arXiv:astro-ph/9910325 v4 27 May 2000

Gravitation Without Curved Space-time

Kris Krogh Neuroscience Research Institute University of California, Santa Barbara, CA 93106, USA e-mail: k krogh@lifesci.ucsb.edu

May 25, 2000

Abstract

A quantum-mechanical theory of gravitation is presented, where the motion of particles is based on the optics of de Broglie waves. Here the large-scale geometry of the universe is inherently flat, and its age is not constrained to < 13 Gyr. While this theory agrees with the standard experimental tests of Einstein’s general relativity, it predicts a different second-order deflection of light, and measurement of the Lense- Thirring effect in the upcoming NASA experiment Gravity Probe B.

1 Introduction

Modern physics has two different representations of gravitation: in addition to the geometric one of Einstein’s general relativity, there is also the quantum-mechanical description. According to general relativity’s weak equivalence principle, the motion of a test particle in a gravitational field is independent of its mass. However, in quantum mechanics, the motion depends intimately on particle mass. The mathematical structures of the two representations “seem utterly incompatible,” in the words of Francis Everitt.

Weinberg [1] suggests that the prevailing geometric model of gravitation “has driven a wedge between general relativity and the theory of elementary particles.” He also points out that this approach is unnecessary:

Einstein and his successors have regarded the effects of a gravitational field as producing a change in the geometry of space and time. At one time it was even hoped that the rest of physics could be brought into a geometric formulation, but this hope has met with disappointment, and the geometric interpretation of the theory of gravitation has dwindled to a mere analogy, which lingers in our language in terms like “metric,” “affine connection,” and “curvature,” but is not otherwise very useful. The important thing is to be able to make predictions about images on the astronomers’ photographic plates, frequencies of spectral lines, and so on, and it simply doesn’t matter whether we ascribe these predictions to the physical effect of gravitational fields on the motion of planets and photons or to a curvature of space and time.

It’s often held that, beyond describing gravitation, curved space-time explains it. On this basis, Einstein’s theory is taken to be superior to others based solely on potentials. But it does not explain how mass-energy results in such curvature. So one unknown is only replaced by another. And, despite heroic efforts by Einstein and others, no geometric basis has been found for electromagnetism. We are left with inconsistent representations of these phenomena.

Gravity and electromagnetism are more closely related in the theory introduced here. It is assumed the effects of gravitational potentials do not come indirectly, via space-time curvature, but from their direct influence on quantum-mechanical waves. Beyond its immediate compatibility with quantum mechanics, the mathematical description of gravity obtained is simpler and more precise than the present one. As shown below, this theory agrees equally well with the usual experimental tests of general relativity. Also, it makes new predictions for future experiments.

The Hubble redshift has been widely regarded as the ultimate vindication of Einstein’s general relativity. In the associated standard Big Bang model, the redshift is attributed to a curved, expanding space-time. However, this is contradicted now by various observations. These include measurements of the distribution of galaxies, which reveal no discernible large-scale curvature [2]. According to Linde [3], the discrepancy is approximately sixty orders of magnitude. (Toward a flatter geometry, hypotheses of inflation, strange dark matter, the cosmological constant, and now strange dark energy have been introduced post hoc.)

Also, from the redshifts and distances of nearby spiral galaxies estimated by Mould et al. [4], the standard Big Bang model puts the maximum age of the universe at 13 Gyr. (Direct measurement of the distance to the galaxy NGC4258 by Herrnstein et al. [5] now indicates that age needs to be revised downward [6].) Tsujimoto, Miamoto and Yoshi [7] find that substantially less than the ages of stars in globular clusters.

This new theory leads instead to an evolutionary cosmology, in which the Hubble redshift can be attributed to gradual change in basic properties of the universe and atomic spectra. This gives a universe older than its stars, with an inherently flat geometry.

2 Potentials and Quantum-mechanical Waves

At the most fundamental level, electromagnetism is described in terms of the effects of potentials on the phases of quantum-mechanical waves. The phase change, ΔS, of de Broglie waves associated with a charged particle is given by

ΔS = q h ∫ Φ dt − q hc ∫ A · ds (1)

where ΔS is measured in cycles, and the integrals are taken over a possible trajectory, s. Using Gaussian units, Φ and A are the scalar and vector electromagnetic potentials, q is the charge, h Planck’s constant, and c the speed of light. As pointed out by Aharanov and Bohm [8] (and reiterated by Feynman [9]), this subsumes the familiar Lorentz equation for the force on a charged particle,

F = q ( E + v × B c ) (2) Colella, Overhauser and Werner [10], demonstrated in 1975 that de Broglie waves are influenced similarly by gravitational potentials. That experiment measured the gravitational phase shift of neutron waves. The result was consistent with the equation

ΔS = m h ∫ Φg dt (3) where m is the neutron mass and the subscript g indicates a gravitational potential. Here effects such as this will be taken as the basis of gravitation. Although they are not summarized by the preceding equation, within experimental accuracy, the same phase shift is predicted for the Colella-Overhauser-Werner experiment.

Like the electromagnetic potentials, gravitational potentials are treated here as attributes of elementary particles. In rectangular coordinates with the particle at the origin, the scalar electromagnetic potential of a particle with velocity v is Φ = q / 4πϵ_0 √ x^2 + (y^2 + z^2)(1 − v^2/ c^2) (4) where v is in the x direction and ϵ_0 is the permittivity constant. There is also a vector potential, A = v c Φ (5)

The gravitational potentials of particles are taken to have the same relativistic form. This gives a scalar gravitational potential,

Φg = − Gm √ x^2 + (y^2 + z^2)(1 − v^2/ c^2) (6) where G is the gravitational constant and m the particle mass. (Following the convention, Φ_g represents a negative quantity.) And there is a vector gravitational potential, A_g = v c Φg (7)

The equipotential surfaces for individual particles then have exactly the same shape and arrangement for the four potentials Φ, A, Φ_g, A_g. (Consequently, these potentials may be attributable to a unified source [11].)

