arXiv:gr-qc/0310062 v1 13 Oct 2003

Gravitational effects on light rays and binary pulsar energy loss in a scalar theory of gravity

M. Arminjon

Laboratoire “Sols, Solides, Structures” [Unité Mixte de Recherche of the CNRS], BP 53, F-38041 Grenoble cedex 9, France email: arminjon@hmg.inpg.fr

Abstract A scalar bimetric theory of gravity with a preferred reference frame is summarized. Dynamics is governed by an extension of Newton’s second law. In the static case, geodesic motion is recovered together with Newton’s attraction field. In the static spherical case, Schwarzschild’s metric is found. Asymptotic schemes of post-Newtonian (PN) and post-Minkowskian (PM) approximation are built, each based on associating a conceptual family of systems with the given system. At the 1PN approximation, there is no preferred-frame effect for photons, hence the standard predictions of GR for photons are got. At the 0PM approximation, an isolated system loses energy by quadrupole radiation, without any monopole or dipole term. Inserting this loss into the Newtonian 2-body problem gives the Peters-Mathews coefficients of the theory.

1 Introduction

According to a common belief, a scalar theory should not be able to explain the effects of gravitation on light rays, which have been predicted on the basis of general relativity (GR), and have received experimental confirmation. It is true that the most obvious covariant scalar theory does not predict any light bending [1], for instance, but this particular example does not prove that no scalar theory can predict light bending. In the same vein, it is usually thought that a scalar theory should lead to monopole and dipole gravitational radiation, and that, therefore, the effects of gravitational radiation should be very important according to a such theory—contrary to observation. The latter point is believed to be even more true if a preferred-frame scalar theory is considered. For instance, Carlip [2] writes: “For a [scalar] non-Lorentz invariant theory, conservation laws place no restrictions on radiation, and monopole radiation should dominate, permitting aberration at all orders.” However, the latter statement is in the form of a conjecture, which has to be checked for each specific theory.

The aim of this paper is: i) to present to the readers of this Journal a summary of the scalar theory with a preferred reference frame [3, 4, 5] and of the proof [6] that this theory predicts just the standard effects of GR on light rays; ii) for the first time, to investigate gravitational radiative energy loss in this scalar theory. In particular, it will be shown that this is indeed a loss, and that there is neither monopole nor dipole gravitational radiation for this theory.

2 Summary of the scalar ether-theory

The starting point of the theory is the heuristic interpretation of gravity as resulting from the pressure force exerted on matter at the scale of elementary particles by an imagined perfect fluid or “micro-ether”. This interpretation leads to a definite set of equations: it is this set that really constitutes the theory, and that should be assessed from the predictions it leads to and the comparison of these predictions with experimental data. According to this heuristic view, gravity would be simply “Archimedes’ thrust in the ether”; it turns out that Newtonian gravity had been interpreted in this way by Euler in 1746 [7]. The construction of the theory along this line is given in Ref. [3], but the formulation of motion was later modified in order to obtain a conservation equation for the energy [4].^1 Since then, the general

1The publication dates are confusing here: the first version of Ref. [3] dates back to end 1992.

motion of a test particle is governed by an extension of Newton’s second law (formerly [3], this was true only in the static case); this applies also to light-like particles (photons) [6]. The dynamical equations that apply to a continuous medium have been deduced from the dynamics of a test particle, by considering first a dust continuum [5]. These dynamical equations allow to define the gravitational extension of the Maxwell equations in the theory, which is consistent with photon dynamics as governed by the extension of Newton’s second law ([8], part 3).

2.1 Space-time metric and field equation

The equations are given in the preferred reference frame E, which is the rest frame of the reference body M or “macro-ether”.^2 The reference body M is assumed to be equipped with an Euclidean space metric g^0. Observers bound to the frame E would measure the spatial distances defined with g^0, and would also measure the “absolute time” T , if there were no gravitation. However, an “absolute” version of Einstein’s equivalence principle implies that physical standards of space (resp. time) are contracted (resp. dilated) in a gravitational field [3]. The scalar field of the theory is the contraction factor β affecting the time interval dt_x measured by a clock fixed at point x bound to the frame E (due to the dilation of the clock period in the gravitational field), or the square f = β^2. The latter defines the γ_{00} component of the physical, curved space-time metric γ, in any coordinates (x^μ), with x^0 = cT (and c the velocity of light), that are bound to the frame E: dt_x/dT = √ f ≡ β ≤ 1. (1) The interpretation of gravity as Archimedes’ thrust leads to a definite expression of the acceleration vector g of gravitation, in terms of the gradient of the “ether pressure” p_e, the gradient operator being defined with the physical space metric g [3]. It turns out [4] that g may be reexpressed in a very

2A reference frame can be physically thought as a spatial network of observers equipped with measuring rods and clocks, allowing to define space-time coordinates (z^μ) (μ = 0, ..., 3) such that each observer has constant space coordinates z^i (i = 1, 2, 3). Such coordinates are called “adapted to the frame”, see Cattaneo [9]. The 3-D reference body associated with a frame may be defined as the set of the world-lines of the observers, and may be described by the space coordinates (z^i).

simple form in terms of the Euclidean metric g^0 and the scalar f:

g = − c^2 2 ∇_0f, ∇_0f ≡ grad_g0 f, (grad_g0 f)^i ≡ g^{0ij} f_{,j} . (2)

(Matrix (g^{0ij} ) is the inverse of the component matrix (g_{0ij} ) of the Euclidean space metric g^0.) Due to the “absolute” version of the equivalence principle, the field β defines also the dilation of an infinitesimal distance dl measured in the direction of vector g, as compared with the distance dl^0 evaluated using the Euclidean metric: dl = dl^0/β, while the infinitesimal distances in directions perpendicular to g are unaffected. This assumption may be reexpressed in saying that the physical space metric g in the frame E has the following relation to the Euclidean metric g^0:^3

g = g^0 + ( 1 f − 1 ) h, h ≡ g^∗ ⊗ g^∗ g^2 (3) (with g^∗ ≡ (g_i), g_i ≡ g^0_{ij} g^j and g^2 ≡ g^0_{ij} g^ig^j ). The space-time metric writes, in any coordinates (x^μ) bound to the frame E, with x^0 = cT :

ds^2 = γ_{μν} dx^μdx^ν = f(dx^0)^2 − dl^2, dl^2 = g_{ij} dx^idx^j , (4)

that is, γ_{00} = f, γ_{ij} = −g_{ij} , γ_{0i} = 0. That the γ_{0i} components are always zero in the ether frame E, is the natural translation of the assumption that this

