arXiv:1207.3873v1 [gr-qc] 17 Jul 2012

Celestial Ephemerides in an Expanding Universe

Sergei M. Kopeikin Department of Physics & Astronomy, University of Missouri, 322 Physics Bldg., Columbia, MO 65211, USA^∗

Post-Newtonian theory of motion of celestial bodies and propagation of light was instrumental in conducting the critical experimental tests of general relativity and in building the astronomical ephemerides of celestial bodies in the solar system with an unparalleled precision. The cornerstone of the theory is the postulate that the solar system is gravitationally isolated from the rest of the universe and the background spacetime is asymptotically flat. The present article extends this theoretical concept and formulates the principles of celestial dynamics of particles and light moving in gravitational field of a localized astronomical system embedded to the expanding Friedmann- Lemaître-Robertson-Walker (FLRW) universe. We formulate the precise mathematical concept of the Newtonian limit of Einstein’s field equations in the conformally-flat FLRW spacetime and analyze the geodesic motion of massive particles and light in this limit. We prove that by doing conformal spacetime transformations, one can reduce the equations of motion of particles and light to the classical form of the Newtonian theory. However, the time arguments in the equations of motion of particles and light differ from each other in terms being proportional to the Hubble constant H. This leads to the important conclusion that the equations of light propagation used currently by Space Navigation Centers for fitting range and Doppler-tracking observations of celestial bodies are missing some terms of the cosmological origin that are proportional to the Hubble constant H. We also analyze the effect of the cosmological expansion on motion of electrons in atoms. We prove that the Hubble expansion does not affect the atomic frequencies and, hence, does not affect the atomic time scale used in creation of astronomical ephemerides. We derive the cosmological correction to the light travel time equation and argue that their measurement opens an exciting opportunity to determine the local value of the Hubble constant H in the solar system independently of cosmological observations.

PACS numbers: 04.20.Cv,95.10.Km,95.10.Ce,98.80.-k

∗Electronic address: kopeikins@missouri.edu

I praise you, Father, Lord of heaven and earth, because you have hidden these things from the wise and learned, and revealed them to little children.

Luke,10:21

I. INTRODUCTION

Post-Newtonian celestial mechanics is an important branch of modern gravitational physics [13, 65] including gravitational wave astronomy [66]. It is also a practical tool of modern applied astronomy used for precise navigation of spacecrafts in deep space and for calculation of high-precise astronomical ephemerides of celestial bodies in the solar system [32, 57]. The mathematical formalism of the post-Newtonian approximations is getting progressively complicated as one goes from the Newtonian limit to higher orders [6, 55]. For this reason the theory has been developed under a basic assumption that the background spacetime is asymptotically flat. Mathematically, it means that the full spacetime metric, g_{αβ} (the Greek sub-indices α, β, γ, . . . takes values 0,1,2,3), is decomposed around the background Minkowskian metric, f_{αβ} = diag(−1, 1, 1, 1), into a linear combination

g_{αβ} = f_{αβ} + h_{αβ} , (1)

where the perturbation, h_{αβ} , is the post-Newtonian series with respect to the powers of 1/c, where c is the ultimate speed in nature (the speed of light in vacuum). Post-Newtonian approximations is the method to determine h_{αβ} by solving Einstein’s field equations with the tensor of energy-momentum of matter of a localized astronomical system T_{αβ} as a source of the field, by iterations starting from h_{αβ} = 0 in the expression for T_{αβ} . The solution of the field equations and the equations of motion of the astronomical bodies are derived in some inertial coordinates r^α = {ct, r} where t is the coordinate time, and r = {r^i} are spatial coordinates. The post-Newtonian theory in asymptotically-flat spacetime has a well-defined Newtonian limit determined by:

(1) equation for the Newtonian potential, U = c^2h_{00}/2, U(t, r) = ∫ V ρ(t, r^′)d^3r^′ |r − r^′| , (2)

where ρ = T_{00}, is the density of matter producing the gravitational field,

(2) equation of motion for a massive particle r^{′′} = ∇U , (3) where ∇ = {∂/∂x^i} is the operator of gradient, r = r(t) is a radius-vector from the origin of the coordinates to the current position of the particle, and a prime denotes a total derivative with respect to time t,

(3) equation of motion for light (massless particle)

r^{′′} = 0 , (4)

which tells us that light moves along a straight line with constant velocity, r = ξ + ckt, where ξ is the impact parameter of the light ray with respect to the origin of the coordinates, and k is a unit vector directed along the direction of propagation of the light ray [32, section 7.3].

These equations are considered as fundamentals for creation of astronomical ephemerides of celestial bodies in the solar system [32] and in any other localized system of self-gravitating bodies like a binary pulsar [42]. In all practical cases they have to be extended to take into account the post-Newtonian corrections sometimes up to the 3-d post- Newtonian order of magnitude [66]. It is important to notice that in the Newtonian limit the coordinate time t of the gravitational equations of motion (3), (4) coincides with the proper time of observer τ that is practically measured with an atomic clock. In other words, the Newtonian limit of general relativity taken in the asymptotically-flat background spacetime equates the three time scales entering the Newton’s law of gravity (3), the equation of light propagation (4), and the equation of motion of an electron in atoms which solution defines the frequency of atomic transitions between different energy levels inside the atom that are used in practical realization of SI second [35].