Electromagnetic potentials are governed by the wave equations

∇^2Φ − 1 c^2

∂^2Φ ∂t^2 = − ρ ϵ_0 (8) and ∇^2A − 1 c^2

∂^2A ∂t^2 = − j ϵ_0c (9) Gravitational potentials are taken to obey wave equations of the same form, which again satisfies special relativity. From the corresponding quantities in Eqs. (4)-(7) this gives

∇^2Φ_g − 1 c^2

∂^2Φ_g ∂t^2 = 4πGρm (10) and ∇^2A_g − 1 c^2

∂^2A_g ∂t^2 = 4πGj_m c (11)

where ρ_m refers to the mass density and j_m the mass current. As in present general relativity, this gives gravitational waves with velocity c. Like electromagnetic waves, the polarization states of these vector gravitational waves are 90 degrees apart, in contrast to the 45 degrees in Einstein’s tensor representation. Because c will depend on Φ_g, the waves in this theory are nonlinear. However, as in the acoustic wave approximation, they can be treated as linear for small amplitudes such as those found in the solar system.

Misner, Thorne and Wheeler [12] have noted that the mathematical simplicity of vector theories is very appealing. But they argue that these can be ruled out, on the basis that gravitational waves would necessarily carry negative energy, and that gravitational deflection of light would not occur. The argument is based on an example of a classical vector theory, where the energy density of empty space is assumed to be zero, and is negative for a gravitational potential. However, their book also discusses a proposal by Sakharov [13], which offers an alternative.

Sakharov’s hypothesis is that gravitation ultimately arises from the quantum zero-point energy of the vacuum, which is altered in the presence of matter. (Also see Puthoff [14] and references therein.) In any such theory, the total energy density for a gravitational potential is immensely positive. And if vacuum energy is what is actually transported by gravitational waves, the sign of that must be positive as well. We will take this to be the case, where a gravitational potential represents a region of diminished zero-point energy.

In usual field theory, potentials are treated as collections of real and virtual photons and gravitons. (Although attempts to quantize gravity have not been successful.) In a vector theory, the spin of gravitons would be 1. Given they represent particles with positive energy, the resulting force would be repulsive, not attractive [15]. However, a spin-1 graviton can be taken to represent a “hole” in the vacuum energy; i.e., the absence of a positive-energy particle. In that case, unlike the photon, its effective momentum is opposite the propagation direction and the gravitational force is attractive.

Unlike Sakharov’s model, where the vacuum energy is taken to influence spacetime curvature, here it determines the velocity of quantum-mechanical waves. Like the speed of sound in a gas, the velocity is less where the energy density is diminished. (Also see [11].)

3 Wave Velocities

In 1911, before arriving at the current theory of general relativity, Einstein [16] proposed that the effect of a gravitational potential is a decrease in the speed of light. While accurately describing the gravitational redshift and the behavior of clocks, that theory predicted only half the measured value for the deflection of starlight by the Sun.

In this theory, a reduction of the velocities of all quantum-mechanical waves, including light, is taken as the fundamental effect of gravitational potentials. The amount of reduction, and the way this is manifested differ substantially from Einstein’s initial scheme. Here, we assume the speed of light to be

c = c_0e^{2Φg/c20} (12)

where c_0 is the value in the absence of a gravitational potential. (As described in the appendix, this simple function was derived uniquely from Einstein’s equation for Mercury’s perihelion precession, in the absence of space-time curvature. It also seems possible to justify such an effect from a model of the vacuum.)

The lower velocity limit for de Broglie waves is also defined by c. Hence the same effect must apply to these. For the de Broglie velocity V we have

V = V_0e^{2Φg /c20} (13)

where the 0 subscript again indicates the corresponding quantity without a potential. These wave velocities are defined with respect to a preferred reference frame; however, the overall system is relativistic and the inertial frame chosen is arbitrary. This is the special relativity advocated by Lorentz and Poincaré (and later by Bell [17]).

At the quantum-mechanical level, the frequencies of de Broglie waves determine the rates of clocks, and their wavelengths the sizes of atoms and measuring rods. In fast moving atoms, the frequencies of constituent particles, and their wavelengths in the direction of motion, diminish relativistically by the same factor. The wavelength λ and frequency ν are related to the wave velocity by

V = λ ν (14)

From Eq. (13), λ, ν or both must also vary for particles in gravitational potentials. We’ll assume that these again are diminished equally. This gives

ν = ν_0e^{Φg/c20} (15) and λ = λ_0e^{Φg /c20} (16) where the subscript 0 has the same meaning as before. (In this case, the change in λ is isotropic, and does not occur in just one dimension.) From these effects, clocks are slowed and measuring rods shrink in gravitational potentials by the factor e^{Φg /c2}0 . As a result, the changed velocity of light is not apparent locally.

Put in terms of a space-time metric, this would correspond to

ds^2 = e^{2Φg/c20} c^2_0 dt^2 − e^{−2Φg /c20} (dx^2 + dy^2 + dz^2) (17)

with ds representing an invariant space-time interval. Several theories incorporating similar metrics are described in a review by Ni [18]. However, they differ fundamentally from this nonmetric theory; although locally flat, each is based on a curved space-time. Due to the curvature, they violate special relativity and were shown by Will and Nordtvedt [19] in 1972 to disagree with experiment.

4 Gravitational Frequency Shift and Deflection of Light

In this theory, although measuring devices are altered by gravitational potentials, there is no effect on the geometry of space or time. Thus, for any given inertial frame, space is Euclidean and can be described naturally in terms of isotropic coordinates. These are the coordinates we’ll use. (Of course, to translate measurements into isotropic coordinates, they must be adjusted for the condition of the measuring devices, to match those of observers removed from gravitational potentials.)