3We note that Eq. (3) does not apply when g = 0. Indeed, the assumed contraction occurs in the direction of the gravity acceleration g, hence it is a priori undefined at those places where g = 0 [unless the scalar potential f has the same value in that place as the one it has “at infinity” (i.e., f = 1): then, there is no contraction at all]. In the generic, physically realistic case, the vector g vanishes merely at isolated points, e.g. at one point between two massive bodies, and also at one point near the centre of each massive body. At an isolated point x such that g(x) = 0, the direction of contraction cannot be defined uniquely. However, Eq. (3) applies in the neighborhood of x and shows that the metric g is discontinuous at this isolated point, but remains bounded in its neighborhood. Hence, geometrical elements such as the length of a line are defined as with a continuous metric. Moreover, the examination of the case with spherical symmetry shows that no difficulty occurs in the dynamical equations either. A more difficult case occurs in the highly idealized situation of “collapse in free fall”: g vanishes in a bounded volume domain [3]. This case was easily solved in Ref. [3] for the relevant subcase of spherical symmetry, and the way of solution can be extended to the case without any symmetry. From a theoretical point of view, one should remind that, in this theory, the “true” geometry is in terms of the Euclidean metric g^0, whereas g has merely the status of an “effective metric”—as is also the case in the “relativistic theory of gravitation” (RTG) [10, 11].

frame admits a global simultaneity defined with the absolute time T .

In many problems, one may neglect the time variation of the “reference ether pressure” [3], p^∞_e (T ), because the analysis of cosmological models [12] shows that this variation takes place over long time scales, of the order of 10^8 years. Then the field equation [3] may be rewritten [4] as: Δf − 1 f ( f_{,0} f ) ,0 = 8πG c^2 σ (x^0 = cT ), (5)

with Δ ≡ div_g0 grad_g0 the usual Laplace operator, defined with the Euclidean metric g^0, and where G is Newton’s gravitation constant, and σ ≡ (T^{00})_E is the mass-energy density in the ether frame. (T is the “mass tensor”, i.e. the energy-momentum tensor in mass units.) This equation is merely spacecovariant. It is immediate that, in any static situation, Eqs. (2) and (5) associate just the Newtonian gravity acceleration with the given constant mass-energy density σ = σ(x). However, σ ≡ T^{00} does not only involve the density of the pure matter energy (e.g., for “dust”, the latter would be the rest-mass plus kinetic energy), for it is also increased by the gravitational field itself [4]. In the static spherically symmetric situation, the space-time metric (4) predicted from the field equation (5) and the boundary conditions (f(r) → 1 as r → ∞ and f(r) bounded as r → 0) is quickly got in spherical coordinates r, θ and φ for g^0:

ds^2 = ( 1 − 2V (r) c^2 ) c^2 dT^2 − 1 1 −^{2V (r)}_{c2} dr^2 − r^2 dΩ^2, dΩ^2 ≡ dθ^2 + sin^2 θ dφ^2, (6) where V (r) is the Newtonian potential associated with the density σ = σ(r):

V (r) = ∫_∞ r GM(u) u^2 du, M(r) ≡ 4π ∫_r 0 u^2σ(u)du. (7) (M ≡ M(∞) ≡ lim_{r→∞} M(r) is assumed finite.) Being a static solution, this solution assumes that the mass-energy density σ is time-independent (and spherically symmetric) in the preferred frame, i.e., the massive body is at rest in the “ether” or in a stationary rotation with respect to it. If σ(r) = 0 for r > R, then V (r) = GM/r for r > R, this is the Schwarzschild exterior solution. As to the Schwarzschild interior solution of GR, it is only known when, in addition, σ(r) = Const. for 0 ≤ r < R, but Eq. (6) does not give the Schwarzschild interior solution in that case. Note that, in contrast with the situation in GR, Eq. (6) is valid as soon as M(∞) < ∞ and makes no difference between the “interior” and “exterior” cases.

2.2 Dynamical equations

2.2.1 Motion of a test particle

This is governed by a natural extension of Newton’s second law, the latter being defined in terms of the physical, curved metric. In the case of a constant gravitational field, it is relatively straightforward to extend Planck’s specialrelativistic form of Newton’s second law (F = dP/dt with F the force and P the momentum) to the situation with gravitation, because the time-derivative of a vector (like P) must undoubtedly be defined as the “absolute derivative”, the latter being induced from the covariant derivative with respect to the constant space metric g. In coordinates, the absolute derivative of a vector w depending on the parameter ξ along a trajectory in a Riemannian space equipped with a fixed metric g is given by: ( D_0w Dξ )_i ≡ dw^i dξ + Γ^i_{jk} w^j dx^k dξ , (8)

with Γ^i_{jk} the Christoffel symbols of metric g. This derivative was used by Landau & Lifshitz [13] to rewrite the spatial part of Einstein’s geodesic equation of motion as Newton’s second law, for a constant gravitational field. In the case of a variable gravitational field, we still have, in the frame E (as also in any other possible reference frame), a well-defined space metric g—but now it depends on time, and we have a local time t_x. We have found [14] that a unique definition may be given for the time-derivative Dw/Dξ of a space vector w depending on the parameter ξ along a trajectory in the given space M endowed with a metric g = g_ξ that varies with parameter ξ, under the following essential requirements: (i) it must be a space vector depending linearly on w, (ii) it must reduce to the absolute derivative D_0w/Dξ if g does not actually depend on ξ, (iii) it must be expressed in terms of the space metric g and its derivatives, and (iv) it must obey Leibniz’ derivation rule for a scalar product, i.e. d dξ (g(w, z)) = g ( w, Dz Dξ ) + g ( Dw Dξ , z ) . (9)

This unique definition is as follows [14]: Dw Dξ ≡ D_0w Dξ + 1 2 t.w, t ≡ g^{−1}_ξ . ∂g_ξ ∂ξ . (10)

To define Newton’s second law, the trajectory of the test particle is parametrized with the local time: ξ = t_x, synchronized along the trajectory as defined by Landau & Lifshitz [13]. Actually, definition (10) is also valid (and compelling under the above requirements) for any reference frame in any theory with a curved space-time metric [14]. In the present case, the synchronized local time is simply obtained by integration of Eq. (1) along the trajectory, because the absolute time T is globally synchronized in the ether frame E (i.e., because the γ_{0i} components are assumed zero in E).

