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The physical origin of inertial forces is investigated within the framework of general relativity. It is shown that the translational 
inertial force cannot be caused by the gravitational influence of distant masses. Minkowski's absolute spacetime must therefore 
be called upon in order to explain inertial forces. Nevertheless, only relative motion appears to have operational significance. This 
dichotomy is resolved in this paper by extending the principle of complementarity to include motion. Wave-particle duality is 
associated with the nature of a particle: its motion has corresponding complementary aspects in absolute and relative movements, 
respectively. This viewpoint is adopted in the description of motion in a gravitational field. 

1. Introduction 

It has been argued recently that the standard rel- 
ativistic theory o f  gravitation provides a consistent 
description of  wave properties only in the limit of  
vanishing wavelength o f  the radiation [ 1-3 ]. A ten- 
tative extension of  the standard theory has been pro- 
posed based on the Fourier analysis of  the measured 
components  o f  the external radiation field [3 ]. The 
frequency and wave-vector content o f  the radiation 
field are then covariantly defined using the phase of  
each Fourier component  in the standard manner. 
This procedure places a significant limitation on the 
magnitude o f  the wave vector o f  the radiation, 
namely, wavelengths longer than a certain charac- 
teristic radius of  curvature o f  spacetime cannot be 
defined. This circumstance is in conflict with the 
fundamental postulate o f  wave-particle duality since 
no basic restriction is imposed on the momentum of  
a classical test particle in the framework of  curved 
spacetime. 

The purpose o f  this paper is to provide a basic res- 
olution of  this conflict: Spacetime is fiat. The grav- 
itational field in flat spacetime can be interpreted in 
terms o f  an effective "curvature" o f  spacetime only in 
the eikonal limit. It is important to recognize that this 
viewpoint is not in conflict with the theoretical as 

well as the observational basis of  the general theory 
of  relativity. 

Absolute motion together with its significance for 
the explanation of  inertial effects in newtonian phys- 
ics is discussed in section 2. It is shown in section 3 
that the problem of  origin of  inertial forces does not 
find a resolution in general relativity. That is, iner- 
tial effects cannot be gravitational in origin if the 
standard interpretation of  general relativity is main- 
tained. The situation can be summarized as follows: 
The absolute space and time of  newtonian physics 
refer to the equivalence class of  all inertial frames 
that are related to each other by galilean transfor- 
mations (cf. Newton 's  Principia, book I, scholium to 
the definitions and the fifth corollary following the 
laws of  motion; see also ref. [4]) .  The absolute 
spacetime of  Minkowski is a generalization of  this 
concept where galilean invariance is replaced by Lo- 
rentz invariance. Thus the laws of  motion with re- 
spect to absolute spacetime must conform to the 
principle o f  relativity. Conversely, starting with the 
principle o f  relativity the laws of  motion can be gen- 
eralized to arbitrary systems of  coordinates in curved 
spacetime according to the scheme of  general rela- 
tivity; however, this theory is inconsistent with rel- 
ativity of  arbitrary motion and the existence of  
absolute spacetime must be invoked in order to ac- 
count for the origin of  inertial effects. Classical mo- 
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tion is either absolute or relative; however, these 
apparently contradictory classical features of move- 
ment are shown to be complementary in section 4. 
Finally, in section 5 the consistency of the data of 
experimental gravity with the existence of an un- 
derlying Minkowski spacetime is critically examined. 

measuring relative motions of physical systems in a 
finite region of space and time. These mechanical 
considerations remain essentially unchanged when 
the newtonian space and time are generalized and 
replaced by Minkowski spacetime. 

