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hsically distinct from that of massive matter, the motion of light is also a geodesic. This manifests t at free 

radiation should have an energy-stress tensor distinct from that of electromagnetism with material charges and 

o current. Moreover, in disagreement with the light bending calculation, existing solutions of gravity for elect­

_____ romagnetic waves are unbounded, in addition to violating the equivalence principle. Assuming the theoretical 

framework of general relativity is valid, analysis based on physical principles shows that the related Einstein 

equation has no physical solution ~ another energy tensor with an anti-gravity coupling is included. Such 

a tensor is identified to be the energy-stress tensor for photons. It generates the geodesic equation, and has 

the sum of the electromagnetic and the gravitational energy. The gravitational and electromagnetic components 

have the same speed of propagation. For monochromatic plane-waves, a gravitational wave solution has the 

polarization matching that of the electromagnetic wave, while their frequency ratio is two. For a circularly 

polarized wave, the gravitational wave component can be zero. The existence of a distinct energy tensor for 

photons clarifies and explains further i) the meaning of duality; and ii) the behavior of radiative electromag­

netic energy. Then, not otltly i6 the. wnding o.£, light 6~-CO~nUyca.lcLdated Wit it wotdd a-t­

60 ~ ~ a6 the ~ex~ p!tOo.(, ~ the ~ 0.(, gl(,aQitaUona,l wav~. 
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I.� Introduction. 

Relativity suggests the existence of gravitational waves [1]. Although there are indirect observational 

evidences [2 -4] I gravitational waves have not been directly observed [5 J. Theoretically, the existence of 

gravitational waves had been assumed a certainty to the first approximation (6). However, Einstein himself 

discovered [7J in 1936 that linearized gravity is not reliable. Nevertheless, during 1950s theorists reached a 

consensus [8] that gravitational waves did indeed exist, although a valid proof remains to be shown [9]. 

Also exact physical solutions of gravitational waves are not yet available [10]. The main difficulties appear 

to be: 1) Einstein equation is non-linear; 2) The related physical requirements remain to be investigated 

(e.g., the nature of the source term has been obscure since the beginning) [11-13]. 

To illustrate the existence of gravitational waves theoretically, one should consider some simple situations. 

Analysis indicates that an electromagnetic wave would generate an accompanying gravitational wave (10,12, 

14]. However, a theoretical difficulty is that if a gravitational wave carries energy, how is its energy related 

to the energy of the electromagnetic wave? It will be shown that the bending of light would provide meaning­

ful suggestions. In this connection, one should explain how is the photonic geodesic equation related to the 

Maxwell-Einstein� equations and what is the mass-density-like function for photons (see § 9)? 

To this end, one must first recognize that although a transformation of light energy to mass is supported 

[15] , the electromagnetic energy alone is not equivalent to mass (12] since unlike the massive matter, the 

trace of an electromagnetic energy-stress tensor is zero. This is manifested in the Reissner-Nordstrom metric 

for a particle of mass M with charge q (14] (ds 2 = (1-2M/r+q2/r2 )dt 2 - (1-2M/r+q2/ r2) -1 dr 2 - r2d~P I 

where r is the distance from the particle) which shows that the portions of metric components due to mass 

and electric energy have~nt6igf}/.).andr-dependences. Note that E = mc 2 is only for the mass m of 

a body and its toW energy E (16]. The once prevailing interpretation (5,17,18] that this equation implies 

an unconditional general equivalence between any energy and mass, is actually incorrect (12,13,19]. 

Currently, a geodesic equation cannot be generated from the electromagnetic energy tensor. On the other 

hand, if the equation of motion for the electromagnetic energy were also related to a geodesic equation, the 

electric energy would be subjected to a gravitational force as a mass is. However I not only this disagrees with 

the Maxwell equation, but general relativity would not be self-consistent (Appendix A). Nevertheless, if non­
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electromagnetic radiation is included in the light, its energy tensor can generate a geodesic equation, i.e., the 

equation of motion for the radiative energy can be different from that for the non-radiative energy. 

Thus the light bending by following a geodesic, from the viewpoint of general relativity, necessitates that 

t.he- eneJt,gy-6t!l-e66 ten6<» 0(, -tight (i.e., the wtaUty ol, ~ lfr,ee ~n6) rnu6t have a 

-(,oJrm which i6 ~nt .(,.tom that ol, t.he- 0lectwmagnetic erteJlgy ten6cYl, (see also § § 4 & 5). 

Experimentally electromagnetic waves and photons are inseparable although particles and waves are con­

ceptually distinct [20). Quantum phenomena show conclusively that the light is distinct from just a classical 

electromagnetic wave. On the other hand, it has never been shown conclusively that the light ~ identical to 

an electromagnetic wave in Maxwell's theory. What has been shown is only that the light is inseparably 

al.X>ociated with an electromagnetic wave. In other words, it is .possible that there are non-quantum aspects 

of the light, which are different from the classical electromagnetic wave. 

Moreover, there is no physical principle which dictates that the distinction between the light and an elec­

tromagnetic wave is limited to quantum phenomena. Thus, a related crucial question is whether there are 

evidences of non-quantum nature that also make the distinction. The answer is affirmative. As discussed earl­

ier, the Iights in terms of gravity, are also not just electromagnetic waves. 

In the calculations of the star light bending, wave and particle approaches [6,21] give the same deflec­

tion. This manifests that the particle-wave duality is not necessarily excluded from a classical theory. Note, 

however, almost all authors consider the light as consisting of massless particles, photons which obey the 

geodesic equation [6,9, 14]. But, Einstein [22] alone maintained the derivation of Iight bending through the 

Huyghen's principle which is not directly related to the motion of a particle (although he did adapt the method 

of calculating the perihelion advance by others.) Perhaps, Einstein had already aware of the theoretical prob­

lem that the EinstElin-Maxwell equations cannot produce the geodesic equation for the light (see also Appendix 

A), although his field equation would include the equation of motion for massive matter [13]. 

Moreover, an implicit assumption in calculating the light bending is that the guwity cJ,ue to the fight 

i6 negUgiM.,e [6,22 J. Although this is believable, self-consistency requires such an assumption to be proven 

within general relativity. On the other hand, if an electromagnetic wave and the related photons are distinct 

objects as concluded, without a distinct photonic energy-stress tensor, one would encounter that, in disagree­
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ment with experiments, Einstein's equation cannot have a bounded physical solution (12]. Therefore, the 

question of a distinct photonic energy-stress tensor is actually an lntegW paltt of general relativity since 

the electromagnetic energy-stress tensor must be included in the source (see Appendix A). 

In summary, it is necessary to have a distinct photonic energy-stress tensor and to show that the gravity 

due to light is negligible. To remain as a viable theory, general relativity must be able to provide an answer. 

A distinct energy-stress tensor for photons would support that there are intrinsic connections between 

general relativity and quantum theory. In spite of their fundamental differences, as Bohr discovered (see § 

9), there are possibly intrinsic connections among them. Note that both theories have their foundations on 

different aspects of a common physical phenomenon - - the velocity and quantum of light. To settle these 

theoretical problems, it is necessary to analyze Einstein's equation in connection with physical principles. 

For simplicity, we consider the case of an electromagnetic plane-wave. Theoretically, a plane-wave is a 

spatial local idealization, and in practice it can also be considered as an idealization of the interior of a uni­

form laser beam [12]. Moreover, it leads most naturally to an interpretation in terms of the photon [6]. 