There is no ambiguity for the definition of the momentum, either. This is P ≡ m(v)v, m(v) ≡ m(v = 0).γ_v ≡ m(0).(1 − v^2/c^2)^{−1/2}, (11) the velocity v of the test particle (relative to the frame E) being measured with the local time t_x, and its modulus v being defined with the space metric g: v^i ≡ dx^i dt_x ≡ 1 √ f dx^i dT , v ≡ g(v, v)^{1/2} = (g_{ij} v^iv^j)^{1/2}. (12)

The gravitational force is assumed to be F_g = m(v)g with g given by Eq. (2), and there may be also a non-gravitational force F_0. Thus, the extension of Newton’s second law is obtained as

F_0 + m(v)g = DP Dt_x . (13)

For a photon, the velocity v is still defined by (12), but the mass content of the energy E = hν is substituted for the inertial mass, the frequency ν (number n of oscillations per unit time) being measured with the local time: E ≡ hν, ν ≡ dn dt_x , (14)

F_0 + E c^2 g = DP Dt_x , P ≡ E c^2 v. (15)

Defining the “pure energy” of a mass point (i.e., not accounting for the potential energy in the gravitational field) as

E = m(v)c^2, (16) we see that Eq. (15) applies to both mass points and photons. Together with the assumed vector g (Eq. (2)) and the assumed metric (Eqs. (3) and (4)), Eq. (15) implies that free particles (F_0 = 0) follow space-time geodesics in a static gravitational field (f_{,0} = 0): see Ref. [14] for mass points and see Ref. [3] for photons. Also, Eq. (15) with F_0 = 0 implies [4] a simple evolution equation for the energy E: d(Eβ) dT = E ∂β ∂T (β ≡ √ f). (17)

Using Eq. (17), Newton’s second law (15) can be recast [6] to give the “coordinate acceleration” for a free test particle (mass point or photon): du^i dT = 1 β ( ∂β ∂T + 2β_{,j} u^j ) u^i − Γ^i_{jk} u^j u^k − 1 2 g^{ij} ∂g_{jk} ∂T u^k − c^2 2 f(∇_0f)^i. (18)

2.2.2 Continuum dynamics and energy conservation

Equations (10) (with ξ = t_x) and (15) (with F_0 = 0) define Newton’s second law in the preferred reference frame, for any free test particle. It is thereby defined also for dust, which is a continuum made of coherently moving, non-interacting particles, each of which conserves its rest mass. Dust is characterized by its mass tensor

T^{μν} = ρ^∗U^μU^ν (19)

(with ρ^∗ the proper rest-mass density and U^μ ≡ dx^μ/ds the 4-velocity). Independently of the assumed form for the space-time metric γ (provided it satisfies γ_{0i} = 0 in the preferred frame), this extension of Newton’s second law mathematically implies [5] the following dynamical equation for dust:

T^ν_{μ;ν} = b_μ, (20) where b_μ is defined by

b_0(T) ≡ 1 2 g_{jk,0} T^{jk}, b_i(T) ≡ − 1 2 g_{ik,0} T^{0k}. (21)

(Indices are raised and lowered with metric γ, unless mentioned otherwise. Semicolon means covariant differentiation using the Christoffel connection associated with metric γ.) Equation (20), with the definition (21), is assumed to hold true for any material continuum: accounting for the mass-energy equivalence, this is the expression of the universality of gravitation. Equation (20) is valid in any coordinates (x^μ) that are adapted to the frame E and such that x^0 = ϕ(T ) with T the absolute time. (In contrast, the validity of the scalar field equation (5) demands that x^0 = cT .) For dust, Eq. (20) implies, conversely [5], that the constitutive particles obey Newton’s second law, and that the rest mass is conserved, i.e.

(ρ^∗U^ν )_{;ν} = 0. (22)

For a general continuum, Eq. (20) implies an exact energy conservation, which substitutes [5] for the exact mass conservation (22). With the help of the following relation, valid for the assumed space-time metric (Eqs. (3) and (4)):

−γ = γ_{00}.g = f.(g^0/f) = g^0 (γ ≡ det(γ_{μν} ), g ≡ det(g_{ij} ), g^0 ≡ det(g^0_{ij} )), (23) one obtains from (20), in Cartesian coordinates (x^i) (i.e., g^0_{ij} = δ_{ij} ) and with x^0 = cT : T^ν_{0,ν} = 1 2 f_{,0} T^{00} ≡ 1 2 f_{,0} σ, (24) T^ν_{i,ν} = 1 2 f_{,i} σ − 1 2 g_{ik,0} T^{0k} − 1 2 g_{jk,i} T^{jk}. (25) Using the scalar field equation (5), Eq. (24) may then be rewritten as [4]

T^ν_{0,ν} + 1 8πG [ g^2 c^2 + c^2 4 ( f_{,0} f )_2] ,0 + div_g0 (f_{,0}g)

= 0. (26)

This is a true conservation equation for the quantity

ε ≡ c^2T^0_0 + 1 8πG [ g^2 + c^4 4 ( f_{,0} f )_2]

≡ ε_m + ε_g, (27)

which may be called the total energy density, while ε_m ≡ c^2T^0_0 and ε_g are the volume densities of the matter energy and the pure gravitational energy.

Integrating (26) in a fixed domain Ω, and assuming that there is no flux of matter accross its boundary ∂Ω, we get dE dT = −Φ, Φ ≡ c^2 8πG ∫ ∂Ω ∂f ∂T g.n dS, E ≡ ∫ Ω ε dV (28) (V and S are the volume and surface measures associated with the Euclidean spatial metric g^0; in (26-28) the scalar product and square also refer to g^0).

3 Effects of gravitation on light rays

The prediction of gravitational effects on light rays in GR is done by assuming that the world lines of the light rays are null geodesics of the space-time metric, and that there is just one massive body, which is static and spherically symmetric (see e.g. refs. [1, 15, 16]). This seems justified: in view of the (a posteriori) smallness of these effects, the deviation from a uniform motion becomes sensible only when the ray becomes very close to one massive body, so that the field of the other bodies may indeed be neglected; and the small deviation from sphericity is a second-order effect. As we have recalled above, in the static situation, the extension (15) of Newton’s second law assumed in the present theory implies [3] that photons follow space-time geodesics of metric γ, and these are indeed null geodesics, since the velocity v of the photons (as defined by Eq. (12)) is the constant c.^4 Moreover, in the static spherically symmetric situation, the metric γ (6) predicted by the present theory outside the body is just Schwarzschild’s metric. One thus expects that this theory should predict the same effects on light rays as the standard effects predicted with the Schwarzschild metric in GR. However, in this preferred-frame theory, we cannot assume that the relevant body is

4In Ref. [3], photons are defined as light-like particles in the sense that v = c, in the same way as in GR. (Of course, v = c is equivalent to say that the tangent vector to the world line of the particle, U = (U^μ) with U^μ ≡ dx^μ/dξ, is an “isotropic” 4-vector, i.e. γ(U, U) = 0.) The assumption v = c is compatible with Newton’s second law (15) with F_0 = 0 . Indeed, the coordinate acceleration (18) can be rewritten to give Dv DT = √ f ( g − (g.v) v c^2 ) , v = 1 √ f dx dT (29)

(where g.v ≡ g(g, v)). By calculating d(v^2)/dT , is easy to check that any solution of this with an initial data such that v(T = 0) = c satisfies v = c at any time.

at rest in the preferred reference frame E: we should account for a uniform translation of the body through this “ether”.^5

3.1 Asymptotic post-Newtonian approximation

To do this, we must develop an approximation scheme valid for weak gravitational fields and for low velocities of celestial bodies, thus a “post-Newtonian” (PN) approximation scheme. This should be done in following as closely as possible the rigorous procedures which are currently used in applied mathematics, because relativistic celestial mechanics aims at very high precisions. A PN approximation has been initiated along this line for GR by Futamase & Schutz [19], and another one, which bears several similarities with the former, has been (independently) proposed and developed for the scalar ether-theory in Refs. [6, 20]. We call this scheme the “asymptotic” PN scheme, because it is based on the usual method of asymptotic expansion, as applied to a boundary value problem for a system of partial differential equations. For light rays, we are in the simpler situation just described: a light-like test particle in the field of a spherical body that undergoes a uniform translation in the frame E, hence we need merely a summary of this scheme.