2. Absolute motion 

In classical mechanics, absolute motion signifies 
motion with respect to an ensemble of inertial frames 
(i.e., cartesian systems of reference that are homo- 
geneous and isotropic in space and time) related to 
each other by galilean transformations. Absolute mo- 
tion is not directly observable," only relative motion 
has any operational significance. A penetrating anal- 
ysis of these and related concepts has been given by 
Poincar6 [5]. The difficulty is partially resolved by 
introducing observers which are approximately in- 
ertial in any given physical problem. All actual ob- 
servers are, however, noninertial (i.e., accelerated 
with respect to absolute space). The newtonian laws 
of motion are expressed in terms of ideal inertial ob- 
servers. To compare the theoretical predictions with 
observations, it is therefore necessary to determine 
the laws of motion according to noninertial observ- 
ers. This is accomplished through a postulate of lo- 
cality as follows [2]: Let the transformation law from 
the inertial system (t, x) to the accelerated reference 
system ( t ' , x ' )  be t= t ' ,  x = x ( t ' , x ' ) ;  then, the la- 
grangian in the accelerated frame, L ' ,  is given by 
L' ( t', x ' ,  v' ) = L(  t, x, v). This postulate of locality is 
made manifest in newtonian mechanics by the fun- 
damental assumption that the equations of motion 
of a body can be obtained from those of its constit- 
uents which are classical point particles. Thus the 
function of the postulate of locality is derived from 
the basic role played by the classical point test par- 
ticle in newtonian mechanics. The noninertial ob- 
server is thus locally equivalent to a hypothetical 
inertial observer at the same event and moving with 
the same velocity; however, in a finite domain in 
space and time the movement of bodies in the rest 
frame of the noninertial observer is perturbed by in- 
ertial forces which arise due to acceleration of the 
observer with respect to absolute space. Thus an ob- 
server can decide whether or not it is inertial by 

3. Relative motion 

Inertial forces must be explained without any ref- 
erence to absolute space and time, provided only rel- 
ative motion has observational significance. As a 
result of developments in electrodynamics, galilean 
invariance was generalized and replaced by Lorentz 
invariance and the absolute spacetime of Minkowski 
took the place of absolute space and time of new- 
tonian physics. The laws of classical mechanics and 
electrodynamics could then be formulated in a Lo- 
rentz-invariant manner in Minkowski spacetime. 
Following the ideas of Mach [4], Einstein proposed 
to develop a relativistic field theory of gravitation 
which would be a generalization of newtonian theory 
except that inertial effects would result from the 
gravitational influence of distant masses in the uni- 
verse. In this way, classical physics would only be 
concerned with measurable quantities and concepts 
such as absolute spacetime would be excluded. It will 
be shown in the rest of this section that Mach's con- 
ception of inertia is in fact neither explicitly'in- 
cluded in the foundations of general relativity nor 
follows from it. This means that absolute spacetime 
is retained in Einstein's theory, despite appearances 
to the contrary. This conclusion would confirm pre- 
vious indications of this fact as noted by various au- 
thors (cf. ref. [6]). 

The steps leading to general relativity may be sum- 
marized as follows: The theory of relativity that is 
restricted to Lorentz invariance provides a descrip- 
tion of physical phenomena according to inertial ob- 
servers. The restrictions involved in this theory are 
twofold: (a) only cartesian coordinates are assigned 
to events by inertial observers, and (b) the only 
measurements of interest pertain to inertial observ- 
ers. Restriction (a) is of a purely mathematical na- 
ture. It is removed once the laws of physics are 
expressed (by inertial observers) in terms of arbi- 
trary coordinates assigned to events in Minkowski 
spacetime. In a given problem, for instance, inertial 
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observers are free to choose any system of coordi- 
nates that is relevant to the symmetries or boundary 
conditions involved. This circumstance is a gener- 
alization to Minkowski spacetime of the common use 
of curvilinear coordinates in euclidean space. The 
observables are evidently independent of the choice 
of coordinates. This fact can be made explicit by 
means of general tensor calculus in accordance with 
Minkowski's geometric viewpoint. It is therefore 
possible to express the laws of physics in the same 
mathematical form irrespective of the coordinate 
system employed. 

To every coordinate system corresponds a set of 
observers which are at rest in the system and are in 
general noninertial. The components of a tensor with 
respect to the noninertial observers would acquire 
physical significance once restriction (b) is re- 
moved. If  a prescription for the definition of phys- 
ical quantities according to noninertial observers is 
given, it should be possible to express the laws of 
physics in a g e n e r a l l y  c o v a r i a n t  manner. The pre- 
scription that is adopted in the theory of relativity, 
namely, the h y p o t h e s i s  o f  local i ty ,  is a direct gener- 
alization of the postulate of locality in classical me- 
chanics; i.e., the results of measurements performed 
by an accelerated observer at any point in spacetime 
are assumed to be identical with those of a hypo- 
thetical inertial observer at the same event and with 
the same velocity. It follows from this hypothesis that 
the results of measurements are scalar invariants re- 
gardless of the motion of the observer. The limita- 
tions that the hypothesis of locality places on the 
description of wave phenomena have been discussed 
previously [ 1,2]. 

