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A nonlocal theory of accelerated observers is developed on the basis of the hypothesis that an elec-
tromagnetic wave can never stand completely still with respect to an observer. In the eikonal approxi-
mation, the nonlocal theory reduces to the standard extension of Lorentz invariance to accelerated ob-
servers. The validity of the nonlocal theory would exclude the possibility of existence of any basic scalar
field in nature. The observational consequences of this theory are briefly discussed.
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The standard relativistic theory of gravitation [1] is
based on the notion that an accelerated observer is in-
stantaneously equivalent to a hypothetical momentarily
comoving inertial observer. This hypothesis of locality
[2] is clearly satisfied for phenomena involving classical
particles and rays of radiation. It has been suggested that
a theory of pointlike coincidences encounters difficulties
when extended to the quantum domain [3,4]. However,
even the measurement of classical wave characteristics
cannot be considered pointlike except in the eikonal lim-
it. For instance, the determination of the frequency of an
electromagnetic wave involves the measurement of the
field over at least several periods. It appears, therefore,
that the standard theory of accelerated observers may not
be completely adequate to deal with classical wave phe-
nomena. In this paper, I sketch a nonlocal theory which
reduces to the standard theory in the eikonal limit.

Consider a classical measuring device 2; the quantum
theory of measurement has been founded on the assump-
tion that such a device is always inertial, i.e., that it is at
rest in an inertial frame in Minkowski spacetime. Imag-
ine now that the device D is accelerated; this is a realistic
situation since all actual observers are accelerated. A
theory of accelerated observers is thus necessary in order
to interpret the physical measurements recorded by a
measuring device. To establish contact with the basic
laws of physics, the measurements of an accelerated ob-
server may be expressed in terms of the measurements of
a class of hypothetical inertial observers each momentari-
ly comoving with the accelerated observer. This impor-
tant assumption appears to be very reasonable in view of
the fact that in most practical circumstances the devia-
tions from the basic laws of physics due to inertial effects
are small. Furthermore, the required relationship may be
assumed to be linear in order to preserve the superposi-
tion principle for accelerated observers. This is essential
since all available experimental data—which are neces-
sarily obtained by accelerated observers—are consistent
with the superposition principle.

If the interaction between the device £ and the elemen-
tary phenomena under consideration is instantaneous as
in the classical mechanics of point particles, the influence
of inertial forces affecting 2 can be neglected at the in-
stant when the measurement takes place and hence D is
instantaneously equivalent to the hypothetical comoving
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inertial device. This is the basis for the description of
inertial effects in Newtonian mechanics; it also forms the
foundation for the standard extension of Lorentz invari-
ance to accelerated systems and gravitational fields [1].
On the other hand, the influence of inertial effects may
not be negligible for the measurement of classical wave
phenomena which require an extended period of time; in
this case the measurements of the accelerated observer
may thus be related to the measurements of a class of
comoving inertial observers. The instantaneous
equivalence of an accelerated observer with a hypotheti-
cal momentarily comoving inertial observer is thus valid
for a theory of coincidences, i.e., the pointwise interac-
tions of classical particles and electromagnetic rays
which correspond to waves of zero wavelength; beyond
such idealizations, the presumed equivalence amounts to
a hypothesis of locality in the standard theory. The
theoretical significance and possible limitations of this
hypothesis have been dealt with at length in a number of
publications [4]. It suffices to state here that deviations
from the hypothesis of locality are in general expected
when the intrinsic reduced wavelength (A) of the
phenomenon under observation is no longer small com-
pared to the acceleration length (L) of the observer.
Here L is a characteristic scale such that £ =c?/g for
linear motion of constant acceleration g, while .L=c /Q
for rotation of constant frequency . The notion of ac-
celeration length is more precisely defined (and
developed) in Ref. [2].

Let us illustrate these ideas by means of an example.
Consider an electromagnetic radiation field specified by
the components of the Faraday tensor F,,(x), which in-
corporates the electric and magnetic fields as measured
by static inertial observers in Minkowski spacetime. The
accelerated observer is characterized by its worldline
x*(7), where 7 is the proper time along the path. The ob-
server refers its measurements to an orthonormal tetrad
frame A, along its path such that the four-velocity
AMoy=dx*/d is the time axis and Af,), i =1,2,3, are the
spatial axes of the observer’s local reference frame. At
each instant 7, let the electromagnetic field measured by
the accelerated observer be given by F,5(7). The stan-
dard extension of the theory of relativity (Lorentz invari-
ance) to observers in accelerated motion and gravitational
fields is based on the hypothesis of locality, namely, the
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assumption that the accelerated observer is at each in-
stant locally equivalent to a comoving inertial observer
which momentarily has the same tetrad as the accelerat-
ed observer. Thus according to the standard theory
Fo5(7) should be equal to F4(7),