Our conjecture is supported by the facts [12,23) that solutions of gravity obtained by Peres [24J, Penrose 

[25] and Bonner (26], violate physical principles and are unbounded (27,28] in disagreement with the 

light. bending calculation. However, to show the need of a distinct energy tensor for photons, one must prove 

that a valid solution is impossible otherwise. This is achieved by applying the relat.ed phy61ca.£ pIlinclptel.:>. 

The principle of causality (Appendix B) implies that an electromagnetic plane-wave would generate an 

accompanying gravitational plane-wave. However, since the time-time component of the Einstein tensor Gtt 

is positive on the time average, there is no physical solution unless another tensor is subtracted from the sour­

ce (§4). Moreover, as shown in reference [12], a physical solution requires that, in the flat metric appro­

ximation, this unknown tensor, on the time average, is the same as the electromagnetic energy-stress tensor. 

In terms of physics, these require that the unknown tensor is the energy-stress of the photons (§4). Thus, the 

energy of the photons is the oum of the electromagnetic wave energy and the gravitational wave energy. 

However, this also means that the energy-stress tensor for photons has an anti-glf.,avity coupling (see 

also §9). Although this is beyond the theory originally proposed by Einstein, Pauli (18] pointed out that such 

a coupling would be possible. Now, the antigravity coupling is proven to be a necessary physical feature. 
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Based on that photons travel along a geodesic and other physical considerations, an energy-stress tensor 

for photons is obtained for monochromatic electromagnetic plane-waves (see §5). Then, physical solutions of 

gravitational plane-waves are obtained, and the polarization of the gravitational wave matches that of the 

related electromagnetic wave (see §6). Thus, the anti-gravity coupling for photons is confirmed theoretically. 

Nevertheless, the skeptics might argue that, in addition to singularities (29,30], the necessary existence 

of antigravity coupling is another evidence for the breaking down of general relativity since Newtonian gravity 

does not allow an antigravity coupling. To settle the question of whether the antigravity coupling exists, it 

seems, experimentpl evidences are needed. A direct measurement for the accompanying gravitational waves of 

electromagnetic waves would be technically very difficult. However, if the antigravity coupling is necessary 

for electromagneic radiation, according to the Einstein tensor, such a coupling is also necessary for a pure 

gravitational radiation (see also §9). Surprisingly, this indirect verification has actually been confirmed [31 ] 

by the Taylor and Hulse binary pulsar PSR 1913+ 16 experiment (2) almost 25 years ago! 

Thus, duality is also a necessary feature of general relativity. Moreover, a distinct energy-stress tensor 

for photons is still compatible with quantum theory in which the gravitational effects are not considered. This 

calculation shows that, only when gravity is neglected, the energy-stress tensor for photons and that for the 

related electromagnetic wave, on the time average, are the same (12]. This suggests that classical and qua­

ntum theories may share more common features than previously assumed. 

Moreover, it will be shown in §8 that there is a connection between the photonic energy tensor and the 

complex waves used in quantum theory. This can be interpreted as duality is implicitly contained in complex 

waves. Also, this connection can be used as a general method to obtain the photonic energy tensor related to 

an electromagnetic wave. Apparently, there is a need in understanding the complex waves further. 

The antigravity coupling further manifests the intrinsic differences between general relativity and Newto­

nian theory which originated the notion of black holes. However, to keep the focus on duality, the profound 

meaning of this coupling to space-time, the existence of dynamic solutions, and the life of very massive stars 

wi II be discussed in a separated paper (32]. This paper continues an earlier paper [12) in which the com­

plicated calculations are performed to show the necessity of a photonic energy-stress tensor. For convenience 

and clarity, its main arguments are briefly presented (but may not be strictly in the logical order) in §§ 2-4. 
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2. Causality and Duality Related to Electromagnetic Plane-Waves 

Let us consider a ray of uniform electromagnetic waves (i.e. a laser beam) propagating in the z-direc­

tion. Within the ray, one can assume a strong cylindrical condition (i.e. the wave amplitude is independent of 

x, and y.) Thus, the electromagnetic potentials are plane-waves, and in the unit that the light velocity c = 1, 

Ak = Ak(t - z), where k = x, y, z, or t . ( 1 ) 

Due to the principle of causality (see Appendix B), the metric gab is functions of u (= t - z), i.e., 

gab = gab(u), where a, b = x, y, z, or t . (2) 

Let pk be the momentum of a photon. Then, based on Einstein's equation (§ 3), one obtains the conditions, 

pz = pt, px = Py = 0, and pm gmk = Pk = 0 , (3a) 

for k = x, y, and v (== t + z) (see reference (12) for details ). Eq. (3a) is equivalent to 

(3b) 

or 

gxt _ gXZ = 0, gyt _ gYz = 0 ,and gtt _ 2gzt + gZZ = 0 . (3c) 

To obtain eq. (3), Einstein's notion of weak gravity has been used (12,17). The wave transversality implies 

pm Am = 0 , or equivalently (4 ) 

Eqs. (2) to (4) imply that not only the geodesic equation, the Lorentz gauge, but also Maxwell's equation are 

satisfied. Moreover, the lorentz gauge becomes equivalent to a covariant expression. 
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The above analysis suggests that an electromagnetic plane-wave can be an exact solution in a non-flat 

manifold. In a coordinate system where Pm are con6tant6, the scalar ~ Pmdxm would equal to Pmxm. 

3. The Reduced Field Equation for the Gravity of an Electromagnetic Plane-Wave 

For this case, Einstein (33) believed the field equation is Gab = KT(E)ab where the Einstein tensor Gab 

1 
Rab--;gab R (Rab is the Ricci curvature tensor, and R :: gmnRmn ), K is the coupling constant, T(E)ab = ­

1 
gmoFmaFnb + -; gabFmnFmn I and Fab is the electromagnetic field tensor. Thus ( R = O. It follows eq. (2) that 

(Sa) 

because Fmn Fmn :: 0 due to eq. (3). The other components give eq. (3), and are zero (12). Then, 

(Sb) 

After some lengthy algebra (12], eq. (Sb) is simplified to a differential equation of u as follows: 

ell - gxxlgyyl + - C'(g'/2g):: 2K(F 2g + F 2g 2F F g ) (6)( 8xy')2 xt yy yt xx - xt yt xy 

where G == gxx gyy - gxy 2, and g = Igab I 

is the determinant of the metric. The metric elements are connected by the following relation: 

- g :: e gt 2 , where gt == gtt + gtz. (7) 

Note that eq. (35.31) in reference (14] and eq. (2.8) in reference (34) are special cases of eq. (6). 

Equations (3), (4), (6), and (7) allow Au gxu gyv and gzt to be set to zero (or equivalently guk = 0 

for k = x, y, u). In any case, these assigned values have Iittle effect in subsequent calculations. 
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Now, there are four metric elements (gxx' gxy' gyy' and gtt) to be determined. Although there is only one 

differential equation, to show that there is no physical solution, eq. (6) is sufficient. (No electromagnetic 

wave is a special case; and this means no gravitational plane-wave (12).) In other words, in oonttaot to 

4. Physical Solution and Necessities on the Source Tensor. 

For an electromagnetic plane-wave, it has been shown in general that the required periodic nature of the 

metric is due to causality (see Appendix B). However, if one assumes only that the metric is a function of t 

and z, then the Einstein equation implies g(u)ab by utilizing Einstein's notion of weak gravity (12). Thus, the 

principle of causality supports the Einstein tensor which satisfies the covariant divergence VcGcb == O. On the 

other hand, since such a Ru ' on the time average, is non-negative, there is no solution for eq. (6). 