3.1.1 Principle of the asymptotic PN approximation

Since Eq. (5) is a second-order hyperbolic equation, a gravitating system made of barotropic perfect fluids is defined [20] by the initial data for f and ∂_T f (for the scalar gravitational field), and by the initial data for the pressure p and the absolute velocity u ≡ dx/dT (for the matter fields). We want to describe gravitation in the Newtonian limit where: i) the space metric g (3)

5If the “absolute” velocity v_B of the body is negligible with respect to c, we may consider that v_B is indeed a constant, at least when calculating the trajectories of light rays. Now this theory predicts preferred-frame effects in celestial mechanics, and these have to be small, in view of the fact that Newtonian mechanics (which has no preferred-frame effect) is already very accurate. Hence it is necessary that v_B be indeed small. The adjustment of the equations of motion for the mass centers [17] on observations will allow to determine a “best-fitting” value of the absolute velocity V of the mass center of the solar system, hence giving access to absolute velocities of all solar-system bodies. A preliminary adjustment (neglecting the effects of self-rotation of the celestial bodies, and assuming that the solar system is isolated) has led to the value |V| ≃ 3 km/s [18]. Hence one expects that the absolute velocities of solar-system bodies should have the same order of magnitude as their orbital velocities and, in particular, should indeed be negligible with respect to c.

becomes close to the Euclidean metric g^0 and the local time (1) becomes close to the absolute time—both being true if f → 1, and ii) the matter fields become close to corresponding Newtonian fields. To do that, we use an exact similarity transformation that exists in Newtonian gravity [19, 20]: If p^{(1)}, u^{(1)}, ρ^{(1)} = F^{(1)}(p^{(1)}) (density), and U^{(1)}_N (Newtonian potential) obey the Euler-Newton equations, then, for any λ > 0, the fields

p^{(λ)}(x, T ) = λ^2p^{(1)}(x, √ λ T ), ρ^{(λ)}(x, T ) = λρ^{(1)}(x, √ λ T ), (30)

U^{(λ)}_N (x, T ) = λU^{(1)}_N (x, √ λ T ), u^{(λ)}(x, T ) = √ λ u^{(1)}(x, √ λ T ), (31)

also obey these equations—provided the state equation for system S_λ is F^{(λ)}(p^{(λ)}) = λF^{(1)}(λ^{−2}p^{(λ)}). This similarity transformation defines the weakfield limit in Newton’s theory itself: as λ → 0, the potential and the density in the bodies decrease like λ (while the bodies keep the same size), the (orbital) velocities decrease like √ λ, and accordingly the time scale increases like 1/ √ λ. Therefore, to define the Newtonian limit in the scalar theory, we just apply the similarity transformation (30)-(31) to the initial data for the gravitating system of interest. In doing so, ρ becomes the proper rest-mass density and we substitute V^{(λ)} = (c^2/2)(1−f^{(λ)}) for the Newtonian potential U^{(λ)}_N . (The coefficient is needed to ensure that V^{(λ)} ∼ U^{(λ)}_N as λ → 0.) This defines a system (S_λ) as the solution of this initial-value problem (P_λ), and one expects that the solution fields admit expansions in powers of λ, whose dominant terms have the same orders in λ as in Eqs. (30)-(31). Thus, we introduce a conceptual family of gravitating systems, with the real system of interest being assumed to correspond to a given, small value λ_0 of the parameter λ. It is then easy to check that, by adopting [M]_λ = λ[M] and [T]_λ = [T]/ √ λ as the new units for the system (S_λ) (where [M] and [T] are the starting units of mass and time), all fields become order λ^0, and the small parameter λ is proportional to 1/c^2 (indeed λ = (c_0/c)^2, where c_0 is the velocity of light in the starting units). Hence, the derivation of the 1PN expansions and expanded equations is straightforward: all fields depend on the small parameter 1/c^2, and one writes first-order expansions in this parameter. However, there is still a crucial point to be precised, that will also play a role in the discussion of gravitational radiation.

3.1.2 The question of the time variable in the expansions

The asymptotic expansions of the fields have first of all to be valid at fixed values of the time and space variables. Now, as we have just seen, the expansions are naturally formulated in units that depend on the small parameter λ. Hence, it is not equivalent to assume expansions with x^{′0} = T as the time variable, or with x^0 = cT , because the ratio x^{′0}/x^0 = 1/c = λ^{1/2}/c_0 depends on the small parameter. Note that, in the varying units, we have T = λ^{1/2}T_0 where T_0 is the true time (i.e. that measured in fixed units), hence cT = c_0T_0 is (proportional to) the true time. But the true orbital velocities in the system S_λ vary like λ^{1/2}, and the true orbital periods vary like λ^{−1/2}. Hence it is T , not cT ∝ T_0, which remains nearly the same, as λ is varied, for one orbital period of a given body in the Newtonian limit. Therefore, in this limit, thus for post-Newtonian expansions, one must take x^{′0} = T as the time variable, not x^0 = cT . The latter choice corresponds to post-Minkowskian (PM) expansions, with wave equations for the gravitational potentials, which are relevant in the study of gravitational radiation (see Section 4).

3.1.3 Expansion of the metric and the field equation in the preferred frame

The leading expansion is that of the scalar field f = β^2 (or rather, of the field V = (c^2/2)(1 − f), for this is really the field which is first-order expanded in 1/c^2 below):

f = 1 − 2U/c^2 − 2A/c^4 + O(1/c^6) (32)

The space metric deduced from the Euclidean metric g^0 by Eq. (3) is

g_{ij} = g^0_{ij} + (2U/c^2)h^{(1)}_{ij} + O(1/c^4), h^{(1)}_{ij} ≡ (U_{,i}U_{,j} )/(g^{0kl}U_{,k}U_{,l}) (33)

(with g^0_{ij} = g^{0ij} = δ_{ij} in Cartesian coordinates), and the space-time metric immediately follows by (4):

γ_{00} = f, γ_{ij} = −g_{ij} , γ_{0i} = 0. (34)