Here we’ll also choose the inertial frame in which the gravitating body is stationary. For a spherical body, from Eq. (6) we get simply Φg = − GM/r (18) where r is the isotropic radius and M the mass of the body. Putting this into Eq. (15) and expanding gives

ν = ν_0 ( 1 − GM c^2_0r + 1 2 ( GM c^2_0r

)_2 + · · · ) (19)

In present general relativity, unlike Eq. (18), the gravitational potential does not vary simply as 1/r in isotropic coordinates. (And is not analogous to the electromagnetic potential in this respect.) As a function of the potential, the rates of clocks also differ from Eq. (15). However, these differences effectively cancel, and in terms of the isotropic radius, the clock rates predicted by Einstein’s final theory are the same as Eq. (19) to the second order [20]. Both theories agree well with the best direct measurement of gravitational frequency shift to date, by NASA’s Gravity Probe A [21], which is only accurate to the first order in GM/(c^2r).

Einstein’s theory of 1911 took the gravitational frequency shift to be

ν = ν_0 ( 1 + Φg c^2 ) (20)

which agrees with Eq. (15) to the first order. However, in that theory there was no effect on λ, or the dimensions of measuring rods, corresponding to Eq. (16). For this reason, the speed of light in a gravitational potential was

c = c_0 ( 1 + Φg c^2 ) (21)

In the 1911 paper, Einstein uses a wave approach to derive the deflection of starlight by the Sun and Jupiter. From Huygen’s principle and this expression for c, he obtains the approximation α = 2GM c^2R

(22)

for small angles of deflection, where α is the angular deflection in radians and R is the radial distance to the light ray at its closest point.

The series expansion for c in this theory is

c = c_0 ( 1 + 2Φg c^2_0 + 2Φ^2g c^4_0 + · · · ) (23)

Using the same method and omitting the terms above first-order, this c gives a deflection twice as large, α_1 = 4GM c^2_0R

(24)

where α_1 represents the first-order deflection in radians. This is the first-order effect predicted by present general relativity, about 1.^{′′}75 for a star near the limb of the Sun.

Using ordinary geometrical optics, we can also describe the exact trajectories of light rays near arbitrarily massive bodies. We’ll use the notation μ = GM c^2_0

(25)

For a nonrotating spherical body (where A_g = 0), we have Φg c^2_0 = − GM c^2_0 r = − μ r (26)

Putting this into Eq. (12), the speed of light in a spherical potential becomes

c = c_0e^{−2μ/r} (27)

There is also a refractive index as a function of r, n = c_0 c = e^2μ/r (28)

The optical ray path in a spherical index gradient is given by

θ = θ_0 + k ∫ r r0 dr r √ r^2n^2 − k^2

(29)

where θ and r are polar coordinates, and θ_0 and r_0 are the values at an arbitrary starting point [22]. The constant k can be found from

k = ±rn sin ψ (30)

where, for any point on the ray trajectory, ψ is the angle between the trajectory and a line connecting the point and origin. Inserting n from Eq. (28) into these equations gives an exact equation of the ray path as a function of r.

The same mathematics describe the orbits of planets, including the precession of Mercury’s perihelion, as shown in the next section. Eq. (29) is integrated there to obtain general equations describing both planetary motion and gravitational light deflection. To find the solar deflection of starlight to the second order, we can set r equal to R and sin ψ to 1 in Eq. (42). The particle or body’s velocity v is also set to the speed of light given by Eq. (27).

Eqs. (45)-(48) then give the hyperbolic ray trajectory in polar coordinates. (For light, the terms involving E^2_{00}/E^2 disappear.) Setting r to infinity in Eq. (48), θ is then the deflection for half the ray trajectory. The resulting first-order deflection for the complete trajectory again is that in Eq. (24). Taking the sign of α_1 as positive, the second-order term α_2 can be expressed as

α_2 = − 1 2 α^2_1 (31)

when α_1 and α_2 are in radians. For a star near the Sun’s limb, α_2 amounts to a decrease of about 7.4 μarcseconds. While giving no exact equation for the ray trajectory in isotropic coordinates, present general relativity predicts a second-order decrease of about 11 μarcseconds [23]. (We’ve neglected a small additional correction due to gravitomagnetism from the Sun’s rotation.)

In principle, the second-order deflection of starlight could be detected by a spaceborne interferometer. POINTS (Precision Optical INTerferometry in Space), a former NASA proposal for an orbiting observatory, was specified to measure the apparent positions of stars near the solar limb to an accuracy of 5 μarcseconds [24]. Possibly this would be enough to rule out one of the two theories. (Other highaccuracy interferometers are planned now by NASA and the European Space Agency. However, none of these will be configured to observe stars near the sun.)

5 Precession of Mercury’s Orbit

The basic method we’ll use to find planetary trajectories dates back (remarkably) to Johann Bernoulli (1667-1748). Bernoulli discovered that the motion of a body in a gravitational field can be treated as an optics problem, through assuming a fictitious refractive index. His index was related to the square root of the difference between the kinetic and potential energies [25]. The same deep analogy between mechanics and optics underlies the familiar Hamiltonian representation of classical mechanics. Hamilton based this on hypothetical surfaces of constant “action.”

In quantum mechanics, the analogy to optics becomes more direct: instead of surfaces of constant action, there are moving de Broglie wavefronts. Like light rays, the trajectories of associated particles are orthogonal to these. Hence, when diffraction and interference effects can be ignored, the trajectories of particles or bodies can be found by the methods of geometrical optics. (This holds generally for macroscopic bodies, where the h/p de Broglie wavelength is vanishingly short.) To do this, we’ll derive an effective refractive index for the waves.

As discovered by de Broglie [26], the velocity V of quantum-mechanical waves is given by V = c^2 v (32)

where v is the velocity of a particle or body. To put V in terms of energy, we can use the special relativistic transform E = E_0 √ 1 − v^2/c^2

(33)

where E_0 is the rest energy. Solving for v gives v = c √ 1 − E^2_0 /E^2 (34)

Inserting this into Eq. (32), we get V = c √ 1 − E^2_0 /E^2

(35)

For a freely orbiting body, E is conserved. However, the rest energy E_0 depends on the gravitational potential. From Planck’s relation E = hν and Eq. (15), it follows that E_0 = E_{00}e^{Φg /c20} = E_{00} e^{−μ/r} (36)

where E_{00} is the energy for both a zero velocity and zero gravitational potential. From Eq. (27) and this one, the previous equation becomes V = c_0e^{−2μ/r} √ 1 − E200 E2 e^{−2μ/r} (37)

This gives the de Broglie wave velocity in terms of orbital constants and the single variable r.

