the form 

dx* ( t arj . arj^ 
c o s h — , 0, 0, s inh-

ds 

dul 

"d7 - sinh — , 0, 0, - cosh — 
p c p c 

(15) 

d w ' 

~d7 
1 arj 1 arj 

— cosh — , 0, 0, — sinh — 

since, for instance, 

d x u d(ct) dfcosh (arj/c)] 

ds (ap/c)drj' (ap/c)drj 

It is k n o w n (see for example Ref. [11]) tha t for 
uniformly accelerated mo t ion 

d w ' 

~d7 - + wkwkui = 0 , 

which follows from E q n (15) because wkwk = — 1 /p 2 . 
Therefore a part icle at rest in reference frame K a is in 
uniformly accelerated mot ion in system K. Conversely, a 
part icle at rest in reference frame K will be uniformly 
accelerated in reference frame K a provided it travels at low 
speed [8]. 

5. It is n o w t ime to p rove tha t a charge which does no t 
rad ia te in the inertial system K, when at rest, does rad ia te 
if placed in reference frame K a . If the charge is at rest at 
the poin t of reference frame K with coordina tes x = y = 0, 
z = c2/a, it is supposed to have a purely C o u l o m b field in 
this system, tha t is the tensor of the electromagnet ic field 
will have the following form (see Ref. [13], p a r a g r a p h 24, 
for no ta t ion) :} 

e 

0 e 
—T x 

e 

0 0 

e 
7 y 

0 0 

2 

K

Z a J 
0 0 

0̂ 

(16) 

j W e have presented here all the details of the calculation because this is 
exactly what the authors of the paper subjected to criticism [2] did 
although they published it in a journal intended for original reports. 
Such details are even more pertinent in the present communication, 
submitted to a journal devoted to reviews of current problems. 
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where 

pl=x2+y2 

The tensor of e n e r g y - m o m e n t u m of the field (see 
Ref. [13], p a r a g r a p h 33) is 

ik T 

Hence 

1 
An 

-FilFk

l + 8lkFlmFlm 

j .01 _ ^ 0 2 _ 03 _ q 

AnTiZ = 

0 

2 
e 

— 6 xy 

AnTu = — - x l z - — 

AnTz" = 

a 

e" ( c2 

—jy\z-

2 
(17) 

4nTn = --

AnT 22 

AnT 
r2 

2\ 2 

Tensor Tl is symmetric . 
A shift to system K a with coordina tes ( 7 ) - ( 1 0 ) yields a 

charge with coordina tes £ = % = 0, p = c2/a at t ime rj = 0. 
The velocity of the charge is 

dp az sinh (arj/c) apt 

drj ccosh2 (arj/c) z 

and its acceleration is 

drj2 

a2p 

(It should be b o r n e in mind tha t in system K the charge is 
at rest, with z = c2/a. F o r this reason, in reference frame 
K a the charge has acceleration —a at the instant rj = t = 0. 
This is exactly wha t occurs in an elevator which falls with 
acceleration a = —g, g being the free-fall acceleration in 
system K g . ) 

Coefficients dxfl/dxl of the tensor t rans format ion law 

ifik dxn dx'k 

~1dx1 dx™ 

have the form 

d(crj) 

d(ct) : 

d(crj) 

~dz~'' 

d^ = 

dx 

d(ct) 

dp = 

dz 

• — cosh 
ap c 

2 

-r lm 

arj 

(18) 

c arj sinh 
ap c 

dy 
1 , 

-sinh arj 

cosh arj 

Other coefficients vanish. The coordina tes (crj, x> P ) 
must certainly be expressed via the coord ina tes (ct, x , y, z) 
by means of re lat ions ( 7 ) - ( 1 0 ) , from which it follows tha t 

2 2 , 2 2 
Z - C t = p . 

With the aid of Eqns ( 1 7 ) - ( 1 9 ) , the necessary c o m p o ­
nents of the e n e r g y - m o m e n t u m tensor in the reference 
frame K a can be found: 

pa Anr^ x z 
arj sinh 

a I c 

n/02 
2 2 

c e 
pa Anr6

0

 J Z 

arj sinh 
a J c 

2 \ 2 

(20) 

pa AKKQ | / o V a 

arj . arj 
cosh — sinh — . 