F;B(T):Fyv)‘#a)}‘(vﬁ) > (D

which is the field measured by the instantaneously
comoving inertial observer. The frequency content of the
radiation field as measured by the accelerated observer
can be determined from the Fourier analysis of the time
series F,g(7); this result should reduce to the standard
Doppler formula in the eikonal limit (A /£ —0). It is in-
teresting to consider the implications of Eq. (1) for the
case of a plane monochromatic radiation of frequency w
incident on an observer rotating about the axis of propa-
gation of the wave with frequency Q. The frequency of
the wave as measured by the rotating observer is
o' =vy(w¥F Q), where the upper (lower) sign indicates ra-
diation of positive (negative) helicity. If AQ/c—0,
o' =y w and the transverse Doppler formula is recovered.
On the other hand, for positive helicity radiation of 0 =Q
the wave stands completely still with respect to the ob-
server; however, in this case AQ)/c=1 and there is no
basic reason why the hypothesis of locality—i.e.,
F4.5=F ,g—should hold. Moreover, this surprising pre-
diction of the standard theory has no observational basis
at present; in fact, A /L is so small in practice that any
wave effect beyond the eikonal limit has been below the
level of sensitivity of all experiments performed thus far
[5]. It is interesting to consider a natural generalization
of the standard theory that would go beyond the hy-
pothesis of locality in accordance with the notion of com-
plementarity.

Consider an observer moving with constant velocity in
Minkowski spacetime. In the absence of acceleration, the
electromagnetic radiation field measured by the observer
is given by Eq. (1). Now imagine that the acceleration is
turned on at a certain instant and the observer is forced
to move on an accelerated path; after a while, the ac-
celeration is turned off and subsequently the observer
moves with constant velocity again. What is the most
general relationship between 7.5 and F,, that would be
consistent with all available data? The hypothesis of
locality —which is essentially the principle of minimal
coupling—asserts that F,;=F,5 however, this simple
relation could be generalized in a number of ways. Such
a generalization must be consistent with linearity as well
as the fundamental principle of causality. These con-
siderations lead to the ansatz

Fod V=Flp(T)+ [ K 577, 7 )F'ys(7)d T, )
To

where 7, is the instant at which accelerated motion be-
gins and the kernel K 4,5 is antisymmetric in its first and
second pairs of indices and is expected to depend on the
acceleration of the observer. This ansatz is consistent
with Lorentz invariance and the superposition principle.
Furthermore, it follows from the theory of integral equa-
tions originally developed by Volterra [6] that in the
space of continuous functions the relationship between
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F.5 and F, is unique [7]. If the kernel vanishes in the
absence of any acceleration, then Eq. (2) would imply the
standard result of the Lorentz-invariant theory while in
the JWKB approximation the nonlocal part of Eq. (2)
would be expected to be proportional to A /.L so that in
the eikonal limit (A/.L—0) the hypothesis of locality
would be recovered in the case of geometric optics. Thus
the relationship between F,; and F,5 given by Eq. (2)
would be a natural nonlocal generalization of the stan-
dard theory [8].

It now remains to determine the kernel and discover its
precise relationship with the acceleration of the observer.
A consistent theory can be developed on the basis of the
fundamental hypothesis that no observer can stay at rest
with a wave. This assumption is a natural generalization
of an important consequence of Lorentz invariance,
namely, that an electromagnetic wave cannot lose its
temporal variation with respect to any inertial observer;
only when the w=0 limit is actually considered would
the “wave” appear to stand still with respect to all iner-
tial observers. This is an elementary consequence of the
relativistic Doppler effect. In this way, the notion of a
photon acquires observer-independent status for inertial
observers. This work aims to extend these ideas to all ob-
servers [9]. If the accelerated observer measures a con-
stant electromagnetic field, then the electromagnetic field
according to inertial observers must be constant [10].
That is, a constant F,, should result in a constant ¥,z re-
gardless of the motion of the observer. The implementa-
tion of this requirement essentially specifies the kernel
once the further assumption is introduced that the kernel
is of the Faltung type, i.e., it depends on 7 and 7 only
through 7—17'. To see this in detail, it is advantageous to
represent the electromagnetic field as a six-vector and the
kernel as a 6X6 matrix. That is, let F,,—F,, where
(F4)=(—E,B) and the index A4 ranges over the set (01,
02, 03, 23, 31, 12). The metric of Minkowski spacetime is
assumed to have a signature of +2. In this notation Eq.
(1) can be written as F'=AF, where A(7) is a 6 X 6 matrix
that can be expressed at each instant 7 in terms of an in-
stantaneous Lorentz transformation connecting the glo-
bal frame of static observers in Minkowski spacetime to
the local frame of the accelerated observer. Thus Eq. (2)
can be written in the form

F=AF+ [K(r—7)A(r)F(r)d7 ; (3)
Y

moreover, for the sake of simplicity we set 7,=0 in the
following. Let F be a constant field, then the requirement
that F be a constant as well implies that F=F(0)=A,F.
Hence the kernel K must satisfy the equation

Alr)+ fOTK(T—T')A(T' A=A, . @)

It follows from the theory of Volterra integral equations
that a resolvent kernel R exists such that

Ap+ fOTR(T—T')AOdT':A(T). (5)

The resolvent kernel can thus be
differentiating Eq. (5) with respect to 7, i.e.,

obtained by
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R(r)= dA(T) Al 6) and the upper (lower) sign refers to right (left) circularly
dr ~° polarized radiation. The hypothesis of locality implies