Here, it will be shown further that, for special cases, the Einstein tensor G(u)ab implies that g(u)ab is 

periodic. Let us consider a circularly polarized monochromatic electromagnetic plane-wave, 

(8 ) 

Then Pt = W (since Ii = 1). The rotational invariants with respect to the z-axis are constants. These 

invariants are: Ru ' T(E)tt , G , (gxx + gyy), gtz ' gtt ' g , and etc. Let us assume the invariant, 

g + g = - 2 - 2C then g = -1 - C + Band g = -1 - C - B (9)xx yy , xx 'yy . 

Thus, 

82 + g
xy 

2 (1 0) 

obtai ned from G == gxx gyy - gxy 2 and eq. (6), are constants. It follows that eq. (10) impl ies 

and ( 11 a) 

where 
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and Ba 2 (1+C)2_C~O. (11 b) 

Thus, it is proven that the metric is a periodic functions. Also, as implied by causality, the metric is not an 

invariant under a rotation (since a transverse electromagnetic wave is not such an invariant). 

Since T (E) tt is a constant, it is necessary to have 

2W, and (12 ) 

Eq. (11) implies that the metric is a circularly polarized wave with the same direction of polarization as the 

electromagnetic wave (8). However, if the photonic energy tensor were zero, i~ is not possible to satisfy 

Einstein's equation because T(E)tt and Rtt (= 2W2B6/C) have the same sign. (Note that C > 0; and the 

equation of motion of a charged particle does not allow changing the sign of the coupling constant K (13].) 

This calculation illustrates that there is no po~y, within the current theory, to construct an accep­

table metric representing the accompanying gravitational wave. On the other hand, since physical influences 

can be propagated at most with a light speed, the influence of an electromagnetic wave on its accompanying 

gravitational wave would essentially be ~pa;tia.Uy ,(,oed. This means that the electromagnetic plane-wave, a 

well-tested spatial local idealization, is a valid modeling in physics. In practice, a plane-wave would model 

the interior of a laser beam. Thus, if general relativity is fundamentally correct, there must be a way to 

modify the equation such that a physical solution can be obtained for an electromagnetic plane-wave. 

Since the Einstein tensor is supported by causality, it would be sufficient to modify the source tensor 

(12]. The additional energy term should be a constant of different sign, and is larger in absolute value. 

Moreover, calculation shows that a physical solution requires that in the flat metric approximation, an 

electromagnetic wave energy tensor and the unknown tensor with an antigravity coupling carry, on the aver­

age, the same energy-momentum (12). This is also expected for a photonic energy tensor since it must 

contain and, according to experiments, is essntially the energy-stress of the electromagnetic wave. 

Thus, physics requires that the unknown tensor must be the energy tensor of photons, given that according 

to the bending of light, it is different from that of electromagnetism, but includes essentially the energy tensor 
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of the electromagnetic wave. In other words, theJte aIte two POM~:~ a dil.>tinct eneJlgy­

te,n/.)o't, .f,o't photon/.) f/.) .f,ound 0Jt, ~ Me 60me mo.ie .fx16ic ~ in geneJta,l ~Uy. 

5. Anti-Gravity Coupling and the Photonic Energy-Stress Tensor. 

To verify the conjecture as required by the bending of light, one must show that a valid modification can 

be obtained with a photonic energy-stress tensor, i.e. it would also lead to a physical solution and generate a 

geodesic equation for photons. From the arguments in previous section, the general form of the source is 

( 13a) 

where T(E)ab and T(P)ab are the energy-stress tensors for the electromagnetic wave and the related photons, 

and a is a constant to allow a possibly different coupling. Since both T(E)ab and Tab (due to 'lcecb == 0 and 

eq. (Sa]) are divergence free and traceless, T(P)ab must also be divergence free and traceless. 

Civen that a photonic energy tensor should produce a geodesic equation, for a monocivwmatic wave, 

the tensor form should be similar to that of massive matter. Observationally, there is very little interaction, if 

any, among photons of the same ray. Theoretically, since photons travel in the velicity of light, there should 

not be any interaction among them. Therefore, the photonic energy tensor should be duI.:,t-UJu!., as follows: 

Tab(p) = p pa pb, ( 1 3b) 

where P is a scalar which, according to causality, is a function of u. The geodesic equation, pc \Ie pb = 0, 

is implied by 'Ie (PPC) = 0, and 'V T(p)cb = 0. P(u) should be a non-zero function of the electromagnetic c 

potentials and/or fields. This impl ies p = A AmgmnAn , where A is a scalar constant to be determined. 

Since light intensity is proportional to the square of the wave amplitude, p can be considered as the den­

sity function of photons if A = -1. Due to R = 0 and eqs. (2) and (3) remain valid, P(u) is Lorentz gauge 

invariant. Also, without any lost of generality, a can be selected first since A can be adjusted accordingly. 

In anticipation of an anti -gravity coupling, one may choose a = -1 in eq. (13a), and obtains 
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(1 3c) 

Thus, a photonic energy tensor changes nothing in calculation, but gives another term for eq. (6) on..-ty. The 

general form for a photonic energy-stress tensor, which involves different frequencies, will be given in §8. 

To determine A, let us consider a circularly polarized monochromatic wave (8). Then, we have, 

(14 ) 

since Pt = W (in the units c = h = 1) and eq. (11 b) requires Rtt to be of oecond order and positive. Eq. 

(14) requires that A $ -1 because the constants C and Ba are much smaller than 1. Causality requires that, 

in a flat metric approximation, the time average of Ttt is zero. This implies that, as expected, 

A = -1, 

and 

since (15 ) 

where Ba is the amplitude of the gravitational wave and a is its phase difference to the electromagnetic 

wave. Note that, pUtie e-lectiomagnetic wave/.) can ~ since cosO = 0 is possible. 

To confirm the general validity of A=-1, consider a wave linearly polarized in the x-direction, 

Ax = AocosW(t - z) . ( 16a) 

Then, one has 

Ttt = ~G W2A o2{ (-A - 1) + (1 - A)COS [2W(t - z)) }. (16b) 

Thus, the flat metric approximation again requires that A -1. Then, 
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Eq. (16c) implies (gxx + gyy)' to be of first order (12], and therefore its polarization has to be different. 

Thus, Tab(P) has been derived completely from the electromagnetic wave, and general relativity also re­

quires that the energy and momentum of a photon must be proportional to its frequency. Now, the need of a 

photonic energy tt;tnsor for geometric optics, is clearly not accidental. But, a photonic energy tensor, cons­

tructed by Misner et al. (14, §§ 22J, is only an approximation of the time average of Tab(P). 