As done by de Broglie for charged particles [27], we can use V to construct a refractive index n like that of optics: n = c_0 V (38)

(Unlike the refractive index in ordinary optics, here n is usually less than one.) Inserting the preceding expression for V gives this index as a function of r,

n = √ e^{4μ/r} − E^2_{00} E^2 e^{2μ/r} (39)

Putting this refractive index into Eq. (29), we get an exact equation for the orbital trajectory: θ = k ∫ dr r √ r^2 ( e^{4μ/r} −^{E200}_{E2} e^{2μ/r} ) − k^2 (40)

(As the velocity of a particle or body approaches c, the quantity E^2_{00}/E^2 vanishes and this becomes the trajectory of a light ray, as in Eqs. (28) and (29).) To define k, we can begin by expressing n as a function of the orbital velocity v. Rewriting Eq. (32) in terms of c_0 via Eq. (27), then substituting the resulting expression for V into Eq. (38) gives n = ve^{4μ/r} c_0

(41)

Inserting this n into Eq. (30), k is given by k = rve^{4μ/r} sin ψ c_0

(42)

where ψ is the angle between the orbital velocity vector and radial position vector. Here k is another constant of the motion, playing essentially the same role as conserved angular momentum in Newtonian mechanics.

In Eq. (40), since higher powers of μ/r are vanishingly small in the solar system, we can take just the first three terms of the series expansions for e^{4μ/r} and e^{2μ/r}, obtaining θ = k ∫ dr r √ r^2 ( 1 +^4μr +^8μ^2r_2 −

E200

E2 −^{2μE200}_{rE2} −^{2μ2E200}_{r2E2} ) − k^2 (43)

Multiplying by the r^2 inside the square root gives a quadratic there, θ = k ∫ dr r √( 1 − E200 E2 ) r^2 + ( 4μ − 2μ E200 E2 ) r + ( 8μ^2 − 2μ

E200 E2 − k^2 ) (44)

We’ll use these notations for the quadratic coefficients:

A = 1 − E^2_{00}/E^2 (45)

B = 4μ − 2μE^2_{00}/E^2 (46)

C = 8μ^2 − 2μ^2E^2_{00}/E^2 − k^2 (47) From these notations and a table of integrals, we get θ = k ∫ dr r √ Ar^2 + Br + C = k √ − C sin−^1 ( Br + 2C r √ B^2 − 2AC ) (48)

Solving for r gives the time-independent equation for the orbit: r = −2 C/B 1 − √ 1 − 4AC sin ( θ √ − C/k^2 ) (49)

This has the basic form of a polar equation of an ellipse, r = a (1 − ϵ^2 ) 1 − ϵ sin θ

(50)

where a is the semi-major axis and ϵ is the eccentricity. (Eq. (49) describes hyperbolic trajectories also.) In Eq. (49), the quantity corresponding to a(1 − ϵ^2) (called the parameter, or p, in orbital mechanics) is given by

a (1 − ϵ^2 ) = −2 C/B = −2 ( 8μ^2 − 2μ^2E^2_{00}/E^2 − k^2 ) 4μ − 2μE^2_{00}/E^2

(51)

Since the orbital velocities of planets in the solar system are essentially nonrelativistic, the value of E^2_{00}/E^2 is extremely close to one. Also, the value of μ^2 is minuscule compared to k^2. In this case, the last equation reduces to

a (1 − ϵ^2 ) = k^2 μ (52)

(The definition of μ used here differs from that used in classical orbital mechanics, by the factor 1 /c^2_0.) Calling the total change in θ from one minimum of r (perihelion) to the next Δθ, it follows from Eq. (49) that Δθ √ − C/k^2 = 2π (53)

Again, since the value of E^2_{00}/E^2 is very nearly one, Eq. (47) becomes

C = 6μ^2 − k^2 (54)

Rearranging and making this substitution for C gives Δθ = 2π/ √ 1 − 6μ^2/k^2 (55)

We can take just the first two terms of the binomial expansion for the inverse square root, since higher powers of μ^2/k^2 are vanishing. This gives

Δθ = 2π ( 1 + 3μ^2/k^2 ) (56)

Then substituting for k^2 via Eq. (52), we arrive at

Δθ = 2π + 6πμ a (1 − ϵ^2 )

(57)

From the last term, the perihelion is shifted in the direction of orbital motion. This corresponds to Einstein’s equation for the orbital precession [28], and agrees closely with the 43^{′′} per century value observed for Mercury.

6 Equivalence of Inertial and Gravitational Mass

Underlying the weak equivalence principle of Einstein’s general relativity is the assumption of an exact correspondence between gravitational and inertial mass [29]. From this and the assumption of an absolute speed of light, it follows that the accelerations of free bodies in gravitational fields are independent of their masses. (Universality of free fall.) In isotropic coordinates, however, the speed of light decreases in gravitational potentials. And in terms of those coordinates, a free body’s motion is no longer completely independent of its mass.

Consider a body already traveling at nearly the speed of light, falling into a strong potential. In isotropic coordinates, the velocity will slow rather than increase, since the local value of c sets an upper limit. Also, since the mass of a falling body contributes to the total potential, the local speed of light and the acquired velocity will depend to some degree on its mass. However, unlike the velocity v, the quantity v/c does increase, and its behavior is independent of the body’s mass, regardless of the coordinates used.