It is n o w possible to find the energy flow of the 
electromagnet ic field t h rough the spherical surface 

2 \ 2 

(crjY (21) 

at t ime rj. Calcula t ions are to be m a d e up to te rms of order 
(arj/c)2, neglecting te rms of a higher order: 0(arj/cf', etc. 
Expans ion of all the values in a series yields 

2 2 
c arj c 

z = p c o s h 
a c a 

c2 p I arj 
P - - + ' a 

sinh arj arj 
c c 

The following expressions are obta ined with the same 
accuracy at the surface of sphere (21): 

p \ a a 

a c 

a ( a 
= —z 1 y crj cos ( 

cz V cz 

2\ - i - l 

2 \ 2 

rl = e+X2+[z-C-
a 

' + 2 \ c ' CYl C°S^ 

where coordina tes 9 and cp are in t roduced such tha t 

{ = crj sin 6 cos cp , 

X = crj sin 9 sin cp , 
2 

C 

a 
crj c o s # 

The flow of the Poynt ing vector S a = cT0oc across sphere 
(21) is 

nl n2n 

(19) P = C\ J d ^ d ( c o s ^ ) c V { ^ / 0 1 s i n ^ c o s ^ 

+ T'02 sin 6sin <p + T / 0 3 cos 0} , (22) 

where the in tegrand is evaluated on the surface of sphere 
(21) at t ime rj; values of r / 0 a are given in E q n (20). 
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It is wor thy of no te tha t the surface of sphere (21) does 
no t coincide with a cons tan t -phase surface of the electro­
magnet ic field. This can be accounted for by the difference 
between coord ina te velocities of light dx01/ dx° at po in t s 
p < c2/a and p > c2/a in reference frame K a . Indeed, at 

dsz 

2 2 
a p 2 

cL 
dp2 - de - dX

2 0 

the velocity 

yj dp2 + d^2 + drj2

 = a p 

drj c 
This explains why rad ia t ion emitted at the instant rj = 0 
cannot s imultaneously arrive at different po in t s of the 
sphere. However , it is possible to show tha t t ak ing this fact 
into account affects only higher-order terms. 

F u r t h e r calculat ion of P from E q n (21) is simple bu t 
tedious . W e went t h rough it in the smallest detail, bu t it 
would be inappropr i a t e to present here a minu te descript ion 
of the p rocedure because the final result is in agreement 
with EP as expected, tha t is 

P = ^ J a 2 , (23) 
3(T 

which coincides with (2), provided a2 = g2. 
Calcula t ion neglecting te rms of 0(arj/c)3 or higher is 

no t a defect because what we are interested in are small 
spacetime domains , in compl iance with the spirit of EP , 
which was m o r e t han once emphasised in the foregoing 
discussion. 

Calcula t ions similar to those described in Ref. [10] 
unambiguous ly show tha t in system K g a falling freely in 
reference frame K g , the charge does no t rad ia te even t hough 
it is certain to rad ia te in system K g . 

The equivalence principle const i tutes the basis of G T R . 
Therefore, any calculat ion in the f ramework of G T R would 
no t contradic t E P . Meanwhi le , the great heurist ic po tency 
of EP is apparen t from the above discussion of charge 
rad ia t ion in reference frame K a . The result (23) tha t 
immediately follows from EP is ob ta inab le with the use 
of the machinery of G T R only after simple bu t tedious 
calculat ions. 

6. There is one m o r e example of the possibili ty of ob ta in ing 
a result directly from EP when it is no t at all evident 
wi thout the use of E P . Let us consider, in the relativistic 
approx imat ion , a certain object (a solid b o d y or an a tom) 
which is in mo t ion with constant acceleration with respect 
to an inertial reference frame K. W e wish to describe the 
object in the f ramework of nonrelat ivist ic q u a n t u m 
mechanics . Specifically, we would like to describe the 
p ropaga t i on of a conduct ion electron in a uniformly 
accelerated meta l [17, 18] and find level shifts of the 
uniformly accelerated a tom. 