The mass-energy density σ = T^{00} may be written in the form

σ = σ_0 + σ_1/c^2 + O(1/c^4), (35)

where σ_0 = ρ_0 is the conserved rest-mass density which is found at the first approximation. (Expanding, for a perfect fluid, the energy equation (26), one finds that ρ_0 obeys the usual continuity equation; one also finds that mass is still conserved at the second (1PN) approximation.) The PN expansion of the field equation (5) follows easily from Eqs. (32) and (35). Since the time variable is x^{′0} = T for PN expansions, the time-derivative term in (5) occurs with a c^{−2} factor as compared with the Δf term, so that Poisson equations are obtained:

ΔU = −4πGρ_0, (36)

ΔA = −4πGσ_1 + ∂^2U/∂T^2. (37)

3.2 Effects of a weak gravitational field on light rays

3.2.1 Post-Newtonian equations of motion for a photon in the preferred frame

The application to the situation of a light-like test particle in the field of a spherical body that undergoes a uniform translation in the frame E, with velocity dx/dT ≡ V, is not difficult [6]. For a photon, the velocity u^i is O(c). Using Eqs. (32) and (33), one gets the 1PN expansion of the coordinate acceleration (18) for a photon. In Cartesian coordinates for metric g^0, this is du^i dT = U_{,i} − 2 ( U_{,j} u^j ) u^i c^2 − ( (Uh^{(1)}_{ij} )_{,k} + (Uh^{(1)}_{ik} )_{,j} − (Uh^{(1)}_{jk} )_{,i} ) uj uk c^2 + O ( 1 c ) . (38) The crucial point is that Eq. (38), derived from Newton’s second law, is nevertheless undistinguishable from the PN expansion of the equation for null space-time geodesics, as it is easily checked ([6], after Eq. (36)). Note that, in Eq. (38), the Newtonian gravity acceleration g_0 ≡ ∇_0U (with components U_{,i} in the Cartesian coordinates utilized) intervenes at the same order in λ or 1/c^2 as the other terms (i.e. the order zero, although it is really a secondapproximation formula: the first approximation gives simply du^i/dT = 0).

3.2.2 Transition to the moving frame

Let us denote by E_V the frame that undergoes a pure translation, with the assumed uniform velocity V of the massive body, with respect to the ether frame E. We may pass from E to E_V by a Lorentz transformation of the flat space-time metric γ^0 (that one whose line element is (ds^0)^2 = c^2dT^2 − dx^idx^i in Cartesian coordinates for the Euclidean space metric g^0). At the 1PN approximation, a photon follows a null geodesic of the physical space-time metric γ, and, by the Lorentz transformation, the components of this spacetime tensor transform like a (twice covariant) tensor, of course. This gives an easy way to get the PN equations of motion for a photon in the frame E_V. Neglecting O(1/c^4) terms, and except for an O(1/c^3) term in the γ^′_{0i} components—such terms do not play any role in the 1PN expansion of the null geodesic equation [15]—the components γ^′_{μν} after the Lorentz transform depend only on the “Newtonian” potential U, by just the same equations (32)-(34) as they do in the preferred frame. With the assumption of spherical symmetry, we have simply U = GM_0/r with M_0 ≡ ∫ ρ_0dV : then, Eqs. (32)- (34) are just the 1PN expansion of Schwarzschild’s exterior metric. Whereas this spherical potential is, in general, not constant in the frame E, it is indeed constant in the frame E_V which moves with the spherical massive body (e.g. the Sun) that creates the relevant field, so that the geodesic equation is really that deduced from Schwarzschild’s metric. We conclude that, to just the same level of approximation as in the 1PN approximation of GR, in particular neglecting the γ_{0i} components of the metric, which are O(1/c^3), the present theory predicts exactly the same gravitational effects on light rays as the standard effects obtained in GR with the Schwarzschild metric—and this is true accounting for the preferred-frame effects, for they do not appear at this approximation. The details can be found in Ref. [6].

4 Gravitational radiation (isolated system)

In GR and in the other relativistic theories of gravitation, most investigations of gravitational radiation consider the so-called “weak-field approximation”, which consists of a linearization of the field equations. In particular, d’Alembert equations are obtained for the gravitational potentials, which is the basic reason why gravitational radiation then occurs in a tractable form. Obviously, this linearization can be done also in the present theory with its nonlinear wave-type equation (5).

4.1 Asymptotic post-Minkowskian approximation

With the goal to develop mathematically clear approximation schemes, it seems desirable to find a definite asymptotic framework which would indeed lead to a linearization of the field equations while keeping the propagating character. The PN scheme summarized in Subsection 3.1 does not fit with this aim, since it leads to the Poisson-type equations (36) and (37). As it has been noted, this is due to the fact that, for consistency with the Newtonian limit, x^{′0} = T must be taken as the time variable, in the varying units [M]_λ = λ[M] and [T]_λ = [T]/ √ λ, in which √ λ ∝ c^{−1} and all fields are order zero. It appears from §3.1.2 that, in order to have x^0 = cT as the time variable for different expansions, also based on this change of units, one must abandon the assumption that the velocity is low, and assume instead that it is order zero (in the starting units).

4.1.1 Principle of the asymptotic PM approximation

Thus, let us define a family (S^′_λ) of perfect-fluid gravitating systems by the following family of initial conditions (in fixed units): at the initial time,

p^{(λ)}(x) = λ^2p^{(1)}(x), ρ^{(λ)}(x) = λρ^{(1)}(x), (39)

V^{(λ)}(x) = λV^{(1)}(x), ∂_T V^{(λ)}(x) = λ∂_T V^{(1)}(x), (40)

u^{(λ)}(x) = u^{(1)}(x). (41)

(Recall that V ≡ (c^2/2)(1 − f).) This describes a limit in which the gravitational field becomes weak (due to a correspondingly diminishing density), but nevertheless the velocity u = |u| does not necessarily become negligible with respect to c—or, more exactly, u/c has some finite order of magnitude, which does not depend on λ. We assume that, in a relevant time interval, the solution fields remain of the same order in λ as in Eqs. (39)-(41). Then, in the units [M]_λ = λ[M] and [T]_λ = [T]/ √ λ, we have again √ λ ∝ c^{−1}, and all fields: p, ρ, V , ∂V/∂x^0, but the velocity u, are order zero: as to u, it is in fact order c.

4.1.2 Zero-order PM approximation

Since all fields but u are again order zero in the varying units, their (firstorder) expansions have obviously the same form [Eqs. (32)-(35)] as for the PN expansion. However, due to the fact that now u is O(c), the zero-order term σ_0 in the expansion (35) of the active mass-energy density σ ≡ T^{00} is not equal any more to the zero-order term ρ_0 of the density of rest-mass in the preferred frame—as this is the case [20] for the PN approximation. Instead, σ_0 now contains kinetic energy in relativistic form:

σ_0 = ρ_0 (γ_v )_0 = ρ_0 ( 1 − u^2_0 )_{−1/2} ≡ τ, (42) where u_0 is the coefficient of c in the PM expansion of u: u = u_0c + O(c^{−1}).