To describe physical phenomena according to an 
observer that is falling freely in a gravitational field, 
Einstein postulated the local  equivalence of this ob- 
server with one that is accelerated with respect to ab- 
solute spacetime. This proposition is only pointwise 
valid in newtonian mechanics, provided the equiv- 
alence of the inertial and gravitational masses holds 
for all particles. Einstein's principle of equivalence 
and the hypothesis of locality together imply that each 
observer in a gravitational field is locally identical to 
an inertial observer. The spacetime is therefore flat 
in the immmediate neighborhood of each event; the 
totality of events represents a lorentzian manifold 
whose curvature can be identified with the gravita- 
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x2~~X1~O ~X2 
Fig. 1. A bucket  o f  water  that  is subject  to t rans la t iona l  as well as 
ro ta t ional  accelera t ion relat ive to an iner t ia l  f rame of  reference. 

tional field. The laws of mechanics as well as elec- 
trodynamics in arbitrary frames of references are then 
generalized in a natural way to take into account the 
presence of a gravitational field. Finally, the gravi- 
tational field equations can be established as relativ- 
istic generalizations of Poisson's equation for the 
newtonian gravitational potential. 

It must be clear from this description of the phys- 
ical basis of general relativity that this theory - de- 
spite its name - does not include a generalization of 
the principle of relativity. To show furthermore that 
relativity of non-uniform motion does not follow 
from the theory, it proves interesting to discuss anew 
Newton's well-known experiment with the rotating 
vessel of water. The general argument that follows 
was first briefly presented in ref. [7]. Imagine a 
bucket of water that is accelerated along a curve C(t) 
and rotated with an instantaneous angular velocity 
•(t) with respect to the inertial axes as in fig. 1. Let 
X represent the position of a fluid element with re- 
spect to the frame of the bucket and let x denote the 
position of the fluid particle with respect to the in- 
ertial frame, then 

x ~ =c ' ( t )  + R ~ j ( t )  X j , (1) 

where c(t) denotes the position of O with respect to 
the inertial frame and R is the rotation matrix con- 
necting the local frame of the bucket to the inertial 
axes with origin at O. R and s9 are related by 

( R - ~ d R ~ d O , j = - ~ , j k g 2  k , (2) 

where e designates the alternating symbol. Latin in- 
dices run from 1 to 3 throughout this paper. The 
newtonian law of motion for the fluid element is 

d Z x / d t  2 = a  , (3) 
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where a is the sum of the acceleration of gravity (due 
to the Earth and all other masses in the universe) 
and the force per unit mass due to the influence of 
other fluid elements, etc., brought about by the elec- 
tromagnetic interaction. The equation of motion with 
respect to an observer at rest with the bucket is 

d2X' +Rj,(t)  d2cJ 
dt 2 dt 2 

d ~  X X )  ' + (2~x ~ +~X(~XJO+ ~-  

= d'(t, X), (4) 

where d '=Ri ,  a I, i= 1,2, 3, are the components of the 
net force per unit mass of the fluid element with re- 
spect to the frame attached to the bucket. In the gen- 
eral relativistic description of the motion of the fluid 
with respect to the bucket, the acceleration and ro- 
tation of the bucket occur presumably with respect 
to distant masses in the universe; however, the equa- 
tion of motion is expected to reduce to eq. (4) in the 
newtonian limit [ 8 ]. It must be emphasized that the 
time-scale of the phenomena envisaged in the mo- 
tion of the bucket and the fluid are expected to be so 
short in practice compared to the main periods con- 
nected with Earth motion that the rest frame of the 
Earth can be considered approximately inertial and 
may therefore be identified in this sense with the 
(x l, x 2, x 3 ) system. 

The translational and rotational inertial forces 
whose existence can be deduced from eq. (4) are all 
proportional to the inertial mass. The equivalence of 
inertial and gravitational masses raises the possibil- 
ity that these apparent forces could in fact be true 
gravitational forces. To investigate this possibility, 
imagine that all bodies undergo acceleration relative 
to the bucket in such a way as to generate the same 
relative motion. That is, consider the description of 
phenomena from the standpoint of an observer at 
rest with respect to the bucket taking into account 
the gravitational influence of all the matter in the 
universe in accordance with general relativity. The 
resulting gravitational field would affect the motion 
of each particle of the vessel as well as of the fluid 
in much the same way as a consequence of the uni- 
versality of the gravitational interaction. The relative 
gravitational accleration of any two neighboring par- 