The post-Newtonian theory is well-established, mathematically elegant and self-consistent. It passed through numerous experimental tests with a flying color [65]. Is there any problem which we should worry about? The answer is “yes” and the problem is that the background is not asymptotically-flat Minkowskian spacetime but is described by the FLRW metric, ḡ_{αβ}. We live in the expanding universe. Therefore, the right thing would be to replace the post-Newtonian decomposition (1) with the more adequate post-Friedmanian one

g_{αβ} = ḡ_{αβ} + κ_{αβ} , (5)

where κ_{αβ} is the metric perturbation around the cosmological background being represented as a series not only with respect to the post-Newtonian parameter 1/c but also, with respect to the Hubble parameter, H. The latter terms appear in the post-Friedmanian series as a result of the Hubble expansion of the universe. Generalization of the post-Newtonian theory on the Minkowski background spacetime to that on the expanding background manifold is tantalizing and was a matter of considerable efforts of many researchers [8, 17, 18, 36, 44, 45, 56]. A recent article [10] summarizes the previous results and provides the reader with a number of other valuable resources.

We notice that most of the previous works on celestial mechanics in cosmology used joining of two (for example, Schwarzschild and Friedmann) spherically-symmetric exact solutions of Einstein’s equations, that was achieved in many different ways. McVittie’s solution [45] is perhaps the most successful mathematically but yet lacks a clear physical interpretation [10]. What is still missing in literature is the precise mathematical formulation of the Newtonian limit for a self-gravitating localized astronomical system (a binary star, a solar system, a galaxy) having no specific spacetime symmetry while embedded to the expanding universe and coupled through the gravitational interaction with the time-dependent background geometry. Theoretical description of the Newtonian limit for a localized astronomical system in expanding universe should conform with the results of the post-Newtonian theory obtained in the asymptotically-flat spacetime. Such a description will allow us to directly compare the equations of the “canonical” post-Newtonian celestial mechanics to its cosmological counterpart. Therefore, the task is to derive a set of the Newtonian-like equations in cosmology in some coordinates introduced on the background manifold, and to map them onto the set of the Newtonian equations (2)–(4) in asymptotically-flat spacetime. In addition, the equations of motion of electron in atom should be also re-formulated to take into account the Hubble expansion in order to check whether it appears in the equations and affects the accuracy and stability of the atomic time or not. All together such a theory of the post-Newtonian celestial mechanics and electrodynamics would be of a paramount importance for extending the tools of experimental gravitational physics to the field of cosmology and astrophysics, for example, to derive the cosmological extension of the PPN formalism [65]. The present article discusses the main ideas and principal results of such a theoretical approach.

The problem of a paramount importance here is to find out whether the Newtonian limit of the cosmological perturbation approximates the Newtonian theory so that it contains only terms of the quadratic order in H, or some terms being linear with respect to H, survive. The same question should be answered for the orbital motion of electrons in atoms which, at least in principle, might be affected by terms being linearly proportional to the Hubble parameter. We will prove that the Newtonian theory for massive particles and the Coulomb approximation for electric charges can be indeed approximated up to the terms of the order of H^2 in the same coordinate chart. However, this conclusion turns out to be inapplicable to the propagation of light. If equations of motion of electromagnetic signal are formulated in the same coordinates as those for massive particles and charges, they show the presence of terms which are linear with respect to H. The reason behind this intriguing difference is rather simple – Maxwell’s equations for freely-propagating electromagnetic waves are conformally-invariant with respect to conformal transformation of the metric tensor while the equations of motion of massive particles and charges are not. Therefore, it is impossible to find out a single space and time coordinate transformation in FLRW manifold that will reduce equations of motion of particles, charges, and electromagnetic waves simultaneously to their classic form that they have in the asymptotically-flat spacetime. We need at least two different time scales in order to do this.

This simple mathematical fact leads to a fascinating theoretical conclusion – the Hubble expansion of the universe does not permit the existence of a single uniform time scale for physically-different gravitational and electromagneticwave processes. Time scale in gravitational equations of massive bodies known as ephemeris time (ET) [32], coincides with the atomic time scale (AT) governed by the orbital motion of electrons in atoms giving access to SI unit of time [35]. Both time scales are identical with the cosmological time t of FLRW background universe. However, neither ET nor AT coincide with the time scale defined by a geodesic motion of a free electromagnetic wave under condition that the spatial coordinates defining positions of massive particles, charges, and photons belong to the same chart on the manifold. We show that the time scale of freely-propagating electromagnetic wave diverges quadratically as time passes on from AT and ET.

The idea of using propagation of electromagnetic signal in space as a clock belongs to Marzke and Wheeler [43] who proposed to run a light ray continuously between two mirrors which move along time-like geodesics of a background manifold. The electromagnetic time scale is measured by counting the number of reflections of light from the mirrors. In fact, the motion of mirrors may be not geodesic – it is sufficient to know their world lines with required precision to eliminate the effect of the Doppler shift on the frequency of light. Marzke-Wheeler’s idea has been realized in frequency standards using a microwave cavity or an optical resonator. On the other hand, the same idea is used for a long time in the Doppler-tracking radio technique but it was never associated with Marzke-Wheeler’s optical clock. Doppler tracking of frequency of electromagnetic signal whose phase is locked to the primary atomic standard on Earth, allows a coherent measurement of the phase of electromagnetic wave propagating back and forth between a radio emitter on Earth and a spacecraft’s transponder. Thus, the Doppler tracking is a high-quality radio resonator having the size of the solar system and formed by two “mirror” – radio emitter on Earth and transponder on board of the spacecraft. The above-mentioned quadratic divergence of the electromagnetic time scale from AT and ET is caused by the Hubble expansion, and the disagreement between the time scales accumulates proportionally to Ht^2. If the divergence between the electromagnetic and AT/ET time scales is measured, it will allow to measure the local value of the Hubble constant H without resorting to cosmological observations.