Because x^0 = cT is now the time variable, the time-derivative term in Eq. (5) for the scalar field f now does not contain the c^{−2} factor, hence it is expanded to a “flat space-time wave equation” with d’Alembert operator:

□U ≡ U_{,0,0} − ΔU = 4πGτ (x^0 = cT ). (43)

The dynamical equations (24)-(25), as applied to a perfect fluid, take the exact form [20]: ∂_T (ψf) + ∂_j ( ψfu^j ) = (σ/2) ∂_T f + c^{−2}∂_T p, (44)

∂_T ( ψu^i ) + ∂_j ( ψu^iu^j ) + Γ^i_{jk} ψu^j u^k + t^i_kψu^k = ψfg^i − g^{ij} p_{,j} , (45)

where ψ ≡ σ + p c^2f

, t^i_k ≡ 1 2 g^{ij} ∂_T g_{jk} . (46)

When the PN approximation is used (time variable T , all fields of order zero), the zero-order expansion of these equations gives [20] the continuity equation and the classical fluid-dynamics equation in the presence of the gravity acceleration U_{,i}. (This equation can be put in the form of Euler’s equation using the continuity equation.) In contrast, with the PM approximation (time variable x^0 = cT , and u of order c), we get a “continuity equation” which involves the density τ (42) instead of the 0-order rest-mass density:

∂_0τ + ∂_j (τ u^j_0) = 0 (x^0 = cT ), (47)

plus an equation meaning that the principal part of the acceleration is zero:

∂_0(τ u^i_0) + ∂_j (τ u^i_0u^j_0) = 0. (48)

It should not surprise us that, when we do not impose the Newtonian limit, we do not get Newtonian equations indeed! The “asymptotic” scheme of

PM approximation that we have introduced in §4.1.1 (seemingly for the first time) is more general than the asymptotic PN scheme recalled in §3.1.1, in the sense that there is just more freedom left to the magnitude of the velocity. Thus, what happens here is that, due to the fact that u is order c, the acceleration U_{,i} plays a role only at the following order (1PM approximation)—but the latter seems to be rather complicated. However, the zero-order PM approximation is enough to assess the principal part of the radiative energy loss.

4.2 0PM approximation of the radiative energy loss

Considering an isolated self-gravitating system, assumed to be suitable for the PM scheme above (thus the gravitational field is weak, but the orbital velocities are not necessarily small), we wish to investigate the asymptotic behaviour, as R_0 → ∞, of the energy variation (28) in the ball Ω : |X| ≤ R_0. More exactly, in the framework of the PM approximation, we investigate the limit, as R_0 → ∞, of the principal part of dE/dT as λ → 0. Thus, we evaluate the flux Φ (28) at the zero-order PM (0PM) approximation. We have then from (2) and (32):

Φ = Φ_0 ( 1 + O(c^{−2}) ) , Φ_0 ≡ −1 4πG ∫ ∂Ω ∂_T U U_{,k}n^k dS. (49) 4.2.1 Expansion of the retarded potential

The relevant solution of Eq. (43) is the retarded potential:

U(X, x^0) = ∫ Gτ (x, x^0 − |X − x|) |X − x| dV (x). (50)

(The integral extends over the whole “retarded system”, which is spatially bounded as is the system itself. Moreover, the point X shall be at a large distance from the retarded system.) The expansion of U as R_0 ≡ |X| → ∞ is got by a standard procedure (see e.g. Stephani [21], pp. 125-126), which we try to make mathematically explicit—though without giving a convergence proof. One writes first the Taylor series expansion at x^0 − R_0 of the retarded density:

τ (x, x^0 − R) = τ (x, x^0 − R_0) + δR ∂_0τ (x, x^0 − R_0) + δR^2 2! ∂^2_0 τ (x, x^0 − R_0) + ..., (51) where R ≡ |X − x| , R_0 ≡ |X| , δR ≡ R_0 − R. (52) Inserting into (51) the first-order Taylor expansion of R at X: δR = X^ix^i R_0 + O ( 1 R_0 ) , (53)

one gets:

τ (x, x^0 − R) = τ (x, x^0 − R_0) + ∂_0τ (x, x^0 − R_0) ( X^ix^i R_0 )

+ ∂^2_0 τ (x, x^0 − R_0) 2! ( X^iX^j x^ix^j R^2_0 ) + ... + O ( 1 R_0 ) , (54)

where the points of suspension indicate omitted terms of order R^0 coming from the remainder in the infinite series (51). Using then the zero-order expansion of 1/ |X − x| at X: 1 |X − x| = 1 R_0 + O ( 1 R^2_0 ) , (55)

together with (54), and integrating, gives the expansion of U up to 1/R_0: U(X, T ) G = M R_0 + X^iḋ_i cR^2_0 + X^iX^j 2c^2R^3_0 J̈_{ij} + ... + O ( 1 R^2_0 ) , (56)

where overdot means partial derivative with respect to T , the points of suspension indicate omitted terms of order 1/R_0 coming from time derivatives of order ≥ 3 in (51), and with M ≡ ∫ τ dV, d_i(X, T ) ≡ ∫ x^iτ (x, cT − |X|)dV (x), (57) J_{ij} (X, T ) ≡ ∫ x^ix^j τ (x, cT − |X|)dV (x). (58) 4.2.2 Limiting value of the flux

When taking the partial space-derivatives, we get from the definition (57): ∂d_i ∂X^k = −X^k cR_0 ḋ_i, (59) and the like for J_{ij} . We obtain therefore from (56): ∂_T U∂_k U G^2 = [ X^id̈_i cR^2_0 + X^iX^j 2c^2R^3_0 ˙J̈_{ij} ] [ −X^lX^kd̈_l c^2R^3_0 + −X^lX^mX^k 2c^3R^4_0 ˙J̈_{lm} ] + O ( 1 R^3_0 ) . (60) (We have dM/dT = 0 by Eq. (47).) But it is also true that

d̈_i = 0. (61)

Indeed, the retardation being uniform in the definition (57), this is a standard exact consequence of Eqs. (47) and (48), for the continuum with density τ ≡ σ_0 and that moves with velocity cu_0—the acceleration field of this continuum being zero in view of Eq. (48). On the other hand, in the next subsection we shall consider the same physical system at the Newtonian approximation, thus equating τ in the definition (57) with the zero-order PN rest-mass density (which is consistent with (42) insofar as the actual velocity u is in fact negligible with respect to c). But at this approximation also it is true that d̈_i = 0, because the total momentum of an isolated Newtonian system is conserved.