ticles is therefore expected to be proportional to their 
relative distance. This suffices to show that the 
translational inertial force, which is independent of 
the position of a fluid element relative to the vessel, 
cannot be of gravitational origin. This conclusion is 
independent of how the rest of the universe moves 
relative to the bucket of water; therefore, it is un- 
important for this demonstration how it is ascer- 
tained that the same relative motion is generated. To 
present this argument in detail, it is necessary to make 
use of the theory of motion of a body in a gravita- 
tional field within the framework of general relativ- 
ity [8]. The discussion is simplified if the self-gravity 
of the vessel as well as of the fluid is neglected. An 
observer comoving with the bucket can establish, in 
principle, a Fermi frame along the wordline of the 
point mass O of the bucket. Let r be the proper time 
along this path. The rest frame of the bucket would, 
in general, rotate at a rate D*(r) with respect to the 
gyro axes of the Fermi frame carried along O. The 
equation of motion of a fluid element with coordi- 
nates )2, i=  1,2, 3, with respect to the rest frame of 
the bucket can be written approximately as 

d2X' + ( 2 ~ * ×  dX 
dr ~ \ ~ -  + D*X (D*×X) 

dye* X)' + ~ x +k",('r) X' 

= A*'(r,  X) -A*i ( r ,  0) , (5) 

where k(r) is the tidal matrix, i.e., its elements are 
the "electric" components of the Riemann curvature 
tensor along O, and A*( r, X) is the non-gravitational 
acceleration that a point mass at (r, X) experiences 
as measured in the rest frame of the bucket (cf. ap- 
pendix A of ref. [ 8 ]). In comparing eqs. (4) and (5), 
it should be noted that a relationship can be estab- 
lished between t and r once eq. (4) is thought of as 
a limiting form of a general relativistic treatment. 
This difference cannot, however, account for the 
main discrepancy between eqs. (4) and (5), namely, 
the absence of the translational inertial acceleration 
among the gravitational effects in eq. (5). 

The presence of ~9" in eq. (5) is in part due to the 
fact that the rotation of the rest of the matter in the 
universe about the bucket generates, in addition to 
the usual gravitational "electric" field, a gravita- 
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tional "magnetic" field which can be more accu- 
rately described by the dragging frequency of the 
inertial frames [7]. A comparison of eqs. (4) and 
(5) reveals that the Coriolis effect is the only one of 
the rotational inertial effects that may be considered 
machian in appearance. Indeed, the usual "demon- 
strations" of Mach's principle are based on the Cor- 
iolis effect either for the motion of particles (e.g., 
Foucault pendulum) or for light rays (e.g., Sagnac 
effect). 

In summary, relativity of arbitrary motion is not 
contained in the general theory of relativity which is 
supported by the experimental data available at 
present. Crudely, when a bucket of water is accel- 
erated with respect to absolute spacetime, the water 
inside the bucket is free of the acceleration so that 
its motion relative to the bucket reflects the exis- 
tence of the inertial force. On the other hand, when 
the rest of the matter in the universe is accelerated 
relative to the bucket of water the resulting gravi- 
tational field acts both on the water and the con- 
tainer so that the relative motion is due to the 
difference of gravitational force. Hence the origin of 
inertial forces in general relativity must be essen- 
tially the same as in Newton's theory, namely, ac- 
celeration with respect to absolute spacetime. 

4. Complementarity 

It has been shown that in order to account for the 
origin of inertial forces recourse to the concept of ab- 
solute spacetime is necessary. On the other hand, this 
concept contains the idea of relativity insofar as it 
refers to the ensemble of all inertial frames related 
to each other by Lorentz transformations. The prob- 
lem of physical reality of absolute spacetime remains 
still unresolved, however, since motion of a classical 
particle purely with respect to absolute spacetime is 
not directly measurable. To overcome this difficulty, 
the concept of relative motion must be examined 
more closely. 

Relativity necessitates, in principle, the ability to 
shift the standpoint for the purpose of observation. 
Description of relative motion therefore brings to 
mind images of finite bodies such that an observer 
can be comoving with each body in turn. Relativity 
of motion therefore properly belongs to the mechan- 

ics of classical particles. On the other hand, it is nat- 
ural to associate the idea of absolute motion with 
classical electromagnetic waves. This possibility was 
pointed out by Lorentz [ 9 ]. It is evidently connected 
with the historical development of ideas concerning 
the way spatially separated bodies can influence each 
other. 