We argue that the Pioneer effect has, in fact, a simple and natural explanation as the cosmological effect of quadratic divergence between the electromagnetic and atomic time scales governing the propagation of radio wave in the Doppler tracking system and the atomic clock on Earth respectively. It has nothing to do with the “anomalous acceleration” of spacecraft which was for a long time a matter of controversial theoretical speculations [37]. The present paper explains the Pioneer effect in the framework of general relativity without any resort to “new physics” or to an alternative theory of gravity. The most precise measurement of the local value of the Hubble constant can be achieved in a near future with a dedicated space mission equipped with precise atomic clocks and Doppler tracking system [39]. The mission must be designed in such a way that minimizes various on-board generated systematic effects like heat, gas leakage, etc. (see section X B)

In the following sections we describe the background FLRW manifold and its cosmological perturbation caused by a localized astronomical system. The perturbation is presented as the post-Friedmannian series with respect to the Hubble parameter H. Only the linear terms will be found explicitly. The quadratic in H terms are important for discussion of how dark matter and dark energy affects the orbital evolution of the localized system but they are not a primary concern of the present article and are given elsewhere [33]. The linearized cosmological perturbation of FLRW manifold is, then, decomposed into post-Newtonian series with respect to the parameter 1/c. The Newtonian limit of the perturbation is defined as an “osculating” solution which has the Newtonian form in the limit 1/c → ∞ but with the Hubble parameter H being retained. The gravitational field obtained in this way, is used to derive the equations of motion of particles, and light. Maxwell’s equations for electric charge distribution of an atomic nucleus are formulated on FLRW background with taking into account all terms depending of the Hubble parameter. Their solution is found in the form of the retarded integral which is expanded in series with respect to 1/c but with the Hubble parameter retained. Equations of motion of an electron orbiting the atomic nucleus are formulated in a covariant form and also decomposed in the series with respect to 1/c with the Hubble parameter included. We, finally, discuss the impact of the proposed theory on astronomical ephemerides and argue that it can explain the physical origin of the Pioneer anomaly [2, 3]. The concluding remarks are about the local coordinates on cosmological manifold and the possible missions to measure the Hubble expansion in the solar system.

II. NOTATIONS

The notations used in the present paper are as follows:

• Greek indices run through values 0, 1, 2, 3, and Latin indices take values 1, 2, 3,

• Einstein’s summation rule is used for repeated indices,

• t and x^i = {x, y, z} are the coordinate time and spatial coordinates of the FLRW metric,

• x^α = {cη, x^i} are the conformal coordinates with η being a conformal time,

• bold letters denote spatial vectors in Minkowski spacetime x = {x^i},

• a prime f^′ = df/dt denotes a total derivative with respect to time t,

• a dot ḟ = df/dη denotes a total derivative with respect to the conformal time η,

• ∂_α = ∂/∂x^α is a partial derivative with respect to a conformal coordinate x^α,

• a vertical bar, f_{|α}, denotes a covariant derivative of the function f with respect to the background metric,

• a bar over function, f̄, means that the function belongs to the background spacetime manifold,

• tensor indices of geometric objects on the background manifold are raised and lowered with the full metric ḡ_{αβ},

• tensor indices of geometric objects on the conformal spacetime are raised and lowered with the Minkowski metric f_{αβ},

• the scale factor of FLRW metric is denoted as R = R(t), or as a = a(η) = R[t(η)],

• the Hubble parameter H = R^′/R, and the conformal Hubble parameter H = ȧ/a,

• the present paper operates with the WMAP value of the Hubble constant H = 71.0 ± 2.5 (km/sec)/Mpc [29].

It corresponds to H = (2.3 ± 0.1) × 10^{−18} s^{−1}.

The present paper deals with the theory taking into account all terms that are of the first order in the Hubble parameter H. Terms which are proportional to H^2 will be systematically neglected and published somewhere else [33].

III. BACKGROUND MANIFOLD

The laws of nature evidently obey certain principles of symmetry, whose consequences we can work out and compare with observation.

Steven Weinberg, Symmetry: A ’Key to Nature’s Secrets

The background manifold in the present paper is given by FLRW solution of Einstein’s equations. The cosmological metric, ḡ_{αβ} , is spherically-symmetric and may admit the three-dimensional curvature of space which is characterized by a constant parameter k that take either of three values, k = {−1, 0, 1}. Cosmological observations consistently indicate that k = 0 [29], and we accept this value in the present paper. The background cosmological metric with k = 0 is

ds^2 = −c^2dt^2 + R^2(t) ( dx^2 + dy^2 + dz^2 ) , (6)

where, c = 299792458 m·s^{−1}, is the fundamental speed, R(t) is the dimensionless scale factor depending only on the cosmological time t, and x^i = {x, y, z} are spatial coordinates. A continuous set of fiducial observers having fixed values of the space coordinates form the Hubble flow. Each Hubble observer measures the proper time τ defined by dτ^2 = −c^2ds^2. For fixed spatial coordinates, τ = t, which allows us to derive time t if the proper time τ is measured with the help of some ideal clock. Usual assumption is that the proper time can be practically accessed with the help of atomic clocks. In expanding universe this assumption should be proved by deriving equation of motion of an electron in atom and demonstrating that the resulting equation can be reduced to the same form as in asymptotically-flat spacetime. We provide such a proof in section VIII.

It is also important to realize that the clocks of the Hubble observers are synchronized in the sense of the Einstein synchronization procedure which is based on the exchange of electromagnetic (light) signals [38, 64]. Hypersurfaces of simultaneity for the Hubble observers are defined by the condition t = const.. The proper distance, ℓ, on the hypersurface of simultaneity is ℓ = R(t) √ x^2 + y^2 + z^2.