Thus, there is no dipole term in fact. From (49), (60) and (61), we get:

−4πG lim_{R0→∞} Φ_0 = −G^2 4c^5 ∫ ( ˙J̈_{ij} ninj )_2 dω, (62) where dω is the solid angle element and n^i ≡ X^i/R_0. (Note that tensor ˙J̈ is constant on the sphere |X| = R_0.) Using the integration formula for n^in^j n^k n^l [22] (Eq. (90.20)), it follows that

(Φ_0)_{lim} = G 60c^5 ( 2 tr ˙J̈^2 + tr^2 ˙J̈ ) . (63)

4.3 Peters-Mathews coefficients for a binary system

The energy loss Ė = −(Φ_0)_{lim} is the principal part of the variation of the total energy of our isolated weakly-gravitating system, due to its emission of gravitational waves. As it was already mentioned at several places in this Section, this unique system may consistently be treated in both the PM approximation and the PN one. The (more general) PM approximation has allowed us to calculate an approximate value of the energy loss, and now we are going to use the 0PN (Newtonian) approximation to see how the energy loss changes the relative motion in the first approximation. To do this means assuming: i) that the 0PN approximation of the energy of the system (the Newtonian energy, which is an exact constant in the framework of the 0PN approximation), actually varies as the exact energy of the system—and ii) that the latter variation is well approximated by the 0PM calculation.^6 We consider more particularly a binary system, made of two massive bodies that are far enough from each other, so that tidal interactions are negligible and each body has a rigid motion. We assume, moreover, that the self-rotation of each body is not modified by the energy loss, which thus affects merely the relative motion of the two bodies, whose motion may then be analysed as a Newtonian 2-body problem for two point masses m_1 and m_2, located at x_1(T ) and x_2(T ). However, since Ė has been evaluated in the preferred frame E, this Newtonian problem is formulated in that frame (which is indeed an inertial frame for the 0PN approximation of the theory). Setting

x ≡ x_1 − x_2, u ≡ ẋ, (64)

we have thus

u̇ = −kx/r^3, k ≡ G(m_1 + m_2), r ≡ |x| . (65)

The quadrupole tensor is then:

J = m_1x_1 ⊗ x_1 + m_2x_2 ⊗ x_2. (66)

Introducing the mass center a(T ), such that m_1x_1 + m_2x_2 = Ma, where M ≡ m_1 + m_2, we obtain

J = J̃ + Ma ⊗ a, J̃ ≡ m_1(x_1 − a) ⊗ (x_1 − a) + m_2(x_2 − a) ⊗ (x_2 − a). (67)

Since the system is isolated, the velocity V ≡ ȧ is a constant. It follows that

˙J̈ = ˙¨J̃. (68)

6 We note that the same two assumptions have to be done when one applies the quadrupole formula of GR, and that assumption i) may seem strong. A priori, one might expect that the energy loss found at the 0PM approximation would affect also the higherorder terms (possibly even only the higher-order terms!) in the PN energy. Of course, the Newtonian energy dominates over the PN corrections to it. Assumption i) is valid if this remains true for the corresponding rates, which should be true if the PN expansions are uniform with respect to time.

We get from (64):

J̃ = μx ⊗ x, μ ≡ m_1m_2/M. (69)

Three time differentiations of (69) give us with (65) and (68):

˙J̈ = 2kμ r^2

[3(u.n) n ⊗ n − 2(n ⊗ u + u ⊗ n)] , n ≡ x r , (70)

whence follows:

tr ˙J̈ = − 2kμ r^2 u.n, tr ˙J̈^2 =

4k^2μ^2

r^4 [ 8 u^2 − 7 (u.n)^2 ] . (71)

Using Eq. (63), this leads finally to

Ė = − (Φ_0)_{lim} = − 8 15 G c^5 k^2μ^2 r^4 [ 2 u^2 − 3 4 (u.n)^2 ] , (72)

i.e. the so-called Peters-Mathews coefficients (see e.g. Will [16], Eq. (10.84)):

k_1 = 2, k_2 = 3 4 , k_{dipole} = 0. (73)

There is no average to be performed over one binary’s orbit in Eq. (63) nor in Eq. (72)—in contrast with what is often found in the literature. If we start from the “quadrupole formula of GR” (the equivalent, for GR in harmonic coordinates and for the RTG, of Eq. (63) here: cf. Ref. [13], Eq. (110,16), and Ref. [11], Eq. (15.71), where there is indeed no time average): Ė = − G 45c^5 tr ( ˙D̈2 ) = − G 5c^5 ( tr ˙J̈^2 − 1 3 tr^2 ˙J̈ ) , D ≡ 3 [ J − 1 3 (tr J) I ] , (74) and apply Eq. (71), we find

Ė = − 8 15 G c^5 k^2μ^2 r^4 [ 12 u^2 − 11 (u.n)^2 ] , (75)

which is indeed the Peters-Mathews formula of GR in harmonic coordinates [16] and of the RTG [11], without any time average (in contrast with Ref. [16], Eq. (10.80)). The time-average may appear physically justified, for one expects that the time-period of the gravitational waves should be of the order of the orbital period. But, as we have outlined at the beginning of this subsection, it seems in fact reasonable to admit that the rate of the radiative energy loss equals the decrease-rate of the Newtonian energy. Once this equality is admitted, it implies a “Peters-Mathews formula” without any time-average.

5 Conclusion

We have given a nearly self-consistent summary of the “scalar ether-theory”: Eqs. (2) for the gravity acceleration, (3) and (4) for the metric, and (5) for the scalar field, can be taken axiomatically. We have more detailed its dynamics (Eq. (15) for a test particle, Eq. (20) for a continuum). It should be noted that this dynamics is independent of the assumptions made as to the form of the metric. A detailed motivation for the theory, together with a summary of its construction, can be found in Refs. [12] or [8].

This scalar theory gives the same predictions for light rays as the standard predictions deduced from Schwarzschild’s metric in GR. This is because the theory predicts Schwarzschild’s metric (Eq. (6)), and because it turns out that the preferred-frame effects do not play any role at the first post-Newtonian (1PN) approximation for photons. In turn, the fact that this central metric of GR also does occur in this scalar theory, is related to its preferred-frame character, which allows to postulate gravitational timedilation and space-contraction in a way that is not space-time covariant.

To investigate gravitational radiation, we have introduced an “asymptotic” form of the post-Minkowskian (PM) approximation, based on an explicit family of initial-value problems for a perfect-fluid system (Eqs. (39)- (41)). This seems to be new. We did not prove the existence of the solutions, nor did we prove the truly asymptotic character of the expansions, but we consider it likely that both could be proved (in suitable function spaces). The important mathematical work [23], that is devoted to GR (whose gravitational field equations are much more complex), does give such justifications, but it is restricted to the vacuum Einstein equations. As it was the case for our “asymptotic” PN scheme [20], the present PM scheme justifies, by invoking a change of units, to take 1/c^2 as the small parameter, while considering that (nearly) all fields are order zero—but all fields depend on the small parameter and hence must be expanded. The difference between these PN and PM schemes is that, in the latter, the time variable is x^0 = cT , not T , and the velocity is O(c) only. But the latter is true in the changed units and in an asymptotic sense (i.e. for the conceptual one-parameter family of gravitational systems), physically it means that the velocity field can be non-negligible with respect to c, but it does not have to be so. Thus this PM scheme is just more general than the corresponding PN scheme. This is the reason why the energy rate calculated in the 0PM approximation can be used to investigate the time evolution of the system, when the latter is considered at the PN approximation. Thus, within this framework, it seems that one can reasonably assume that it is not undispensable, in a first approximation of the “radiation reaction effects”, to make a complete analysis of the relativistic 2-body problem up to the order 1/c^5 or higher. Such a complete analysis has been investigated for GR (cf. Damour [24] and references therein), but it is very complex.