To compare the accelerations of different masses in this new theory, at the macroscopic scale, we can simply describe the change in their velocities for a given change in gravitational potential. (Galileo’s Tower of Pisa experiment.) We’ll use the conservation of energy for freely falling bodies, and the relativistic relation E = m_0c^2 √ 1 − v^2/c^2

(58)

where m_0 is the rest mass, and m_0c^2 the rest energy. From Eq. (36), the latter varies with the gravitational potential as

m_0c^2 = m_{00}c^2_0e^{Φg/c20} (59) where m_{00} is the mass at zero velocity and zero potential. (It also follows from Eq. (12) that m_0 = m_{00} e^{−3Φ/c2}0 .) Equating the final and initial energies, and taking the initial velocity to be zero, we can write

m_{00}c^2_0e^{Φ0g/c20} √ 1 − v^2/c^2

= m_{00}c^2_0e^{Φg} /c^{20} (60)

where v is the acquired velocity, Φ^′_g is the final potential and Φ_g the initial one. Dividing both sides by m_{00}c^2_0, the mass drops out, and we can see that v/c is independent of that in this theory also. Solving for v/c gives v c = √ 1 − e^{2(Φ0g}−^{Φg )}/c^{20} (61)

For the constituent particles in a falling body with substantial mass and gravitational binding energy, the initial and final potentials would both be lower, but the potential difference does not change. This equation shows that, if the local speed of light c is not significantly affected by a falling body’s potential, its acquired velocity and acceleration are mass-independent. Hence its gravitational and inertial mass are “equivalent,” in exactly the same sense as in Einstein’s general relativity. (At the microscopic scale, however, there is the usual diffraction and interference of de Broglie waves, where a particle’s motion does depend on its mass.)

A very accurate experiment devised by Nordtvedt [30] has compared the accelerations of Earth and the Moon towards the Sun, using lunar laser ranging. Within experimental error, no difference is observed for the two masses [31]. While that finding has eliminated some alternative theories of gravitation, it is consistent with both Einstein’s theory and this one.

7 The Lagrangian and Gravitomagnetism

Here we’ll further explore the analogy between electromagnetism and gravitation in this theory. Referring to Eq. (1), substituting vdt for ds, the fundamental equation of electromagnetism can be rewritten as

ΔS = q h ∫ ( Φ − v · A / c ) dt (62)

Again, over a possible path of a charged particle, this integral gives the cumulative change in the de Broglie wave phase due to the potentials. It can be obtained from first principles by considering the de Broglie frequency ν_v seen at a point moving with the particle, at velocity v. This frequency is given by the relation

ν_v = ν^′ √ 1 − v^2/c^2 (63)

where ν^′ is the de Broglie frequency seen in the inertial frame where the particle is a rest. Using the Planck and Einstein relations, and the relativistic transformation for the potential, the particle’s energy in the primed frame can be expressed as

hν^′ = m_0c^2_0 + qΦ^′

= m_0c^2_0 + q( Φ − v · A / c ) / √ 1 − v^2/c^2 (64)

Dividing both sides by h, then substituting for ν^′ in the previous equation, we obtain ν_v = m_0c^2 h √ 1 − v^2/c^2 + q h ( Φ − v · A / c ) (65)

which gives Eq. (62) directly.

Next we’ll do the same for gravitational potentials. Eq. (59) gives

hν^′ = m_{00}c^2_0e^{Φ0g/c20}

= m_{00}c^2_0e^{(Φg} − v·A^g / c^) /^(c^{20} √_{1 − v2/c2 )} (66)

For weak gravitational potentials such as Earth’s, we can omit the vanishing terms above first order in the series expansion for the exponential. Using that, we again substitute for ν^′ in Eq. (63), which gives

ν_v = m_{00}c^2_0 h √ 1 − v^2/c^2 + m_{00} h ( Φg − v · Ag / c ) (67)

The phase change due to weak potentials then is

ΔS = m_{00} h ∫ ( Φg − v · Ag / c ) dt (68)

which resembles Eqs. (62) and (3).

Like the integral of the Lagrangian (action), the variation in the de Broglie wave phase S near a well-defined particle trajectory is zero. Hence the two are related. The relativistic Lagrangian for a particle or body (a negative energy by convention) can be obtained simply by multiplying the de Broglie frequency at its moving position by −h:

L = − hν_v (69)

For example, Eq. (65) gives the relativistic Lagrangian for a charged particle [32]

L = − m_0c^2 √ 1 − v^2/c^2 − q ( Φ − v · A / c ) (70)

For both electromagnetic and strong gravitational potentials, this method gives L = ( − m_{00}c^2_0 √ 1 − v^2/c^2 − q_0 ( Φ_0 − v · A_0 / c ) ) e^{(Φg −} v^·A^{g / c) / (c20} √_{1 − v2/c2 )} (71) where q_0, Φ_0 and A_0 are the values of q, Φ and A for a zero gravitational potential. In the case of a weak gravitational potential alone, this reduces to

L = − m_{00}c^2_0 √ 1 − v^2/c^2 − m_{00} ( Φg − v · Ag / c ) (72)

which has the same form as the electromagnetic Lagrangian. While such an expression does not embody the mathematical property of “manifest covariance” advocated by Einstein, nevertheless it is properly relativistic. (Goldstein [32] notes that, for electrodynamics, a manifestly covariant formalism has not been found.)

From Eq. (70), the usual electromagnetic Lorentz force equation, Eq. (2), can be derived. (For example, see Duffy [33].) With this gravitational Lagrangian, the same procedure gives F = m_{00} ( G + v × H c ) (73)

where the force F corresponds to the rate of change in the relativistic momentum, the gravitational field G (not to be confused with the gravitational constant) has been defined as G = −∇Φ_g − 1 c ∂A_g ∂t (74)

and the gravitomagnetic field H is

H = ∇ × A_g (75)

Ciufolini and Wheeler [34] give calculations of the gravitomagnetic field in Einstein’s theory, derived from an analogy to electromagnetism and the quadrupole magnetic moment. For a rotating spheroidal body such as Earth, the resulting weakfield expression for H is

H = 2 ( J − 3 (J · r) r r^3 ) (76)

where J is the angular momentum, r is the radial position vector, and r the radius. The same method can be used here, resulting in the same equation. For nonrelativistic velocities, the weak-field force equation, Eq. (73), is also correct for both theories. These equations are manifested differently, however.