6. Unified Polarization of Plane-Wave Forms and Physical Solutions. 

If a circularly polarized electromagnetic plane-wave results in a circularly polarized gravitational wave, 

one may expect that a linearly polarized electromagnetic plane-wave results in a linearly polarized gravita­

tional wave. From the viewpoint of physics, the principle of causality would require that, for an x-directional 

polarization, gravitational components related to the y-direction, remains the same. In other words, 

gxy = 0, and gyy = -1 . ( 17a) 

Mathematically, condition (17a) is compatible with semi -unitary (i.e., g is a constant). Equation (17a) 

means that the gravitational wave is also linearly polarized. In the literature [10,14,24- 26) , there are other 

proposals. However, they all lead to unphysical solutions (see Appendix C & reference [27J). 

It follows that equation (6) becomes 

Gil - 2 K G Tttl and G = - gxx . (17b) 

Then, the general solution for equation (17) is: 

- gxx 1 + C 1 - (K/2) Ao2cos(2W(t - z»), and gtt - gzz = ~g I gxx' (18) 

where C 1 is a constant. Note that the frequency ratio is the same as that of a circular polarization. For a 

polarization in the diagonal direction of the x-y plane, the solution is: 
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( 19a) 

(19b) 

( 19c) 

Note that for a perpendicular polarization, the metric element gxy changes sign. Solutions (18) and (19) 

imply that linear superposition of electromagnetic waves is only approximately valid. The time averages of 

their Ttt are also negative as required. If g = -1, relativistic causality requires C 1 ~ KAo2/2. 

If the photonic energy tensor were absent (i.e., A=0), the solution of equation (17) could have been 

- 8xx::: 1 + C 1 - (Kj4) Ao2{2W 2 (t - Z)2 + cos [2W(t - z)J} + C 2 (t - z), (20) 

where C 1 and C 2 are constants. Solution (20) is not physical because the term (t - z) 2 grows very large as 

time goes by. In disagreement with special relativity, T(E)tt has a time limit zero. Also, solution (20) illust­

rates that weak g'taVity iI.l a phy.ucal Jt,e.qLlilt.ement which may not be satisfied by an Einstein equation. 

For a circularly polarized electromagnetic wave, the phase difference controls the amplitude of the 

gravitational wave (see eq. (17)), and the amplitude of the electromagnetic wave gives an upper bound. This 

is different from the case of linearly polarized waves for which the amplitude of gravity is fixed. 

Now, in spite of the demanding physical requirements, a photonic energy tensor has been obtained. This 

is a very strong supporting evidence for general relativity. Physically, such a tensor should be unique. Besides, 

given all the severe physical requi rements, it is difficult to imagine that a different tensor can be obtained. 

Note that plane-waves (15), (18) and (19) are bounded (Igabl < constant). But, the "plane-wave" 

of Bondi, Pirani, and Robinson [34] is not bounded. Therefore, it is not valid in physics (12,35]. One 

might blame all the problems to the non-linearity of the Einstein equation, and would wish a linear field equ­

ation for gravity. However, since the source can move with a light speed, such a linear equation, which was 

believed to be the first order approximation, violates causality and is therefore unacceptable (19). 
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7. A Unified Formalism for Plane Wave Polarizations and Semi-Unitary of the Metric. 

In electrodynamics, because the Maxwell equation is linear, real waves are conveniently related to com­

plex waves. However, quantum electrodynamics suggests that a complex wave is a necessity since it is 

required even by ~ hermitian operator. To prepare the discussion of complex waves (see Appendix D) and its 

polarizations, here we first show that there is a unified formalism for polarizations of real plane-waves. 

Eq. (17a) can be interpreted as the transverse metric components are subjected to another constraint 

related to duality and polarization. Since both the momentum pk and the conjugate momentum Pk are in the z-

direction, one may conjecture that an electromagnetic plane-wave Ak and the contravariant potential Ak have 

the same plane of polarization. Thus, the ratios among their corresponding components are the same. Then one 

has the following additional equation: 

(21 ) 

where 

Ay = {3A, and Ia I 2 + I(31 2 = 1. 

Equation (21) is equivalent to that, for an electromagnetic wave linearly polarized in the x-axis, gxy = O. 

For a circularly polarized wave, one could extend equation (21) to complex waves. Then, an electromagnetic 

and the accompanying ,gravitational wave have similar connection between real and complex waves. 

A semi-unitary condition (i.e. g is a constant) simplifies eq. (6) considerably since eq. (7) implies that 

the last two terms on the left-hand side of eq. (6) cancel each other. Then eq. (6) is reduced into 

Gil I I ( I) 2 (22)- gxx gyy + gxy 

Note that equation (22) includes only transverse metric elements, and Gil can be of first order of deviations. 

The unitary condition lead to the same differential equation. But, gtt and gzz would be simpler. It should be 

noted also that the derivation of eq. (6) is also valid for complex functions. 
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8. General Relativity and Quantum Theory 

Duality was considered exclusively only in quantum theory. But, the division of quantum and classical 

theories is man-made, and there may not be an insurmontable division between them in nature. Now, as 

observation requires, general relativity demands not only the notion of photon but also a distinct energy-stress 

tensor for photons. (In quantum electrodynamics gravity is neglected, and the electromagnetic wave and the 

related photons have the same energy-stress tensor.) However, since this tensor is also related to the 

electromagnetic wave, some kind of simple relationship toward the electromagnetic energy tensor can be 

expected. It turns out that the new source is related to a complex wave which is used in quantum theory. 

To guard against accidental coincidence, two kind of polarizations are considered. For a linearly or 

circularly polarized plane-wave, their non-zero electromagnetic potentials are respectively: 

where A = Aoexp{ -iW(t - z)}; (linear) ( 23a) 

and 

i 
and Ay = ± f2 A. (circular) (23b) 

Their energy-stress tensors are, for the linearly polarized wave (2 3a), 

( 24a) 

and 

(24b) 

for the circularly polarized waves (23b). Note that C = gxxg"y - gx/· 

Now, in comparison with eq. (15) and eq. (16), one can see that 

(25) 

i.e. the source is the real part of the energy tensor of the complex wave. Thus, duality is implicitly included 
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in the complex wave functions. Moreover, it seems, the utilization of complex waves has a deep meaning 

rooted in general relativity (see Appendix D). However, the meaning of an electromagnetic energy-stress 

tensor of a complex wave in electrodynamics remains to be further clarified by investigations. 

The time average of Re (T (E) ab] for any plane-wave, in the flat metric approximation, is zero. Thus, 

eq. (25) may be extended as a general relation beyond the monochromatic plane-waves. Our interest in 

plane-waves derives from the presumption that at great distances from a finite source of waves, these waves 

must appear to be approximately plane [34]. Based on this presumption of spatial local idealization (see also 

§ 9), it is conjectured that the validity of eq. (25) can be extended to any electromagnetic wave. 

9. Discussions and Conclusions. 

In general relativity, it is desirable to have criteria which enable one to obtain a physical solution and to 

determine the appropriateness of a source tensor without considering all the mathematically possible solutions. 