For calculational purposes it is more convenient to introduce conformal coordinates x^α = (cη, x, y, z). The conformal time η is related to the cosmological time t by an ordinary differential equation dt dη = a(η) , (7)

where a(η) ≡ R[t(η)] is the scale factor of the spatial part of the metric (6) expressed as a function of η. The background metric ḡ_{αβ} in the conformal coordinates is conformally-flat. It may be worth mentioning that the conformally-flat and asymptotically-flat spacetimes are not physically identical [50].

ḡ_{αβ} = a^2(η)f_{αβ} . (8)

FLRW spacetime manifold with the metric (8) has the Christoffel symbols,

cΓ̄^α_{βγ} = −H ( δ^α_β ū_γ + δ^α_γ ū_β − ū^αḡ_{βγ} ) , (9)

and the Ricci tensor

c^2R̄_{αβ} = H^′ (ḡ_{αβ} − 2ū_αū_β) + 3H^2ḡ_{αβ} , (10) where H = a^′/a, ū^α = a^{−1}δ^α_0 is a four-velocity of the Hubble flow, and ū_α = ḡ_{αβ}ū^β = −aδ^0_α, and a prime denotes a derivative with respect to the Newtonian time t.

The dynamic evolution of the background manifold is determined by Einstein’s equations Ḡ_{αβ} = 8πG c^4

T̄_{αβ} , (11)

where

Ḡ_{αβ} = R̄_{αβ} − 1/2ḡ_{αβ}R̄^μ_μ , (12)

is the Einstein tensor, the Ricci scalar R̄^μ_μ = ḡ^{μν}R̄_{μν} , and

T̄_{αβ} = (ϵ̄ + p̄) ū_αū_b + p̄ḡ_{αβ} , (13)

is the energy-momentum tensor of matter governing the dynamic evolution of the background universe. In FLRW universe this tensor has the form of the perfect fluid with the background values of energy density ϵ̄, pressure p̄, and four-velocity ū_α. The energy density is defined in terms of the rest mass density, ρ̄, and the internal energy per unit mass, Π̄, as follows [47] ϵ̄ = ρ̄ ( c^2 + Π̄ ) , (14)

where the internal energy density, Π̄, is related to pressure, p̄, by the law of conservation of energy [47] dΠ̄ + p̄d ( 1 ρ̄ ) = 0 . (15)

We assume that equations (11)–(15) can be solved for a particular equation of state and, hence, the time evolution of the scale factor a(η) is well-defined. Since all geometric and thermodynamic quantities are the implicit functions of a(η), their temporal evolution is also well-defined.

IV. POST-NEWTONIAN APPROXIMATIONS IN COSMOLOGY

We assume that a localized distribution of matter (a bare perturbation) characterized by the tensor of energymomentum T_{αβ} is placed on the background cosmological manifold. It makes a localized N-body astronomical system where the bodies interact to each other through their own gravitational field. The presence of the localized matter distribution in addition to the background matter of the Hubble flow, perturbs the background geometry as shown in (5) . Perturbed geometry is described by Einstein’s field equations G_{αβ} = 8πG c^4

(T_{αβ} + T_{αβ} ) , (16)

where G_{αβ} , T_{αβ} , and T_{αβ} are the perturbed values of the Einstein tensor and the tensors of energy-momentum of the background matter and the localized system. The perturbations of the above tensors can be decomposed around their background values in a Taylor series with respect to the perturbation of the metric tensor κ_{αβ} ,

G_{αβ} = Ḡ_{αβ} + G^{(1)}_{αβ} + G^{(2)}_{αβ} + . . . , (17)

T_{αβ} = T̄_{αβ} + T^{(1)}_{αβ} + T^{(2)}_{αβ} + . . . (18)

T_{αβ} = T_{αβ} + T^{(1)}_{αβ} + . . . , (19)

where G^{(1)}_{αβ} and T^{(1)}_{αβ} are of the order of O(κ_{αβ} ), G^{(2)}_{αβ} and T^{(2)}_{αβ} are of the order of O(κ^2_{αβ} ), and so on. The tensor T_{αβ} is the source of the linear perturbations and, hence, is the same order of magnitude as G^{(1)}_{αβ} and T^{(1)}_{αβ} . Perturbation T^{(1)}_{αβ} is due to the back gravitational reaction of the perturbed background geometry on the structure of T_{αβ}.

After substituting expansions (5), (17)-(19) to (16), and accounting for the background Einstein equations (11), we obtain a set of partial differential equations for the metric tensor perturbation κ_{αβ} which iterative solutions yield a successive post-Newtonian (sometimes called post-Friedmannian [59]) approximations to the true geometry of the cosmological manifold [33]. Notice that the background geometry is well-defined by the solution of the Einstein equations (12). We do not use any averaging procedure applied to (16) in order to define the background manifold. This procedure is discussed, for example, in [31] and may be important in higher-order post-Newtonian approximations but it has no impact on the results of the present paper.

We focus on the Newtonian limit of the post-Newtonian approximations. The linear approximation is sufficient for this purpose. The field equations (16) in this approximation read

c^2G^{(1)}_{αβ} = 8πG c^4 ( T^{(1)}_{αβ} + T_{αβ} ) , (20)

where

G^{(1)}_{αβ} ≡ 1 2 ( l_{αβ}^{|μ}_{|μ} + ḡ_{αβ}B^μ_{|μ} − B_{α|β} − B_{β|α} ) , (21)

T^{(1)}_{αβ} is a rather complicated tensor expression depending on a particular cosmological equation of state [33], the metric perturbation l_{αβ} ≡ −κ_{αβ} + 1 2 ḡ_{αβ} κ^μ_μ , (22)

and vector B^α ≡ l^{αβ}_{|β} .