Because the object is at rest, its behaviour can be 
described by means of the Schrodinger equat ion 

>+. dW 
in —— = 

dt 
- ^ 2 + U(X,y,z) (24) 

where U(x,y,z) is the poten t ia l energy of a conduct ion 
electron, an electron in the a tom, etc. The Schrodinger equa ­
t ion (24) is wri t ten in the inertial reference frame, which is 
no t normal ly specified. Whenever a b o d y or an a tom is in 
accelerated mot ion (e.g. a long the z axis with constant 

acceleration a\ it is necessary to subst i tute U(x,y,z) in 
E q n (24) by 

V\x,y,z-a-t2 (25) 

The t rans i t ion to the uniformly accelerated reference 
frame associated with the body , a tomic nucleus, etc., is 
effected by the t rans format ion 

t =t, X = X , y =y 9 Z = Z ~ 

After a new wave function is in t roduced, 

a 9 

' I 1 

W= V'QXV 
1 2 . / 3 - mat z + - ma t 

n \ 6 

(26) 

(27) 

it follows from E q n s (24) and (25) tha t 

W 2m 
V' 2 + U(x'9y'9z')+maz' V' . (28) 

This results in precisely the same equat ion for WF as tha t 
in the inertial reference frame, with the exception tha t 
po ten t ia l energy maz is added to the former expression. 
This is wha t immediately follows from EP [18] because in a 
h o m o g e n e o u s gravi ta t ional field with acceleration g = —a, 
the poten t ia l energy is exactly maz. A poten t ia l of a similar 
type occurs in a uni form electric field. T h a t is why 
elucidation of the effect of acceleration on the runn ing 
of an a tomic clock is possible on the basis of the k n o w n 
results relat ing to the Stark effect in a toms . 

7. There is one m o r e poin t to clarify: why L o g u n o v et al. 
[2] have obta ined a result which is in conflict with E P . The 
au tho r s examined a charge at rest in the inertial reference 
frame K and calculated its rad ia t ion in a certain noniner t ia l 
reference frame K N , assumed to be uniformly accelerated. 
F u r t h e r m o r e , following the line of reasoning described 
above, they proved tha t the charge does no t rad ia te in the 
latter system, which is t rue . However , the crux of the 
mat te r is tha t reference frame K N is radicaly different from 
system K a , which is associated with uniformly accelerated 
mot ion and discussed in connect ion with E P . 

In fact, L o g u n o v et al. [2] use the reference frame K N 

with coordina tes 

Y\ = t, £ =x . x = y, aL 
+ t 2 . (29) 

To the second order in at/c, coord ina tes (29) cor respond to 
the Gali lean t rans format ion 

y c2 at2 ^ fat 
rj = t, C = x , x = y9 p = z — + 0 -

a 2 \ c 
(30) 

It is clear tha t such a t rans format ion eliminates relativistic 
effects of order ( v / c ) 2 , i.e. (at/c)2. At the same t ime, the 
to ta l radia ted power (23) is of order (a/c)2. This accounts 
for the necessity of relativistic calculat ions in reference 
frame K a no twi ths tand ing arbi trar i ly low velocity of the 
charge. Incidentally, the relativistic t r ans format ion rules 
have to be t aken into account at arbi t rar i ly low velocities 
and specifically in examining the T h o m a s precession [19]. 

The reference frame is no t rigid because the 
following expression holds for the physical length element 
dl [see E q n (6)]: 

dlz d<f + dxz + dp1 + g ¥ diy dp , (31) 

i.e. dl is t ime dependent . 
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This fact immediate ly ensues from E q n (30). Suppose, 
for instance, tha t the ends of a rod which is at rest in 
reference frame K have coord ina tes px and p2. Then , at 
each instant of t ime t, the length of the rod is 
Pi ~ Pi — z2 ~ Zu where z 2

 a n d Z\ a r e the coordina tes of 
its ends in reference frame K. This means tha t in reference 
frame K there is no Loren tz cont rac t ion of the rod length 
when the rod is at rest in system K N . Therefore, the length 
of the rod in reference frame K N is inconstant , being t ime 
dependent and increasing with t ime at t > 0. Thus , reference 
frame K N is not to be compared with system K g in the 
f ramework of E P . 

To summarise , the criticism [2] of p ropos i t ions sug­
gested by one of the au tho r s of the present communica t ion 
in Ref. [1] is unsubs tan t ia ted . W e failed to find mis takes 
in Ref. [1]. It m a y be inferred tha t the s ta tement of 
L o g u n o v and co-workers [2] on the equivalence principle 
as applied to e lectrodynamics is invalid. 
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