(Also, the belief that an unbounded solution can be valid [10,14,25,34,47) has made it even more difficult 

to decide.) To this end, related physical considerations (such as the bending of light, compatibility with the 

notion of weak gravity, relativistic causality, and polarization) and physical principles (such as the principle 

of causality, the equivalence principle, and the correspondence principle) would playa crucial role. 

lhe bending of light manifests that there should be a distinct energy-stress tensor for the photons. This, 

would further clarify the meaning of duality, and supports that the quantum theory, in which gravity is neg­

lected and an electromagnetic wave and related photons are considered as having the same energy-stress 

tensor, is not the final theory. Moreover, the gravitational effects, though very small, are the crucial factor in 

distinguishing the photonic energy tensor from the electromagnetic energy tensor. Thus, the perception that 

general relativity describes only the large structure of the universe whereas quantum mechanics deals with 

phenomena on extremely small scales, is proven to be problematic. This analysis supports Einstein's viewpoint 

that general relativity would encompass every fundamental aspects of physics. He [36] wrote, "The com­

parative smallness of what we know today as gravitational effects is not a conclusive reason for ignoring the 

principle of gener<ll relativity in theoretical investigations of fundamental character II • 

Since the photonic energy tensor is distinct, an electromagnetic energy-stress tensor may not be the only 
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source term. To examine the validity of a source tensor, one should choose a simple situation and then identify 

the physical requirements. Since physical influences can propagate with at most the light speed, the influence 

of an electromagnetic wave on its gravity must be spatially local. Therefore, an electromagnetic plane-wave, 

as a spatial local idealization, is a valid physical modeling to obtain the accompanying gravity. (Nevertheless, 

in disagreement with the light bending experiment, existing solutions are not bounded [12 J.) 

For the case of an electromagnetic plane-wave, the principle of causality implies that the metric is a 

bounded plane-wave with transverse components. Then, duality and the Einstein tensor imply that, for a cir­

cularly polarized plane-wave, the metric is also circularly polarized (§ 4). This compatibility gives us added 

confidence to the Einstein tensor, and therefore the essential validity of the present form of Einstein equation. 

However, since C tt of a circularly polarized gravitational plane-wave is positive, validity of the Einstein 

equation is impossible unless there is another source tensor with an anti-gJrA,lIity coupling. To obtain a phys­

ical solution, it turns out that the other tensor must be an energy-stress tensor for the photons (§ 4). 

Thus, if the framework of general relativity is essentially valid, the remaining question becomes what is 

a photonic energy-stress tensor? For such a tensor, there are four physical requirements: i) It produces the 

yudl geodeMc equation for the photons; ii) It makes, on the time average, the total source energy negative; 

iii) In the flat metric approximation, on the time average it should equal to the electromagnetic tensor as re­

quired by experiments; iv) The polarization of the resulting gravitational wave matches the polarization of the 

electromagnetic wave. Conditions i) and ii) require a photonic energy tensor distinct from an electromagnetic 

energy tensor. But, condition iii) requires them to be intimately related. In spite of these seemingly contradic­

tory conditions, calculation shows that the resulting photonic energy tensor leads to the fulfillment of condition 

iv). It is interesting that the photonic energy tensor is also derived from the electromagnetic wave (§ § 4-6). 

The antigravity coupling implies that an energy-stress tensor of photons is the sum of the energy-stress 

tensor of the electromagnetic wave, and another part which provides for space-time curvatures of the gra­

vitational wave components. Thus, it is clearer how electromagnetic waves and the photons are related. Alth­

ough this would be a step to reconcile the difficulty between physical concepts and experiments, one should 

not consider this as suggesting that general relativity is now in a position to substitute quantum theory. 

Moreover, because the photonic energy tensor T(P)ab must be included with an antigravity coupling, Ein­

17� 



stein's equation naturally produces an equation of motion also for the light. \lcT (P) cb generates the geodesic 

for photons; but \lcT(E)cb generates possibly only the Lorentz force and the equation of motion for a massive 

particle remains the same. Also, since the gravity due to light is verified to be very weak, its negligence in 

the calculation of light bending is justified within general relativity. Thus, the light bending as due to duaMty 

and the, antigJr,avity coupling 0(, photo~ is another triumph of general relativity. Moreover, the bending 

of light would actually be the earliest expeJli¥ne,nta{, ptoo.(, .(,0'" the, g'taVitationa-l wav~. 

Nevertheless, a skeptic might declare simply that the nonlinear Einstein-Maxwell equations do not allow 

a plane-wave. But, such a speculation is meaningless since it is not supported by physical considerations and 

certainly does not help solving the related problems. Experimentally, the bending of light requires, due to the 

accompanying gravitational wave, a distinct photonic energy tensor which generates a geodesic equation. The 

gravity due to a light beam must be negligible. The plane-waves are only examples to illustrate these needs. 

Although existing solutions for gravity of such a source [24- 26J violate the equivalence principle as well as 

causal ity (see Appendix B), the electromagnetic plane-wave is a well-tested modeling in electrodynamics. 

In general, the principle of causality implies that an electromagnetic wave is accompanied with a gravit­

ational wave with a bounded amplitude. But, the gravitational waves are associated with the antigravity coup­

ling [31 J, whereas the coupling to electromagnetism has the same sign of that of massive matter. Hence, the 

photonic energy tensor is necessary. Also, without a photonic energy tensor, the energy conservation would not 

allow to have a gravitational wave. ThuI.>, within the, ~ca1 flw.,rne.woltk 0.(, geneJud 'L0lativity, 

theJl,e it.> no aiteJLna:tive otheJt than oUaining a di6tinct phownic eneJl{Jy-6~6 teMO'L.. 

For a linearly polarized electromagnetic waves, gravity is generated by a term of second order in time­

average, only a very small portion of the total energy. For a circularly polarized wave, the gravitational wave 

component can even be zero. This establishes explicitly the dependence of gravity on the form of energy. Such 

a dependence would be crucial to resolve the problem of the so-called inevitable gravitational collapse. Also, 

the accompanying wave manifests that a gravitational wave propagates in a same manner as the light (37J. 

If the gravitational radiation is associated with an antigravity coupling, the inadequacy of the source is 

not limited to the case of electromagnetic waves. Indeed, due to theoretical consistency and agreement with 

experiments [31 ] , the Einstein equation for massive matter has to be modified as follows: 
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(26 ) 

where T(m)ab and t(g)ab are respectively the energy-stress tensors for massive matter and gravity. Then, 

Ve T(m)cb = 0, and Vet (g)cb = 0, (27) 

because of the coupling signs. (Note that, in eq. (13), Ve T(E)cb = Ve T(P)cb = 0.) If gravity is generated 

by massive matter, then Kt(g) ab is expected to be of second order. This tensor verifies that the antigravity 

coupling is a phyMcat feature. Thus, eq. (26) confirms also the necessity of a photonic energy tensor. 

It has been a long way to arrive eq. (26), the Einstein equation of 1995 version necessitated by experi­

ments. The 1915 version is supported only for the cases of weak and static gravity [31,38]. In 1953, 

Hogarth [39] conjectured that, for the two-particle problem, the energy of gravitational radiation must be 

represented in the source tensor. In accord with this, Lo [12 J proved in 1992 that there is no bounded 

plane-wave solution. Before that, theorists (40] were unaware of that the "plane-waves" (satisfying Rab = 

0) are unphysical. Also, theorists such as Bonnor, Griffiths and MacCallum (41) have questioned the phy­

sical validity of known time-dependent solutions because of the nature of their singularities. 

The antigravity coupling, which is necessitated by the gravitational waves, is the most profound differen­

ce between general relativity and Newtonian gravity which allows neither the gravitational wave nor an anti­

gravity cOLlpl ing. This coupling in eq. (26) explains why there is no dynamic solution for the 1915 version, 

and implies that the energy conditions in the singularity theorems [29,30] are not valid in physics. Detailed 

discussions of the antigravity coupling and its implications will be provided in a separate paper [32]. 