It is well-known that an analytic coordinate transformation,

x^{′α} = x^α − ξ^α(x^β ) , (23)

induces a gauge transformation of the metric tensor perturbation [64] l^′_{αβ} = l_{αβ} − ξ_{α|β} − ξ_{β|α} + ḡ_{αβ}ξ^γ_{|γ} . (24) Here, we keep only linear terms with respect to the gauge functions ξ^α assuming that these functions are of the same order of magnitude as κ_{αβ} . Higher-order terms can be included in (24) but this goes beyond the scope of the present paper (see [22, 52]).

Calculation of the transformed Einstein tensor perturbation, G^{′(1)}_{αβ} , defined by equation (21) along with perturbation

(24), reveals that it is gauge-invariant in the sense that G^{′(1)}_{αβ} = G^{(1)}_{αβ} . Perturbation, T^{(1)}_{αβ} , of the energy-momentum of

the background matter is gauge-invariant, T^{′(1)}_{αβ} = T^{(1)}_{αβ} , due to the background equations of motion of the background matter T̄^{αβ}_{|β} = 0 [49, 52]. These gauge-invariant properties of tensors in the left side of (21) demand that the tensor of energy-momentum of the localized system obeyed the covariant law of conservation, T^{αβ}_{|β} = 0. This equation can be reformulated in terms of partial derivatives [64] ∂_β (√ −ḡT^{αβ} ) + √ −ḡΓ̄^α_{βγ} T^{βγ} = 0 , (25)

which is useful in defining the conserved mass, center of mass and a linear momentum of the localized astronomical system on the expanding FLRW manifold (see discussion in section VI). We also notice that tensor T^{αβ} is gaugeinvariant because it is the source of the linearized metric perturbation so that the gauge transformation (24) changes its form in terms of the second order that are not considered in the present paper.

V. POST-NEWTONIAN FIELD EQUATIONS IN COSMOLOGY

We are going to solve the Einstein field equations (20) in the linearized Hubble-parameter approximation which means that all terms of the order H^2 will be discarded (these corrections can be found in [33]). This approximation is sufficient for discussing the effects of cosmological expansion in the solar system. Notice that the linearized Hubble approximation also discards all terms which are proportional to the time derivative of the Hubble parameter, H^′. This is because the background Einstein equations (11) suggests that H^′ ∼ H^2 [40, 49].

By inspection, we can prove that perturbation, T^{(1)}_{αβ} = O(H^2), that is it has no terms being linear with respect to H. Indeed, the tensor of energy momentum T_{αβ} of the background cosmological matter is that of the ideal fluid

T_{αβ} = (ϵ + p) u_αu_b + pg_{αβ} , (26) which depends on the energy density ϵ, pressure p, four-velocity of the matter u^α, and the metric tensor g_{αβ}. We expand tensor (26) in Taylor series around its background value, T̄_{αβ} , as shown in (18). Perturbation T^{(1)}_{αβ} is found by taking a variation of T_{αβ} from all variables. It yields,

T^{(1)}_{αβ} = ū_αū_βδϵ + (ū_αū_β + ḡ_{αβ} ) δp + (ϵ̄ + p̄) (ū_αδu_β + ū_β δu_α) + p̄δg_{αβ} , (27)

where ϵ̄, p̄, ū^α, and ḡ_{αβ} are the background values of the energy density, pressure, four-velocity and the metric tensor respectively; δϵ, δp, δu_α and δg_{αβ} = κ_{αβ} are the perturbations of these variables, and we assume the Einstein summation rule. The terms in (27) which are proportional to ϵ̄ and p̄, are of the order of H^2 in virtue of the background Einstein equations (10)–(13). The perturbation δϵ = (c^2/c^2_s)ρ̄δμ, where c_s is the speed of sound of the background matter, ρ̄ is the mass density of the background matter, and δμ is the perturbation of the specific enthalpy, μ = (ϵ + p)/ρ, of the background matter [40, 49]. The ϵ̄ ∼ ρ̄c^2 ∼ O(H^2) due to the background Einstein equations. Finally, the second law of thermodynamics tells us that δp = ρ̄δμ ∼ O(H^2). These estimates allow us to conclude that T^{(1)}_{αβ} ∼ O(H^2), and can be dropped out from equation (20) for we consider only terms of the linear order in H. It agrees with cosmological studies having been done by other researchers [1, 49] (see [33] for more detail).

Equation (20) becomes l_{αβ}^{|μ}_{|μ} + ḡ_{αβ} B^μ_{|μ} − B_{α|β} − B_{β|α} = 16πG c^4

T_{αβ} , (28)

where B^α ≡ l^{αβ}_{|β} . It is gauge invariant and admits a gauge freedom (24) in choosing the metric perturbations, l_{αβ} , on the background manifold. The gauge freedom can be used in order to simplify solution of (28). It is convenient to fix the gauge by imposing the following gauge condition [34, 53]

B^α = − 2H c l^{αβ}ū_β , (29)

which generalizes the harmonic (deDonder) gauge condition applied in the post-Newtonian approximations performed on the asymptotically-flat background [13, 32], to cosmology. To understand the advantage of the gauge (29) in the cosmological setting, we write down the covariant Laplace-Beltrami operator for the metric perturbation in terms of the partial derivatives as follows l_{αβ}^{|μ}_{|μ} = 1 a^2 □l_{αβ} + 2H c ū^μ∂_μl_{αβ} − 2 c (Hū^μl_{μα})_{|β} − 2 c (Hū^μl_{μβ} )_{|α} + O ( H^2 c^2 ) , (30)

where □ ≡ f^{μν} ∂^2 ∂x^μ∂x^ν = − 1 c^2

∂^2 ∂η^2 + ∂^2 ∂x^2 + ∂^2 ∂y^2 + ∂^2 ∂z^2 , (31)

is the wave operator in Minkowski spacetime, and we have neglected all terms of the order of H^2. Substituting (29) and (30) to (28) cancels out a significant number of terms, thus, reducing equation (28) to a much simpler form □l_{αβ} + 2H c a^2ū^μ∂_μl_{αβ} = 16πG c^4 a^2T_{αβ} . (32)

This equation can be reduced to the wave equation by making use of the following steps.