This is a basic result of the theory presented here: If the
observer is inertial, A(7) is a constant and hence the
resolvent kernel as well as the kernel vanishes and the
standard result of the Lorentz-invariant theory is
recovered. On the other hand, the resolvent kernel is
directly proportional to the acceleration of the observer
and thus the determination of the kernel can proceed via
the standard methods of the theory of Volterra equations.
In particular, it is possible to use Laplace transformations
since Eq. (3) is of convolution type. If K(s) is the La-
place transform of K(z), then Egs. (4) and (5) imply that
(I+K)A=Ay and (I+R)A,;=A, where I is the unit
(6X6) matrix. It follows that (I+K )(I+R)=1I. Once
K (s) is determined, K (¢) can be computed via the inverse
Laplace transform. These results are in accordance with
the intuitive considerations that motivated this analysis;
moreover, once the acceleration of the observer is turned
off, the nonlocal part of Eq. (3) merely adds to the result
of the standard theory a constant part as the residue of
past acceleration of the observer. This constant term
only affects the boundary conditions since the addition of
a constant field to a solution of the electromagnetic field
equations in inertial spacetime simply produces a new
solution. In any measuring device the influence of past
accelerations would be canceled when the device is reset;
hence any conflict that might arise with the interpreta-
tion of data as a consequence of past movements of the
device is avoided.

It is interesting to consider anew the problem of ap-
pearance of a circularly polarized electromagnetic wave
with respect to a uniformly rotating observer in the
(x!,x2) plane. The observer rotates about the x> axis on
a circle of radius r with frequency Q and uniform speed
cB=rQ. With respect to the Cartesian coordinates of
static inertial observers, the natural coordinate axes of
the rotating observer are

AMoy=v(1, —B sing,B cos¢,0) , (7)
Afy)=(0,cos¢,sing,0) , (8)
My =v(B, —sing,cos$,0) , 9)
Af5,=(0,0,0,1) , (10)

where ¢ =Q¢t =y Q7. It can be shown that the kernel can
be written as

13 _311

—.2
K 7/0311 1

, (11)

where I, is proportional to the operator for infinitesimal
rotation about the x' axis, (I, )jx = —€;jx- Imagine a
plane wave of frequency o propagating along the x> axis;
the electric and magnetic fields can be obtained, respec-
tively, from the real parts of E=Ae exp(—iwt
+iwx?/c) and B=Ab,exp(—iot+iox>/c), where A
is a complex amplitude,

e, =2"12(1,+i,0), by

I

$iei N (12)

that E'=Aeexp(—in'T)
where o' =y (0¥ Q) and

eL=2""2(y,+i,+iBy), bi=Tie,, (13)

and B'=Ablexp(—iw'r),

with respect to the coordinate axes of the rotating ob-
server. Let the experiment in the rotating frame begin at
t=71=0. It follows from the nonlocal theory that the
field as measured by the rotating observer is given by the
real part of
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27=3;)—‘j’ F, (14)

so that the measured frequency of the wave is again o’;
however, when o= for a right circularly polarized
wave the measured field is not constant but varies linearly
with proper time as might be expected for resonance.
Moreover, for »'#0 the amplitude of the wave as mea-
sured by the rotating observer is different from the pre-
diction of the standard theory by a factor of
yo/w'=(1FAQ/c)"! due to nonlocal effects; the ampli-
tude is larger (smaller) for positive (negative) helicity ra-
diation. It would be interesting to search for such effects
experimentally; the characteristic amplitude of the devia-
tion from the standard theory is AQ/c ~10"7 for radio
waves of frequency 10 GHz incident upon an observer ro-
tating at 10’ rounds per second.

It is important to note that the nature of nonlocality
proposed in this paper is fundamentally different from
the nonlocality that appears in the phenomenological
theories of media with memory of past motions and elec-
tromagnetic fields. This is clear, in particular, from the
constancy of the kernel in the simple case considered
above while memory is expected to fade in the case of
nonlocal media.

Finally, it should be pointed out that the ideas
developed here for the electromagnetic field are quite
general and are therefore applicable to any basic wave
function [11]. Thus Eq. (3) may be thought of as express-
ing the generic relationship between a field according to
static observers in the inertial frame (F) and the field as
measured by an accelerated observer (F). If the spin of
the field is nonzero, the transformation F— ¥ is nonlocal
and the kernel is well defined; otherwise, the transforma-
tion is local. That is, K =0 for a scalar field since A=1
and it follows from Eq. (6) that R =0. For a scalar field,
o'=y(w—mQ) where m=0, +1,%+2,... is the com-
ponent of the angular momentum parameter along the
axis of rotation of the observer (cf. Ref. [5]); hence it is in
principle possible to have »’=0 for a scalar field of fre-
quency o such that @ /Q=m. This contradicts the basic
hypothesis upon which the nonlocal theory has been con-
structed: A basic radiation field cannot lose its temporal
variation with respect to any observer. The absence of a
fundamental scalar field is thus an important conse-
quence of the nonlocal theory presented here. This pre-
diction appears to be consistent with the observational
data available at present.
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