According to Einstein, gravitational potentials do not act directly on particles or their de Broglie waves, but on the space-time in which they reside. In addition to the curvature caused by mass-energy, gravitomagnetism is assumed to result from the dragging of space-time by mass-energy currents. As first described by Lense and Thirring [35], outside a rotating massive body this would be manifested as a local rotation of space-time. Again, in this theory, gravitation has no effect on space or time. As in ordinary magnetism, gravitomagnetism involves no space-time rotation, and the analogy is more complete.

Whether gravitomagnetism is attributed to rotating space-time, or the effects of relativistic gravitational potentials, the predicted trajectories for Earth-orbiting satellites are the same. In either case, the orbits precess in the direction of Earth’s rotation, by the amount predicted by Eqs. (76) and (73). This has been verified by Ciufolini et al. [36], in their recent analysis of data from the LAGEOS and LAGEOS II satellites.

However, the predictions are sharply different for the upcoming NASA satellite experiment, Gravity Probe B. Scheduled for launch in 2002, that experiment will measure the orientation of a gyroscope in polar Earth orbit with respect to selected stars. In Einstein’s model, both the probe’s orbital plane and the gyroscope’s axis turn with the local space-time, and the gyroscope is predicted to undergo a corresponding Lense-Thirring precession of .042 arcseconds/year [37].

In this theory, without rotating space-time, there is no corresponding effect on the gyroscope. Although the gravitomagnetic field varies with latitude, it is effectively uniform at the scale of Gravity Probe B. In analogy to a uniformly charged body passing through a magnetic field, all parts of the satellite experience effectively the same gravitomagnetic force, and there is no significant torque on the gyroscope. (This resembles the effect of the gravitational field. While that shifts the probe’s trajectory 360 degrees in a single orbit, the gyroscope’s angle changes insignificantly.)

Since the orbital plane is shifted without a corresponding shift of the gyroscope’s orientation, a null measurement of the Lense-Thirring effect is predicted, and Gravity Probe B offers a clear test of this theory against Einstein’s.

8 Orbital Decay of PSR 1913+16

The strongest evidence of gravitational waves at present is the orbital decay of the binary pulsar, PSR 1913+16. This star orbits its companion with a short period of 7.75 hours, in a highly eccentric orbit (ϵ = 0.617). Since pulsars have the regularity of atomic clocks, the orbital period and other parameters of the system can be very accurately determined from pulse arrival times. As shown by Weisberg and Taylor [38], the observed orbital period shift agrees closely with the gravitational radiation damping predicted by present general relativity.

It’s assumed the stars suffer no tidal effects and the surrounding space is free of matter, so the loss of orbital energy is due entirely to gravitational waves. The loss is calculated from an equation derived by Peters and Mathews [39]. That gives the average power radiated by point masses in Keplerian orbits, based on the weakfield, slow-motion approximation of Einstein’s gravitation. Acknowledging dissension on this point, Peters and Mathews assume the energy carried by conventional gravitational waves is real and positive, citing the analogy to electromagnetism.

Several parameters needed for the calculation, the stellar masses and projected axis of the pulsar orbit, are not directly available from the pulsar data. Taylor and Weisberg obtain the missing parameters by solving three simultaneous equations, including one for the periastron advance, and another for the combined transverse Doppler and gravitational frequency shifts. These relativistic effects are directly observable. However, the equations for them depend on the theory of gravity chosen. Within the framework of Einstein’s gravitation, the resulting energy loss has been found to agree with the observed orbital period shift to an accuracy of about 0.4% [40].

As shown earlier, to the second order, the equations for the gravitational frequency shift and periastron advance (Mercury’s perihelion advance) are identical in this theory. Consequently, the stellar masses and orbital parameters obtained are the same. As described by Feynman [41], the power radiated in the current theory of gravitation is exactly analogous to that in electromagnetism. Since that analogy definitely applies here, it follows that the predicted energy loss and orbital decay of PSR 1913+16 will be the same.

9 A Different Cosmology

Is the Riemann geometry of Einstein’s general relativity necessarily real? According to one founder of relativity, Poincaré, nature singles out the simplest of geometries, the Euclidean. (See Einstein [42].)

A Riemann geometry like that conceived by Einstein can also be used to describe ordinary optical systems [43]. Similarly, the speed of light is treated as absolute, while the “optical path distance” varies according to the refractive index. Although it’s possible to solve optics problems this way, of course measurements with meter sticks show that the true geometry of ordinary optical systems is Euclidean. Measurements of the distribution of galaxies [2] appear to be saying the same for the geometry of the universe.

While the current geometric interpretation of general relativity rests on an absolute speed of light in vacuo, that is not the case here. In addition to gravitation without space-time curvature, this permits an alternate explanation of the Hubble redshift: gradual change in the value of c. Since c directly affects the frequencies and wavelengths of de Broglie waves, the frequencies of atomic spectra would also be shifted.

This change may be attributable to the evolving composition of the universe. For example, stars are gradually converting a large fraction of its collective mass into neutrinos, many of which are not detected. As described in a related paper [11], such processes may raise the value of c, and the frequencies of atomic spectra, by transferring energy to the “vacuum.” (Thus the rates of clocks are increasing. From Eqs. (15) and (16) we might also expect the dimensions of atoms and meter sticks to increase proportionately.)

In principle, this effect could be detected in a two-beam laser interferometer with beams of unequal lengths. From its greater age, the longer beam would have a relatively lower frequency at the detector. We can describe the resulting interference by putting Hubble’s relationship in frequency terms.

The Hubble redshift is usually attributed to assumed recessional velocities of galaxies, proportional to their distances. That is,

v = Hd (77)

where v is this velocity, H is the Hubble constant and d the distance. From measurements made with the Hubble Space Telescope, H has been estimated at 71 km/sec/Mpc [4]. The Doppler effect for a spectral source receding at a nonrelativistic velocity is given by ν = ν_0 − v λ_0

(78)

where ν is some observed frequency, and ν_0 and λ_0 are the corresponding frequency and wavelength at the source. Substituting for v gives a form of the relationship actually observed,

ν = ν_0 − Hd λ_0

(79)

Again, rather than Doppler shifting, in the present theory this is taken to describe evolutionary changes in spectra. Here ν represents a frequency emitted at an earlier time, while ν_0 and λ_0 represent corresponding values at the time of measurement.