Radiation of electromagnetic waves is caused when 
electric charges accelerate with respect to absolute 
spacetime. Furthermore, it has been suggested that 
an observer can never be at rest with respect to an 
electromagnetic wave [ 1 ]. This assertion, which goes 
beyond the theory of relativity, is a natural extension 
of the well-known result for inertial observers to ar- 
bitrary accelerated observers. It is related to the 
quantum invariance condition [2] which postulates 
the independence of the number of quanta from the 
motion of the observer. Imagine, e.g., an observer 
that starts from rest and accelerates very slowly; the 
adiabatic variation of the observer's velocity is not 
expected to lead to any change in the number of 
quanta observed. The quantum invariance condition 
is a generalization of this result to arbitrary accel- 
eration. Thus the motion of a classical particle (or 
wave) with respect to an electromagnetic wave can- 
not be described as relative since it is impossible to 
imagine an observer comoving with the wave. It is 
natural to generalize this association of absolute mo- 
tion with classical electromagnetic waves to include 
any fundamental wave field. 

It is now possible to put forward a generalization 
of the principle of complementarity to include mo- 
tion. True (i.e., quantum) motion has complemen- 
tary classical manifestations in absolute and relative 
movements in complete correspondence with the 
duality of classical waves and particles. Space and 
time are classical modes of description of extension 
and motion of the objects of perception. From this 
point of view, the motion of a massive particle rel- 
ative to absolute spacetime cannot be observed since 
the particle must be represented in the spacetime 
picture by a wave field which is never static; i.e., there 
is no frame of reference in which the particle is at 
rest (or the field is static), otherwise the uncertainty 
principle would be violated. 

The integration of classical notions of particle and 
wave in the quantum concept of particle can there- 
fore be extended to the motion of the particle as well. 
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In this sense motion is the union of mutually exclu- 
sive yet complementary classical notions of absolute 
and relative movements. 

5. Motion in a gravitational field 

The viewpoint regarding motion developed in this 
paper is based upon the Broglie's hypothesis of 
wave-particle duality as incorporated into the 
framework of quantum theory. Thus motion in a 
gravitational field must also be examined from the 
standpoint of complementarity. The general picture 
that emerges is that gravity must be treated as a field 
on Minkowski spacetime; however, this field can be 
interpreted as an effective curvature of spacetime in 
the eikonal limit. 

Imagine the propagation of test electromagnetic 
radiation in a time-independent gravitational field. 
For simplicity, let this be the field exterior to an iso- 
lated mass. Invariance under an arbitrary translation 
in time implies that the frequency of electromagnetic 
radiation (determined by static observers) does not 
change as the wave propagates through the gravita- 
tional field. That is, a photon does not gain or lose 
energy when it propagates in a time-independent 
gravitational field. This is in conformity with 
wave-particle duality for the total energy of a clas- 
sical test particle in such a gravitational field is con- 
served in newtonian mechanics. These observations 
may be combined in a tentative hypothesis: The po- 
tential energy of a system of rest mass m in a grav- 
itational field with newtonian potential 0(x) is given 
by toO, where the principle of equivalence of inertial 
and gravitational masses has been assumed. This as- 
sertion is consistent with all observations regarding 
nonrelativistic motion of massive particles in a grav- 
itational field, and especially with the data concern- 
ing the propagation and interference of thermal 
neutrons [10]; moreover, it is consistent with con- 
stant energy propagation of a photon since its rest 
mass is zero. It is important to recognize that a com- 
pletely random collection of photons, such as in 
blackbody radiation, must be treated in effect as a 
body with rest mass E/c 2, where E is the total energy 
of the photons in a frame in which their net mo- 
mentum vanishes. This leads directly to the concept 

of weight of radiation which is meaningful only in a 
classical context. 

Consider now a system So which is at rest far from 
the source of the gravitational field (0~0) .  In a 
transition of the system So from an excited state of 
energy E2 to the ground state of energy E l a photon 
of frequency o)o=(E2-E~)/~ would be emitted. If 
a system S that is identical with So is quasi-statically 
placed in the gravitational field at x, O(x)<0, the 
energy levels would be shifted to E2(1 +O/c ~) and 
E~(l+O/c2), and the emitted photon in te corre- 
sponding transition would have frequency 
eo=OJo(1 +O/c'-) <~Oo. As the photon propagates 
away from the source of the field, co remains con- 
stant so that an observer at rest with So would con- 
clude that the radiation spectrum originating at S has 
shifted toward the red in agreement with experi- 
mental data [ 11 ]. In this analysis the redshift is solely 
determined by the difference in gravitational poten- 
tial; however, in a more general and extensive treat- 
ment the ratios between the wavelength of the 
radiation, the size of the system S, and the length scale 
of the variation of the field are also expected to play 
significant roles. In general relativity, the radiation 
is considered at the limit of vanishing wavelength and 
all the (non-gravitational) energies at any given point 
in space scale with the same factor so that an ob- 
server at any point measures the same relative quan- 
tities as in the absence of the field. In this way, each 
observer has a local (i.e., pointwise) inertial frame 
and the gravitational redshift is then explained by 
the relative clock rate at the locations of S and So. 