The necessity of a photonic energy-stress tensor illustrates that there is a connection between general 

relativity and quantum theory. This is further manifested by the fact that a general form of the photonic ener­

gy tensor can be derived from the electromagnetic energy-stress tensor of the related complex wave in quan­

tum electrodynamics. (Note that Einstein had hoped (42) that a modified Maxwell equation would have light 

-quantum solutions.) It is interesting to note also that both general relativity and the concept of photon were 

proposed by Einstein. As shown, these two seemingly independent theories are actually inextricably related. 
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Einstein maintained the hope for a total solution on the lines of a classical field theory until the end of 

his life. Pauli [18) considered this would be the great open problem of the relation of relativity theory to 

quantum theory. But, he pointed out that a clear connection between the general theory of relativity and 

quantum mechanics is not yet in sight. (This viewpoint could be challenged, however, since Bohr has to use 

general relativity to justify his uncertainty principle (42,43].) Now a connection between general relativity 

and quantum theory is clearly there. Would Einstein's dream occupy physicists for a long while to come? 
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Appendix A: Dyna{1lics of Particles, Electromagnetism, and Theoretical Consistency in General Relativity 

Some theorists believe that only accurate predictions of a theory is important, but not consistency, since a 

current theory does not deal with all aspects of physics. For instance, the Maxwell's theory cannot explain 

why a charged particle can exist. Obviously, this incorrect view is not shared by Einstein since a motivation 

of general relativity is theoretical consistency. Moreover, one should observe that while the question of charge 

is beyond Maxwell's theory, gravity of electromagnetism is necessarily an integral part of general relativity. 

In general relativity, there are two central problems, namely, 1) the source Tab of the field equation Gab 

-KTab and 2) the equation of motion for a particle. Also, there is a problem of consistency since 

(A1 ) 

is implied by Ve Ccb == 0, and eq. (A1) must be compatible with the equation of motion. Thus, in principle, 

all the information should be derivable from the source Tab' For massive matter, usually T(m) ab = puaub + 
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p( UaUb - gab)' where P is the mass density, p is the pressure, and ua = dxa/dT is the velocity of p [13]. 

In general relativity, for a neutral particle, the equation of motion is the geodesic equation [21], 

where dT2 = g dxm dxn (A2)mn , 

and rbea = (Be gka + Sa gkc - Bk gea) gbkj2. Observation confirms the validity of eq. (A2). 

However, the equation of motion is insufficient to determine the source since an additional divergence 

free tensor can always be added. On the other hand, an appropriate source tensor must lead to a physical 

solution. Einstein [22J was aware of this difficulty, and in fact, encouraged a modification of the source 

term. Thus, an appropriate source tensor is a difficult problem related to the validity of the theory (13]. 

Consider a particle with charge e and mass m. The accepted equation of motion for a particle is 

m ue V ub - e Fb UC = 0 (A3 )c e ' 

where Fba is the electromagnetic field tensor. In equation (A3), the radiation reaction force has been omitted. 

For a continuous charge distribution, the second term in eq. (A3) should have the form 0 Fbc uc , where 0 is 

Cthe charge density. The Lorentz force -0 Fbc U == Vc T (E )cb, the divergence of the electromagnetic energy-

stress tensor. Thus, ekcAJtomagnetil.>m rnuI.>t k involved a6 a 60U/tCe, in Ein6tei.n'6 equation. 

An accelerated charge and its field do not simply move together since an electromagnetic wave would be 

emitted. If the equation of motion for the electric energy were related to a geodesic equation, the electric 

c2 

energy woLdd .be attracted by a massive particle with a force ~ -8c 2 r a ~ -8TBgttj8xa, where 8 is antt 

electric energy density. But a charge creates a repulsive force (of different r-dependence according to the 

Reissner-Nordstrom metric) on another massive particle. Thus, the interaction between these particles would 

be viewpoint-dependent. In other words, a theoretical inconsistency would be created. 

Experiment requires that an energy-stress tensor of light T(L)ab must be distinct from T(E}ab since 

(A4) 
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cannot generate a geodesic equation. On the other hand, if the light includes other than electromagnetic radi­

ation, its energy-stress tensor must be different from T(E) abo Moreover, in current theory of general relativ­

ity, a photonic geodesic equation cannot be derived from the Maxwell-Einstein equations [14]. 

One might disregard this failure as unimportant; and argue that the geodesic equation and/or the Huyghe­

n1s principle can simply be added to the theory. However, the validity of these methods actually depends on an 

unproven assumption that general relativity is self-consistent in physics. Thus, whether it is possible to derive 

the experimentally supported geodesic equation for photons within the theoretical framework of general relati­

vity, would be a test of the theory·s viability. In other words, on the contrary, this difficiency is important 

because it manifests that the current theory is not yet ~eA-b-co~ntf,oJr., dynamic pWUe.mI.> (see § 9). 

For dynamic problems, the theoretical self-consistency of general relativity has not been adequately add­

ressed. The three well-known tests examine only the static gravity. In the light bending calculation, the 

gravity due to the presence of light is neglected. However, it was not clear whether the theoretical gravity 

generated by the light is indeed weak as observed (see § 1), although "the equivalence principle appears as 

the best bridge between the theories of gravitation and of elementary particles [6)." The existing solutions 

violate the equivalence principle which is critical for a valid appl ication of ds 2 = 0 [22,27]. 

For massive sources, the inadequacy of the Einstein equation for dynamic problems was first raised in 

1921 by Gullstrand [44,45] in his report to the Nobel Committee. (On the perihelion effect, he expressed 

the opinion that other, long-known deviations from the pure two-body Newtonian law should be re-valuated 

with general relativistic methods before there could be even an attempt to identify the residual effect to be 

explained [42].) The non-existence of dynamic solution was recently proved by Lo [31) in 1995. It has 

also been shown the impossibi lity of having a gravitational plane-wave for Gab = 0 [12] in 1997. 

Meanwhile, in 1936 the existence of wave solution was questioned by Einstein (7) himself. In 1953 the 

non-existence of dynamic solution was conjectured by Hogarth [39). However, in 1993 Christodoulou and 

Klainerman [46] claim that "dynamic solutions" in vacuum can be constructed from the strong asymptotically 

flat "initial data sets". But, they have not proved that their "initial data set" is related to a dynamic source as 

physics requires. Thus, they actually have not proven the existence of a dynamic solution. Moreover, their 

initial data sets are incompatible with the field equation for weak gravity and Einstein1s radiation formula. 
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Appendix B: The Principle of Causality, Symmetry, and Validity of a Field Equation 

The concept of causality describes the ideas of cause and effect (which can be probabilistic). There are 

two aspects in causality: its relevance and its time ordering. In time ordering, a cause event must happen 

before its effects. This is further restricted by relativistic causality that no cause event can propagate faster 

than the light speed in vacua. This requirement restricts also the choice of space-time coordinates [12,23, 

27J. The time-tested assumption that phenome.na can k explained in teJl,m,o 06 id,.e~ e.atl/.)e6 

will be called the principle of causality. Hence, any parameter in a solution for physics must be related to 

some physical causes. Here, this principle will be elucidated first in connection with symmetries of a field, 

the boundedness of a field solution, and consequently in the validity of a field equation in physics. 