In our interferometer, we can take ν as the frequency of the beam with the longer path, and ν_0 as that of the reference beam at the detector. The resulting beat frequency is then the difference between ν and ν_0. From the last equation, the difference frequency is

ν_0 − ν = Hd λ_0

(80)

where d represents the optical path length difference between the two beams. For example, for d = 10 km and λ_0 = 633 nm, this gives a beat frequency of 3.6 × 10^{−8} Hz, corresponding to a shift of about 1.1 fringes per year. Although the effect is cumulative, it is so small it appears to be unmeasurable with existing technology, due to the long path length and extreme overall stability required.

From its increasing clock rates, this cosmology predicts the same time dilation effects as the Big Bang model. This agrees with the observed lifetimes of type Ia supernovae, found to be inversely proportional to their redshifted frequencies [44]. No attempt has been made yet to model the cosmic microwave background. (Since this is not a steady-state cosmology, this will involve inferring conditions in the remote past, and at distances where individual objects are not resolved.) However, we know at least that the sky between resolvable objects would be filled with longer-wavelength radiation from more distant ones.

The implications of the theory concerning the gravitational collapse of massive stars also have not been worked out. Of course, topological entities dependent on curvature, such as wormholes, are ruled out (and any direct observation of these would invalidate the theory). Further, there does not appear to be an equivalent of the Schwarzschild radius and event horizon in Einstein’s general relativity. Thus the problem of information loss in black holes may not exist. And, without the limits imposed by the Schwarzschild radius on the observable gravitational redshift, could the large redshifts of quasars be due in part to gravity?

10 Conclusions

Measurements of general relativistic effects, such as gravitational bending of starlight, are often cited as proof of space-time curvature. The implicit assumption is that no alternative explanation is possible. However, the theory described here suggests this assumption is unjustified. As in electromagnetism, we can attribute gravitation to the direct influence of potentials on quantum-mechanical waves.

Unlike the standard Big Bang model associated with Einstein’s general relativity, this theory agrees with the flat large-scale geometry of the universe observed and permits stars with ages well above 13 Gyr. And, unlike Einstein’s general relativity, it is immediately compatible with quantum mechanics. This calls into question the need for a curved space-time, its great mathematical complexity, and many degrees of freedom.

Both theories predict the same gravitomagnetic precession of satellite orbits, confirmed in the recent analysis of data from LAGEOS and LAGEOS II. However, in the upcoming satellite experiment Gravity Probe B, current general relativity calls for a Lense-Thirring precession of the gyroscope, while a null effect is predicted here. Measurement of the second-order solar deflection of starlight could also distinguish between the two theories.

Acknowledgments

I would like to thank Kenneth Nordtvedt for pointing out an important mistake in the original paper, where an improper comparison was made between the secondorder gravitational frequency shift in Einstein’s theory and this one. Also Thebault Damour, Hrvoje Nikolic, Alexander Silbergleit, Albert Overhauser, and Stanley Robertson, for their comments. And I thank Michael Perryman for an update on planned orbiting interferometers.

Appendix: Derivation of c

It is often said that the current theory of gravity is compelling because Einstein arrived at it exclusively from the consideration of general principles. We will not do that here, but it should be noted that Einstein changed his various principles repeatedly. And recently his collected papers have disclosed that he abandoned an earlier version of the theory after determining it did not fit the empirical data on Mercury’s orbit [45]. Perhaps similarly, here we will derive Eq. (12) for the variable speed of light, by seeking agreement with Mercury’s perihelion precession.

Again, instead of space-time curvature, we assume the effect of gravitational potentials is a reduction in the velocity of all quantum-mechanical waves. Also, that this is reflected equally in their wavelengths and frequencies (where they originate). First, we can write c c_0 = V V_0 = [ f ( Φg c^2_0 )]_2 (81)

where f is an unknown function of the potential and the denominator c^2_0 is added to make it dimensionless. Then from Eq. (14), we have ν ν_0 = λ λ_0 = f ( Φg c^2_0 ) (82)

The function suggested by Einstein’s curved space-time theory is f ( Φg c^2_0 ) = √ 1 + 2Φg/c^2_0 (83)

From this, using the procedure in Section 5 to determine Mercury’s orbit, the resulting precession per orbit is 8πμ a (1 − ϵ^2 )

(84)

This is 4/3 larger than Einstein’s finding, given in Eq. (57). That equation agrees closely with the observed value, and we take it to be correct.

To vary the perihelion precession without affecting other orbital parameters, Eq. (83) can be rewritten in the form f ( Φg c^2_0 ) = ( 1 + 1 x Φg c^2_0 )x (85)

where x has the value 1/2 initially. For increasing values of x, the precession obtained approaches Eq. (57), but remains larger. In the limit of large x, we get f ( Φg c^2_0 ) = lim x→∞ ( 1 + 1 x Φg c^2_0 )x = e^{Φg} /c^{20} (86)

This expression corresponds to the speed of light in Eq. (12), and gives the desired precession uniquely. Einstein said, “When the answer is simple, God is talking.”

References

[1] S. Weinberg, Gravitation and Cosmology, pp. vii and 147 (John Wiley and Sons, 1972).

[2] E. D. Loh and E. J. Spillar, “A measurement of the mass density of the universe,” Astrophys. J. 307, L1 (1986).

[3] A. Linde, “The self-reproducing inflationary universe,” Sci. Am. 271(5), 48 (1994).

[4] J. R. Mould et al., “The Hubble Space Telescope Key Project on the extragalactic distance scale. XXVIII. Combining the constraints on the Hubble constant,”Astrophys. J. 529, 786 (2000).

[5] J. R. Herrnstein et al., “A geometric distance to the galaxy NGC4258 from orbital motions in a nuclear gas disk,”Nature 400, 539 (1999).