Using the PM approximation, we have shown that, in this scalar theory with a preferred reference frame, there is a flux of gravitational energy which emanates from an isolated weakly-gravitating system, and which goes to infinity; that this limit flux is positive, Eq. (63) (hence the system loses energy); and that it starts only from quadrupole terms, the monopole and dipole terms being zero. When equated to the energy rate of a binary system in the Newtonian approximation, this energy loss gives a Peters-Mathews formula with well-ordered positive coefficients, again without any dipole (Eq. (72)). Since these coefficients differ from those in GR or in the RTG, a different value of the energy loss would be obtained (albeit of the same order of magnitude), if one would apply Eq. (72) while otherwise keeping the parameters of the 2-body system at the values found [25] from fitting the pulse data with a “timing model” based on GR. However, there is essentially only one input data for the timing model, namely the list of the time intervals between the successive pulses emitted by the pulsar (in short “the pulse data”), and if the theory is changed, then, after fitting the pulse data by a timing model based on the new theory, different values will be found also for the parameters of the 2-body system, e.g. for the eccentricity and for the masses of the two bodies. Therefore, the author feels it plausible that the pulse data of binary pulsars might be nicely fitted by building a timing model entirely based on this theory, in the same way as they have been fitted in GR [25]. What can only be stated for now, is that the theory predicts an energy loss with the same order of magnitude to that which is found in GR and which fits with the observations. As emphasized by Will [16], most alternative theories do not predict the same order of magnitude as in GR for the energy rate, and not rarely they even predict the wrong sign—e.g. this is the case for Rosen’s bimetric theory [26], that looks much closer to GR than looks the present scalar theory.

Acknowledgment

I am grateful to the referee for his suggestion to calculate the Peters- Mathews coefficients and for his remarks on the result, in particular for his calculation showing that, for the binary pulsar PSR1913+16, the energy loss predicted by the scalar theory would be some six times less than in GR, if one would take the other parameters of the system as obtained from fitting the pulse data by the timing model based on GR.

References

[1] C. W. Misner, K. S. Thorne and J. A. Wheeler, Gravitation (Freeman, San Francisco, 1973).

[2] S. Carlip, Phys. Lett. A267, 81–87 (2000). gr-qc/9909087 v2.

[3] M. Arminjon, Rev. Roumaine Sci. Tech. – Méc. Appl. 42, 27–57 (1997).

Online at

http://geo.hmg.inpg.fr/arminjon/pub_list.html#A18

[4] M. Arminjon, Arch. Mech. 48, 25–52 (1996). Online at

http://geo.hmg.inpg.fr/arminjon/pub_list.html#A15

[5] M. Arminjon, Anal. Univ. Bucuresti – Fizica 47, 3–21 (1998).

physics/9911025.

[6] M. Arminjon, Rev. Roumaine Sci. Tech. – Méc. Appl. 43, 135–153 (1998).

gr-qc/9912041.

[7] L. Euler, Leonhardi Euleri Opera Omnia, Series Tertia, Pars Prima, pp.

3–15 and 149–156, (B. G. Teubner, Leipzig und Bern, 1911).

[8] M. Arminjon, in Fifth Conf. “Physical Interpretations of Relativity Theory”, Supplementary Papers (M.C. Duffy, ed., University of Sunderland/Brit. Soc. Philos. Sci., 1998), pp. 1–27. Online at

http://geo.hmg.inpg.fr/arminjon/pub_list.html#B13

[9] C. Cattaneo, Nuovo Cimento 10, 318–337 (1958).

[10] A. A. Logunov, Yu. M. Loskutov and M. A. Mestvirishvili, Sov. Physics Uspekhi 31, 581–596 (1988). (Usp. Fiz. Nauk 155, 369–396 (1988).)

[11] A. Logunov and M. Mestvirishvili, The Relativistic Theory of Gravitation (Mir, Moscow, 1989). (Russian original edn.: Osnovy Relyativistskoi Teorii Gravitatsii, Izd. Mosk. Univ., Moskva, 1986.)

[12] M. Arminjon, Phys. Essays 14, 10–32 (2001). gr-qc/9911057.

[13] L. Landau, E. Lifchitz, Théorie des Champs (4^{th} French edn., Mir, Moscow, 1989). (Russian 7^{th} edn.: Teoriya Polya, Izd. Nauka, Moskva.)

[14] M. Arminjon, Arch. Mech. 48, 551–576 (1996). Online at

http://geo.hmg.inpg.fr/arminjon/pub_list.html#A16

[15] S. Weinberg, Gravitation and Cosmology (J. Wiley & Sons, New York, 1972)

[16] C. M. Will, Theory and Experiment in Gravitational Physics (2^{nd} edn., Cambridge University Press, Cambridge, 1993).

[17] M. Arminjon, “Equations of motion of the mass centers in a scalar theory of gravitation: Expansion in the separation parameter”, Roman. J. Phys., to appear. gr-qc/0202029.

[18] M. Arminjon, Int. J. Mod. Phys. A17, 4203–4208 (2002). gr-qc/0205105.

[19] T. Futamase and B. F. Schutz, Phys. Rev. D28, 2363–2372 (1983).

[20] M. Arminjon, Roman. J. Phys. 45, 389–414 (2000). gr-qc/0003066.

[21] H. Stephani, General Relativity (English edn., Cambridge University Press, Cambridge, 1982).

[22] V. A. Fock, The Theory of Space, Time and Gravitation (1st English edn., Pergamon, Oxford, 1959). (Russian original edn.: Teoriya Prostranstva, Vremeni i Tyagotenie, Gos. Izd. Tekhn.-Teoret. Liter., Moskva, 1955.)

[23] T. Damour and B. Schmidt, J. Math. Phys. 31, 2441–2453 (1990).

[24] T. Damour, in Three Hundred Years of Gravitation (S. W. Hawking & W. Israel, eds., Cambridge University Press, Cambridge, 1987), pp. 128–198.

[25] J. H. Taylor and J. M. Weisberg, Astrophys. J. 253, 908–920 (1982). [26] N. Rosen, Ann. Phys. (N.Y.) 84, 455–473 (1974).