We define the conformal metric perturbations, γ_{αβ} and h_{αβ}, by equations

g_{αβ} = a^2(η) (f_{αβ} + h_{αβ}) , (33) l_{αβ} = a^2(η)γ_{αβ} , (34)

so that h_{αβ} = −γ_{αβ} + 1 2 f_{αβ} γ^μ_μ , (35)

and indices of h_{αβ} and γ_{αβ} are raised and lowered with the metric f_{αβ} . Substituting (34) to (32) and simplifying terms, yield □γ_{αβ} − 2H c^2

∂_η γ_{αβ} = 16πG c^4

T_{αβ} , (36) where the conformal Hubble parameter H = ȧ/a = H^′/a and all terms of the order of H^2 have been discarded. Equation (36) explicitly contains a term depending on the Hubble parameter but it can be eliminated by introducing a new variable, aγ_{αβ} . In terms of this variable, equation (36) becomes equivalent to □ (aγ_{αβ}) = 16πG c^4 aT_{αβ} . (37)

This is a wave equation in conformally-flat spacetime which can be easily solved with the standard technique of retarded potential if we impose the boundary condition of vanishing aγ_{αβ} and aγ_{αβ,μ} at conformal past-null infinity [19]. The advanced potential violates causality at higher post-Newtonian approximations, and we do not consider it here (see [26] for further discussion). The retarded solution of (37) is a(η)γ_{αβ} (η, x) = − 4G c^4 ∫ V a(s)T_{αβ} (s, x^′) d^3x^′ |x − x^′| , (38)

where V is the volume of integration occupied by matter, T_{αβ}, of the localized astronomical system, and the retarded time s is defined on the null cone of Minkowski spacetime, s = η − 1 c |x − x^′| . (39) Solution (38), (39) is given in conformal coordinates x^α = {cη, x^i}. It is Lorentz-invariant with respect to the Lorentz transformations of the conformal coordinates and satisfies the gauge condition (29).

It is important to emphasize that the retarded metric potentials (38) describe gravitational field everywhere both in the near zone and in the radiative zone of the localized astronomical system emitting gravitational waves. Propagation of gravitational waves in the expanding universe takes place on the hypersurface of a null cone (39) in the conformal spacetime. Therefore, the speed of weak gravitational waves is equal to the speed of light, c, referred to the conformal coordinates x^α = {cη, x}.

Solution of (37) is defined up to the residual gauge transformation (23) with the gauge functions ξ^a obeying the homogeneous wave equation

□(aξ^a) = 0 . (40)

This equation is valid up to the terms of the linear order of O(H). Quadratic corrections of the order of O(H^2) to equation (40) are given in [33].

VI. THE NEWTONIAN LIMIT OF THE FIELD EQUATIONS

Equation (38) yields the post-Newtonian potentials γ_{αβ} in the linearized approximation with respect to the Hubble parameter H which is incorporated implicitly to the solution through the time-dependent conformal factor a = a(η). Only the potential γ_{00} is relevant in discussion of the Newtonian-theory approximation which is defined as a limit of the retarded solution (38) when the parameter 1/c → 0.

The Newtonian potential, U, in expanding universe is defined as U = −c^2γ_{00}/4. In what follows, we shall focus on the localized system consisting of one massive body. Our treatment can be easily extended to N-body problem for, in the approximation under consideration, the Newtonian potential obeys the principle of a linear superposition. Equation (38) yields U(η, x) = G c^2 ∫ V a(s)T_{00} (s, x^′) d^3x^′ a(η)|x − x^′| , (41)

where the integration is performed over the volume of the massive body. We assume the matter inside the body moves slowly, ẋ^i ≪ c. Hence, we can expand the retarded function in the integrand of (41) in the Taylor series around the present time η. It leads to U(η, x) = G c^2 ∫ V T_{00} (η, x^′) d^3x^′ |x − x^′| + G c^3a(η) ∫ V ∂ ∂η [a(η)T_{00} (η, x)] d^3x + O ( G c^4 ) . (42)

The first term in right side of (42) looks exactly as the Newtonian potential of a conventional Newtonian theory. Yet, we cannot use this expression for doing the multipolar expansion with respect to the gravitational harmonics - we still need to define the concept of the conserved mass, dipole moment and other multipoles of the astronomical system that will be independent of the Hubble parameter. Moreover, the correct Newtonian limit demands that the second integral in the right side of (42) would be, at least, of the second order of magnitude with respect to H which we systematically discard.