[6] E. Moaz et al., “A distance to the galaxy NGC4258 from observations of Cepheid variable stars,”Nature 401, 351 (1999).

[7] T. Tsujimoto, M. Miyamoto, and Y. Yoshi, “The absolute magnitude of RR Lyrae stars derived from the HIPPARCOS catalogue,”Astrophys. J. 492, L79 (1999).

[8] Y. Aharanov and D. Bohm, “Significance of electromagnetic potentials in quantum theory,” Phys. Rev. 115, 485 (1959).

[9] R. P. Feynman, R. B. Leighton, and M. Sands, The Feynman Lectures on Physics, 2, pp. 15-7 to 15-14 (Addison-Wesley, 1964).

[10] R. Colella, A. W. Overhauser and S. A. Werner, “Observation of gravitationally induced quantum interference,” Phys. Rev. Lett. 34, 1472 (1975).

[11] B. Kristoffen, “A new view of the universe,” physics/9612010. A more recent version is at www.psych.ucsb.edu/ krogh/site.htm.

[12] C. W. Misner, K. S. Thorne and J. A. Wheeler, Gravitation, pp. 177-181 (W.

H. Freeman, 1971).

[13] A. D. Sakharov, “Vacuum quantum fluctuations in curved space and the theory of gravitation,” Sov. Phys. Doklady 12, 1040 (1968).

[14] H. E. Puthoff, “Gravity as a zero-point-fluctuation force”, Phys. Rev. A 39, 2333 (1989).

[15] R. P. Feynman, F. B. Moringo, and W. G. Wagner, Feynman Lectures on Gravitation, pp. 29-31 (Addison-Wesley, 1995).

[16] A. Einstein, “Über den einfluss der shwerkraft auf die ausbrietung des lichtes,” Ann. Phys. 35 (1911).

[17] J. S. Bell, “How to teach special relativity,” Speakable and Unspeakable in Quantum Mechanics, pp. 67-80 (Cambridge University Press, 1987).

[18] W.-T. Ni, “Theoretical frameworks for testing relativistic gravity. IV. A compendium of metric theories of gravity and their post-Newtonian limits,” Astrophys. J. 176, 769 (1972).

[19] C. M. Will and K. Nordtvedt, “Conservation laws and preferred frames in relativistic gravity. I. Preferred frame theories and an extended PPN formalism,” Astrophys. J. 177, 757 (1972).

[20] Ref. 12, p. 1097.

[21] R. F. C. Vessot et al., “Test of relativistic gravitation with a space-borne hydrogen maser,” Phys. Rev. Lett. 45, 2081 (1980).

[22] E. W. Marchand, Gradient Index Optics, pp. 7-10 (Academic Press, 1978).

[23] R. Epstein and I. I. Shapiro,“Post-post-Newtonian deflection of light by the Sun,” Phys. Rev. D 22, 2947 (1980).

[24] R. D. Reasenberg, “Precision optical interferometry in space,” Relativistic Gravitational Experiments in Space, M. Demianski and C. W. F. Everitt eds., pp. 435-457 (World Scientific, 1993).

[25] C. Lanczos, The Variational Principles of Mechanics, 4th Ed., pp. 264-276 (University of Toronto Press, 1970).

[26] L. de Broglie, Thesés presenteés a la Faculté des Sciences de l’Université de Paris (Masson et Cie, Paris, 1924).

[27] L. de Broglie,“Méchanique ondulatoire et optique électronique,” Recherches d’un Demi-siècle, pp. 132-150 (Albin Michel, Paris, 1976).

[28] A. Einstein, “Erklärung der perihelbewegung des merkur aus der allgemeinen relativitätstheorie,” Preussische Akademie der Wissenschaften, Sitzungsberichte, pt. 2, 778 (1915).

[29] I. Ciufolini and J. A. Wheeler, Gravitation and Inertia, p. 14 (Princeton University Press, 1995).

[30] K. Nordtvedt, Jr., “Testing relativity with radar ranging to the moon,” Phys.

Rev. 170, 1186 (1968).

[31] J. O. Dickey et al., “Lunar laser ranging: a continuing legacy of the Apollo program,” Science 265, 482 (1994).

[32] H. Goldstein, Classical Mechanics, 2nd ed., pp. 356-362 (Addison-Wesley, 1982).

[33] G. H. Duffey, Theoretical Physics, pp. 545-549 (Houghton Mifflen, 1973). [34] Ref. 29, pp. 315-325.

[35] J. Lense and H. Thirring, “Über den einfluss der eigenrotation der zentralkörper auf de bewegung der planeten und monde nach der Einsteinschen gravitationstheorie,” Phys. Z. 19, 156 (1918).

[36] I. Ciufolini et al., “Test of general relativity and measurement of the Lense- Thirring effect with two Earth satellites,” Science 279, pp. 2100 (1998).

[37] Ref. 29, pp. 332-333.

[38] J. M. Weisberg and J. H. Taylor, “Gravitational radiation from an orbiting pulsar,” Gen. Relativ. Gravit. 13, 1 (1981).

[39] P. C. Peters and J. Mathews, “Gravitational radiation from point masses in a Keplerian orbit,” Phys. Rev. 131, 435 (1963).

[40] J. H. Taylor, “Testing relativistic gravity with binary and millisecond pulsars,” Proceedings of the 13th International Conference on Relativity and Gravitation, R. J. Gleiser, C. N. Kozameh and O. M. Moreschi eds., pp. 287-294 (Inst. of Phys. Pub., 1993).

[41] Ref. 15, pp. 218-220.

[42] A. Einstein, “Geometry and Experience,” Sidelights on Relativity, pp. 33-39 (Dover, 1922).

[43] Ref. 25, pp. 280-290.

[44] A. G. Riess et al., “Time dilation from spectral feature age measurements of type Ia supernovae,” Astron. J. 114, 722 (1997).

[45] A. Einstein, The Collected Papers of Albert Einstein 4, Doc. 14, (Princeton University Press, 1995)