In practice, based on observation when the considered field is absent, physical properties are ascribed to 

the space-time as in a IInormalli state. Then, any deviation from the normal state must have physically identi­

fiab�e causes. Since the principle of causality implies that symmetry breaking must have causes, a symmetry 

must be preserved if no cause breaks it. For example, the electromagnetic field is zero in a normal state. The 

implication of causality to symmetry has been used in deriving the inverse square law from Gauss's law. 

In general relativity, the no"l.nuU 6tate. of a metric is the flat metric in special relativity. The constant 

flat metric possesses all the symmetry allowed by special relativity. Thus, if a non-constant metric does not 

possess a certain symmetry, then there must be physical cause(s) which has broken such a symmetry. In other 

words, the metric should have at least the same symmetry as its physical cause(s). For example, in the Sch­

warzschild solution, causality requires that the metric is spherically symmet.ric and asymptotically flat. Not.e 

that, in a spherical coordinate system, the angular dependence of this metric is related to the infinitesimal so­

lid angle dO because such a dependence exists inherently for the normal state [37J. Also, without the prin­

ciple of causality, the flat metric would not be the only constant solution for an empty space. 

However, the phyoical cau/.)e(~) 6hoLdd not l>e con{,u;:>ed with the mathematical ~OuJl,ce te"l.m 

in the (,ieA.d equation. Such a confusion would be possible because, for some situations, such a distinction 

does not seem to be meaningful. For instance, in electrodynamics, the physical cause of an electromagnetic 

field and the source term in Maxwell's equation, are the same charge currents. In general relativity, the cause 

of gravity is the physical matter, but not the source term in Einstein's field equation. The energy-stress tens­
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ors (for example the perfect fluid model) may explicitly depend on the metric. Since nothing should be a 

cause of itself, such a source tensor does not represent the cause of a metric. For the accompanying gravita­

tional wave of an electromagnetic wave, the physical cause is the electromagnetic wave. In the Schwarzschild 

case, the cause is the mass distribution. Thus, one should not infer the symmetries of the metric based on the 

source term (instead of its causes) although their symmetries are not unrelated. 

Moreover, inferences based on the source term can be misleading. Sometimes, the source term may have 

higher symmetries than those of the cause and the metric. For instance, a transverse electromagnetic plane­

wave is not rotationally invariant with respect to the direction of propagation. But the related electromagnetic 

energy-stress tensor can be rotationally invariant and even be a constant [12J. In the literature (see §13 & 

§21 of (10J, eq. (35.40) in (14], and also (24-26]), the metric is incorrectly assumed to be rotation­

ally invariant. This assumption violates causal ity and results in theoretical difficulties (see [12,23]). 

Classical electrodynamics implies that the flat metric is an accurate approximation of a bounded metric, 

caused by the presence of a weak electromagnetic plane-wave. This physical requirement is supported by the 

principle of causality which implies such a metric to be a bounded periodic function. However, this bounded­

ness, though also required by experiments, is not satisfied by solutions in the literature [24-26]. These solu 

tions, in fact, violate causality directly since they involve parameters without any physical cause (see (23)). 

Moreover, although these solutions have the metric signature of a Minkowski space, in contrast to the incorr­

ect belief on a Lorentz manifold (5,9,14,47), they do not satisfy the equivalence principle (12,23,27,28]. 

Theoretically if any physical principle is violated, then the equivalence principle should not be satisfied; 

otherwise its validity as a physical principle would be questionable. Also, although the principle of causality 

and relativistic causality are distinct physical requi rements, in practice they are often either satisfied or viol­

ate simultaneously (23,27). Apparently, there are invisible connections among physical principles. 

The compatibility of symmetry due to the principle of causality is a physical requirement. Thus, symmetry 

consideration can be used as a criterion for the validity of a solution and even the field equation. 

Nevertheless, for some equations, the symmetries of a solution can be very different from that of the 

source term (which mayor may not be the physical cause). For example, consider the following equation, 
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f (u), (B1 ) 

where nab is the flat metric (+,-,-,-), u == (t - z), and v == (t + z). If F is a function of only t and z, 

then the inhomogeneous solution of eq. (81) ) depends not only on u but also v, and is 

v u 
F(t,z) 4 S f(t) dt . (82) 

It should be noted that, due to the factor v, F(t,z) is not bounded even for a veJt.y 6maU source term f (t). 

Then, one may examine a field equation after the related physical cause is identified. The left-hand side 

of eq. (81) can be considered as a MaxweWs equation or an equation in linearized gravity. For the case of 

MaxweWs equation, the principle of causality implies that the source term may not be in the form of plane-

waves. This restriction is satisfied physically because, in nature, a charged particle is invariably massive. 

For linearized gravity, the function F(t,x,y,z) in eq. (81) relates to the deviations from a flat metric. 

(An implicit assumption of weak gravity is that an empty space has a flat metric. This assumption is identical 

to the requirement of a normal state.) If the physical cause is an electromagnetic plane-wave propagating in 

the z-direction, then the related source energy-stress tensor can be a function of u (10,14,24-26), and its 

lowest order approximation is a function of u, and thus the source term in linearized gravity would have the 

form f (u). Then, according to solution (82), the metric would have a factor v and is unbounded. (Theorists 

were not aware of that such an unbounded solution is also in disagreement with experiments (25).) 

On the other hand, the principle of causality implies that the metric is a function of u only [10,12,14]. 

This contradiction suggests that, for gravitational waves, eq. (81) is not an appropriate form. Thus, causality 

implies that theJl,e aJt,e. weak glW»uy exact 6olution6, which cannot I>e. app!U)~ with Unea/l,­

ized g'WAJuy. One might argue that a solution could be a function of only u through a gauge transformation. 

This is not possible physically nor mathematically since a flat space-time metric has to remain flat. 

In general, the principle of causality implies that, in agreement with the correspondence principle, a 

weak (non-singular) source should produce a weak field and that a physical solution is bounded in magnitude 

(see also (35)). Thus, the basis of Einstein's notion of weak gravity is also the principle of causality. 
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Appendix C: Compatibility of the Polarizations of Plane-Wave Components 

Einsteinls field equation shall be examined with different polarizations. Then, the relations between the 

polarizations of electromagnetic and gravitational wave components are established. It should be noted also that 

an inappropiate polarization would result in an unphysical solution. 

It has been established that for a circularly polarized electromagnetic wave of frequency W the solution is 

also a circularly polarized gravitational wave, but of frequency 2W. Then, its curvature tensor is 

2 2Rtt 2W 2 Sa
2 /C, where C (1 + C 1 ) - Sa , (C1 ) 

and 

(C2 ) 

where Sa and Ao are the gravitational and the electromagnetic wave amplitudes. C 1 , the determinant g and 

gt are constants. The frequency ratio suggests that - K Ao 2 is of first order of deviations. Thus, W2Ao2/2C in 

(C 2) must be canceled by the photonic energy-stress tensor. (This means that, in the fl at metric approxi­

mation, an electromagnetic wave and its photons carry, on the average, the same energy-momentum.) 