These issues can be resolved with the help of the covariant law of conservation of the tensor of energy-momentum T_{αβ} - equation (25). Making use of (9) for the Christoffel symbols results in a more explicit form of (25), 1 c ∂ ∂η (aT_{00}) − ∂ ∂x^j (aT_{0j} ) = − H c aT_{kk} , (43) 1 c ∂ ∂η (aT_{i0}) − ∂ ∂x^j (aT_{ij} ) = − H c aT_{i0} , (44)

Implementing (43) for calculating the second integral in (42), yields ∫ V ∂ ∂η (aT_{00}) d^3x = −aH ∫ V T_{kk} d^3x , (45)

where we have applied the Gauss theorem to eliminate the integral for the divergence of the vector field aT_{0j} . Further application of the laws of conservations (43), (44) brings about the virial relationships ∫ V aT_{ij} d^3x = 1 2c^2 d^2 dη^2 ∫ V aT_{00}x^ix^j d^3x + O(H) , (46) ∫ V aT_{i0}d^3x = − 1 c d dη ∫ V aT_{00}x^id^3x + O(H) , (47)

where O(H) indicates the residual terms of the order of the Hubble parameter H.

Let us assume that distribution and motion of matter inside the localized system, is stationary. Relationships (46), (47) suggest, then, that the right side of equation (45) is of the order of H^2, and can be neglected in the linearized Hubble approximation. This result also suggests that we can define the conserved mass, M, of the massive body residing in the expanding universe by the following integral M = 1 c^2 ∫ V a(η)T_{00}(η, x)d^3x . (48)

The mass is conserved, dM/dη = 0, up to the terms of the second order in H^2. Since d/dη = a(η)d/dt, the law of conservation of mass can be recast to dM dt = 0 , (49)

where we have used the cosmological time t that coincides with the proper time measured by the Hubble observer.

We define the dipole moment, I^i, and the linear momentum, P^i, of the massive body in the expanding universe by

I^i = 1 c^2 ∫ V a(η)T_{00}(η, x)x^id^3x , (50)

P^i = − 1 c ∫ V a^2(η)T_{i0}(η, x)d^3x . (51)

Equation (47) yields a relationship between a time derivative of I^i and P^i, dI^i dt = P^i . (52)

Taking a time derivative from P^i and applying (44) along with (47) yields the law of conservation of a linear momentum of the isolated self-gravitating body in the expanding universe dP^i dt = 0 . (53)

Equations (52), (53) tell us that we can always chose the inertial coordinates in the expanding universe such that the center of mass of the body is defined by the condition, I^i = 0, and it remains at rest or moves with a constant velocity in these coordinates. After choosing the center of mass at the origin of the inertial coordinates, x^α = {cη, x^i}, the multipolar expansion of the Newtonian potential (42) reads U(η, x) = G a(η) M |x| + . . . , (54)

where ellipses denote quadrupole, octupole, and higher-order harmonics, and |x| is the radial distance from the spatial origin of the conformal coordinates to the field point. The multipolar expansion (54) is valid in the linearized Hubble approximation with all terms of the order of H^2 having been abandoned.

The Newtonian potential (54) looks like the potential of a point-like mass M with the effective gravitational constant G(η) ≡ G/a(η), depending on time. It may lead to a conclusion that the expansion of the universe encompasses a secular decrease of the gravitational constant - the idea pioneered by P.M. Dirac [16] and reiterated by R. Dicke in his weak anthropic principle [14] and a scalar-tensor theory of gravity (along with C. Brans) [9]. This conclusion is too straightforward and is invalid in general relativity. The reason is that the gravitational constant can be measured only through observing orbital motion of celestial bodies and processing the observational data on the basis of the Newtonian equations of motion. Scrutiny analysis given in next section shows that the scale factor a(η) drops out of the equations of motion after making a transformation from the conformal to local coordinates, so that the effective gravitational constant G(η) gets rescaled and its variation cannot be observed – only the constant value of G can be measured.

VII. THE NEWTONIAN EQUATIONS OF MOTION IN EXPANDING UNIVERSE

Astronomical observations make use of test particles of two sorts: with a non-zero rest mass and massless photons (light, radio). In order to understand the impact of cosmological expansion on the motion of particles we have to derive relativistic equations of their motion and to analyze their Newtonian limit which is reached for the value of the parameter 1/c → 0. The task is to find out the analytic dependence of the Newtonian equations of motion on the Hubble parameter H.

Any test particle, if it is unaffected by an external force of non-gravitational origin, moves along a geodesic worldline which equation is given by

d^2x^α dτ^2 + Γ^α_{μν} dx^μ dτ dx^ν dτ = 0 , (55)

where τ is an affine parameter on the world line of the particle, Γ^α_{βγ} is the perturbed affine connection given by

Γ^α_{μν} = 1 2 g^{αβ} (g_{βμ,ν} + g_{βν,μ} − g_{μν,β} ) , (56) and the perturbed metric g_{αβ} is defined by (33) with h_{αβ} taken from (35) and (38). The affine parameters for time-like and light-like geodesics are different [64]. Irrespectively of the nature of the affine parameter we can always choose the coordinate time η as an independent parameter along geodesics. Equation (55) parameterized by the coordinate time η, reads

ẍ^i + Γ^i_{μν}ẋ^μẋ^ν − 1 c Γ^0_{μν}ẋ^μẋ^νẋ^i = 0 . (57)

We elaborate on these equations in the next two subsections. We shall focus primarily on discussion of the Newtonian limit of these equations in application to test particles with a rest mass, and to light (massless particle, photon).

A. Equations of motion of test particles with non-zero rest mass

Calculating the Christoffel symbols (56) and substituting them to (57), yield the equations of motion of test particles ẍ = −Hẋ − GM a|x|^3 x , (58)

where all terms of the post-Newtonian order ∼ 1/c^2 and the order of H^2, have been omitted. These equations are written in the conformal coordinates {η, x} and apparently have terms which makes them looking unlike the

Newtonian equations of classical mechanics. In particular, we notice the presence of the conformal Hubble parameter H and the time-dependent scale factor a(η) that again makes an impression that the effective gravitational constant G(η) = G/a(η) appears in the equations.