The above considerations have been based on the 
constancy of the total energy (and hence the fre- 
quency) of a particle in a time-independent gravi- 
tational field. The particle's momentum (or, 
equivalently, its wave vector) does not remain con- 
stant, however, since the gravitational potential is 
position-dependent. This circumstance extends to a 
photon as well by continuity inasmuch as the motion 
of a particle in a gravitational field is independent of 
its mass (no matter how small). The resulting clas- 
sical bending of light in a gravitational field has led 
to the development of a useful analogy with the re- 
fraction of light in a material medium with time-in- 
dependent constitutive properties. In general 
relativity, Maxwell's equations in a gravitational field 
can be reformulated as the electromagnetic field 
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equat ions in flat spacet ime but  in a " m e d i u m "  with 
certain l inear consti tutive relations that include equal 
dielectr ic and permeabi l i ty  tensors [ 12,13 ]. 

The electromagnet ic  rad ia t ion  propagat ing in a 
mater ia l  med ium is the superposi t ion of  many  wave- 
lets scattered from different  parts  o f  the medium.  
Construct ive interference o f  the waves leads - in the 
eikonal  approx imat ion  - to rays of  rad ia t ion  which 
exhibit  the phenomena  of  refraction,  reflection, etc. 
One may  speculate, by analogy, that  the scattering of  
e lectromagnet ic  rad ia t ion  by a gravi ta t ional  field 
would give rise to phenomena  as yet unknown which, 
however,  in the eikonal  l imi t  would correspond to 
rays propagat ing along null geodesics of  a lorentzian 
mani fo ld  in accordance with general relativity.  The 
deve lopment  o f  a complete  theory in agreement  with 
the ideas presented  in this paper  remains  a task for 
the future. 

Finally,  the observed large scale structure o f  the 
universe must  be reconci led with an underlying Min-  
kowski spacetime.  The correspondence  between the 
F r i e d m a n n - L e m a i t r e - R o b e r t s o n - W a l k e r  cosmolog- 
ical models  and newtonian cosmology [ 14] together  
with deta i led considera t ions  regarding the dis tr ibu- ,  
t ion o f  cosmic e lect romagnet ic  background radia-  
t ion [12] ensures that  the basic known facts of  
modern  observat ional  cosmology are consistent  with 

the existence of  an underlying Minkowski  spacetime. 
The event  at which the Hubble  expansion originally 
began is not  expected to have any a priori signifi- 
cance in Minkowski  spacetime; therefore, one may 
speculate on the possibi l i ty  that  the universe might 
contain  other  worlds of  which Earth-based obser- 
vat ions  have not yet p rov ided  any clue. 

References 

[ 1 ] B. Mashhoon, Found. Phys. 16 (1986) 619. 
[2] B. Mashhoon, Phys. Lett. A 122 (1987) 67. 
[3] B. Mashhoon, Phys. Lett. A 122 (1987) 299. 
[4] E. Mach, The science of mechanics (Open Court, La Salle, 

1960) ch. II, sec. VI (n.b. part 6). 
[5] H. Poincar6, Science and hypothesis (Dover, New York, 

1952). 
[6] A. Griinbaum, in: Problems of space and time, ed. J.J.C. 

Smart ( Macmillan, New York, 1964) p. 313. 
[7] B. Mashhoon, F.W. Hehl and D.S. Theiss, Gen. Rel. Grav. 

16 (1984) 711. 
[8] B. Mashhoon, Astrophys. J. 216 (1977) 591. 
[9] H.A. Lorentz, Nature 112 (1923) 103. 

[10] S.A. Werner et al,, Physica B 136 (1986) 137. 
[ 11] R.V. Pound and G.A. Rebka Jr., Phys. Rev. Lett. 4 (1960) 

337. 
[ 12] B. Mashhoon, Phys. Rev. D 8 (1973) 4297. 
[13] B. Mashhoon, Phys. Rev. D 10 (1974) 1059. 
[ 14] B. Mashhoon, in: The Big-Bang and Georges Lemaitre, ed. 

A. Berger (Reidel, Dordrecht, 1984) p. 75. 

399 