Now, we consider also a linearly polarized electromagnetic wave, whose only non-zero component is 

Ax = A(t - z) Ao cos [W (t - z)] . (C3 ) 

From equation (6), the equation of the lowest order terms is 

f' /2 = - K (AI) 2,hwere - f ()u - (gxx + gyy ) + 2 (C4 ) 

Indeed, there is a constant - K W2Ao2/2 to be canceled. The modified equation of the lowest order should be 

- 2KT(u), (CS) 
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and the time average of T(u) is zero. Now, equation (6a) becomes 

(C6) 

There are four unknowns in eq. (C6). The previous case suggests that eq. (C6) can be reduced. 

From eqs. (7) and (C4), only one of g and gt can be a constant. (The Schwartzchild solution suggests 

that g would likely be a constant.) Nevertheless, it is still possible to simplify (C6). To this end, define 

F1 II - - 2 K T(u), and (C7) 

where F2 (u) is of second order and f 1 is the time average of f. Then, one obtains 

( f I + F 1 )' F II + F' 1- gyy 2 gyy - 1 gyy 2 gyy 

[2Y Y + (y ') 2 + I ( 1 ) 2 ] II II- yy yy yy .. gxygxy + gxy . (C8) 

where the deviation Yab = gab - nab . Then (C6) is reduced to 

[2 Y 1I+(y ')2+2 11+( ')2]- Yyy yy yy gxygxy gxy . (C9) 

where 

For a physical solution, it requires that the time average of the term (fgyy' )' is zero.+ F 2 ' gyy 

If g is a constant, then eq. (C9) implies gyy' = gxy' = 0 , since the time average of the right hand-side 

of eq. (C9) cannot be positive. These equations in turn imply F/ = 0, and consequently F2 = O. Thus, both 
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gyy and gxy are constants, and equation (C6) is reduced to 

gxx" = 2K T(u ) . (Cl0) 

If the constants are independent of the wave amplitude, then one has 

gxy = 0 , and gyy = -1 . (Cll ) 

On the other hand, in general, (C11) implies 

G' (g'j2g) - F2 
11 = 0 . (C12) 

It follows that gt cannot be a constant in a linear polarization. To illustrate this, let us assume 

gtt = 1 , gxy = 0 ,and g = -1 . (C 13a) 

as suggested by linearized gravity. Then equation (6), with the photonic energy tensor T (P) ab' becomes 

(C 1 3b) 

Without a photonic energy-stress tensor (i.e., A = 0), the solution for eq. (C13) is: 

_ g -1gxx = - (1 + C :t i I K/ 2 A) 2 , and g xx , (C14 )yy ­

where C is a constant which is zero when A = 0 . The imaginary sign comes from the fact that special 

relativity is an accurate approximation. Sol ution (C 14) is not physical because it is essentially imaginary for 

a real electromagnetic wave. Moreover, the frequency ratio between gravitational and electromagnetic wave 
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components should be two. Also, it is easy to see that no value of A can make gxx a real wave function. 

If one assumes, in violation of causality as Misner et at. [14, eq. (35.40)] did, that 

(C 15a) 

then, with the photonic energy tensor T(P)ab and its coupling constant KA, the resulting equation is 

(C 15b) 

For A 0, equation (C15b) implies that L is not bounded. For A = -1, equation (C15b) becomes 

(C16) 

However, equation (C16) impl ies that L is not a periodic function of u since L is approximately 1 for weak 

gravity. In fact, there is no A which can make L a periodic function. This example demonstrates again that 

Misner et al. do not fully understand the physical meaning of plane-waves [12). 

In the above calculations, the sign of Rtt and an appropriate polarization are crucial for obtaining a phy­

sical solution. Also, the unverified assumption that there are bounded gravitational plane-wave solutions for 

= 0 [14,47J is incorrect [12J. Moreover, through exact solutions such as gravitational waves (11),Rab 

(18), and (19), it can be shown that a solution of the linearized equation can be totally unrelated to an 

approximation of the exact solution [23 J . 

Appendix D: Real-Complex ·Wave-DualityR and Particle-Wave Duality. 

In § 8, it is not clear how the imaginary part of the energy tensor 1m (T (E) ab] is related to the metric 

gab' Here, we consider this problem further from the viewpoint of duality. In classical electrodynamics, a real 

wave can be considered as the real part of a complex wave. These waves satisfy related Maxwell's equations 

in which the source term of the real equation is the real (or imaginary) part of the complex source. It seems 
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that such a II wave dual ity" is only a mathematical convenience and that complex waves are mathematical 

auxiliaries. In quantum electrodynamics (QED), however, complex wave functions must be used although the 

field operator is a hermitian operator [48] and it is impossible to have QED based on real functions alone. 

This suggests that the wave-duality 6houAd have a phy6icatl oltigin, palliticle-wave duality. 

If "wave-duality" indeed has a physical origin, then wave-duality should also be valid in general relati­

vity eventhough the equation is nonlinear. This conjecture is strengthened by the relation that the real part of 

the energy-stress tensor T (E) ab of a complex wave is the modified source tensor (13), Le. 

(D1 ) 

Eq. (D1) implies that, for a static electromagnetic field, T (E) ab is real. Since its imaginary part may not be 

-
zero, from the viewpoint of completeness, complex T (E) ab should satisfy a complex Einstein equation, i.e., 

(D2 ) 

and the real part of T( Elab of a complex gravitational wave satisfies a modified real Einstein equation. This 

would be compatible with that, wheJteao paJtticle-wave duaUty ,f/.) explicA;Uy mani{,eM;ed in a Jr£aA, 

EinM;e,in equatiqn; duality ,f/.) impUcM;ly inc-luded in a comptea Ein6tein equation. 

Eq. (D2) is supported by the facts that eqs. (2) and (3) are valid for complex functions and that the 

geodesic equation and the generalized Maxwell's equation can be extended to a complex metric. Since eq. 

(20) has only transverse metric elements, one may expect that wave-duality is valid for those elements. 

However, since the metric is semi-unitary, one may expect wave-duality to be only approximately valid for 

gtt and gzz. In short, wave-duality is valid at least for weak gravity. 

To see that wave-duality is valid for directionally polarized electromagnetic waves, let us consider the 

complex wave (23a) related to the wave (16a), the complex gravitational metric elements are: 

- gxx = 1 + C - K A 2/2 , and gtt = - gzz = ~ g / gxx , (03 ) 
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where C is a complex constant. These metric elements satisfy equations (2), (3), (7), and (22). For wave 

(03), eq. (22) is simplified to the following differential equation 

Gil - 2 K(A')2, where C = - gxx .� (04) 

To further support wave-duality, one can calculate the case of circularly polarized electromagnetic 

waves. A ci rcularly polarized electromagnetic complex wave would be wave (2 3b). Then, the gravitational 

complex wave should also be circularly polarized. Since equation (21) implies T (E)tt in (02) is zero, eq. 

(21) and eq. (02) imply that the gravitational complex wave is circularly polarized as follows: 

gxx = -1 - C + B, gyy = - 1 - C - B, and gxy = ± iB , (05a) 

where 

B = Ba exp{ -i [2W(t - z) + OJ }, 

and 

G = (1 + C) 2 (D5b) 

Formula (05) indeed further confirms wave-duality. 

The above calculations confi rm that the complex Einstein eq. (02) and Einstein eq. (13) are compatible. 

While (04) for tre linear polarization is a linear equation, the circular polarization involves a non-linear 

equation. Thus these confirmations strongly support the conjecture that wave-duality has its origin from 

particle-wave duality. Note also that eq. (01) can be used to calculate beyond the plane-waves. 
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