It is remarkable that there are transformations of the conformal coordinates which convert (58) to exactly Newtonian form of the classic mechanics. The coordinate transformations are t = ∫_η η_0 a(η^′)dη^′ , r = a(η)x , (59) where we integrate from the initial epoch, η_0, and assume that at the initial epoch the dimensionless conformal factor a(η_0) = 1. These transformations reduce equation (58) to the exact form of the classic Newtonian equations of motion r^{′′} = − GM r^3 r , (60)

where r = |r|, and a prime denotes a derivative with respect to time t.

The obtained equation is fully identical with the Newtonian equations of motion in the classic celestial mechanics, and does not predict any “cosmological force” that would be proportional to the Hubble constant H. All terms depending on H canceled out after applying the conformal space and time transformation (59). The explicit dependence of the Newtonian force on the scale factor, a(η), has disappeared as well. Our derivation of equation (60) helps to understand the result obtained by Brumberg and Krasinsky [36] with a different mathematical technique. They analyzed circular equations of motion by solving equations (58) explicitly, and arrived at the conclusion that the circular orbits are not affected by the cosmological expansion. In fact, this is a consequence of the conformal transformation (59) which allows us to prove that in FLRW universe any massive particle moves in accordance with the Newtonian equations of motion without any presence of the Hubble parameter H. More advanced post-Newtonian analysis of the residual terms in the Newtonian equations of motion show that the residual terms are proportional to ∼ Hẋ^2/c and ∼ H^2. Hence, any Keplerian orbit of massive particle (not only circular) remains unaffected by the cosmological expansion. This conclusion has been validated by other researchers who used different mathematical techniques [8, 10, 44].

B. Equations of motion of light

Light is a wave of electromagnetic field which obeys homogeneous Maxwell’s equations in free space. These equations are conformally-invariant as we prove in the next section. For these reasons, the equation of motion of light in the conformal coordinates {η, x^i} is the same as in Minkowskian spacetime (remember that we consider the case of FLRW universe with space curvature k = 0)

ẍ = 0 . (61)

Hereby, we have neglected the gravitational force exerted on light by the localized astronomical system as it produces the deflection of light and time delay which are of the post-Newtonian order and are not of the primary concern in the present paper. We draw attention of the reader that equation (61) does not have any residual term depending on the Hubble parameter H. This is because of the conformal invariance of the Maxwell equations [63].

Equation (61) can be also derived from (57) by calculating the Christoffel symbols, making use of equation of light cone, f_{αβ}ẋ^αẋ^β = 0, and neglecting the gravitational deflection of light caused by the localized astronomical system. Equation (61) tells us that light in conformal coordinates of the conformally-flat FLRW manifold propagates with the constant speed c along straight lines. Equation (61) looks exactly the same as the Newtonian equation of propagation of light but one has to use this analogy with care. The point is that the conformal time, η, and space coordinates, x, entering (61), are not those {t, r} used in the Newtonian equations of motion (60) of massive particles. Therefore, we can not use solution (61) to analyze the orbital motion of massive particles.

In order to make equations (61) compatible with the Newtonian equations of motion (60) we should make use of the conformal coordinate transformations (59) in equation (61). It recasts (61) to

r^{′′} = Hr^′ . (62)

This equation should be compared with (4) that we would expect in the Newtonian limit of general relativity in coordinates, {t, r}. However, the conformal nature of the cosmological spacetime and the conformal invariance of Maxwell’s equations does not support this expectation and bring about equation (62) that yields the correct Newtonian limit for the equation of propagation of light in cosmology with the space curvature k = 0. Similarly to (4), equation

(62) describes propagation of photons along straight lines but we notice the presence of a force, Hr^′, in its right side that is acting on photon due to the expansion of the universe. Appearance of this force points out that coordinates, {t, r}, can not be considered as inertial coordinates for description of light propagation.

Equation (62) can be solved exactly but it will introduce terms of the order of H^2 and higher, which we neglect. We are interested only in keeping linear terms with respect to H. For this reason, we can assume that H in the right side of (62), is constant. It allows us to directly integrate this equation with respect to time. The integration yields a coordinate velocity of light,

r^′ = (1 + Ht)ck , (63)

where the unit vector k = {k^i} is directed from the point of emission of light toward the point of its reception (δ_{ij} k^ik^j = 1). The non-inertial force Hr^′ accelerates photons with respect to spatial coordinates, r, so that the coordinate speed of light, r^′, does not remain c but grows directly proportional to the cosmological time t. We emphasize that there is no contradiction with special relativity because the physical speed of light, measured locally at time t = 0, remains equal to the fundamental speed c. One more integration of (63) yields trajectory of the light ray in coordinates {t, r}, r = ξ + ck ( t + 1 2 Ht^2 ) , (64)

where ξ = {ξ^i} is the (constant) impact parameter of the light ray with respect to the origin of the spatial coordinates. The impact parameter is orthogonal to k in the sense that the Euclidean dot product of the two vectors vanishes, δ_{ij} k^iξ^j = 0 (more details about the geometric properties of the parametrization (64) see in our textbook [32, section 7.3]).

Another way to understand the propagation of light in the expanding universe is to apply a slightly different conformal transformation of time and space coordinates, namely,

λ = a(η)(η − η_0) , r = a(η)x , (65)

where λ is a new time coordinate which differs from the conformal time η by the time-dependent scale factor a(η). This transformation leaves equation (61) form-invariant, in the sense that if all terms of the order of H^2 are neglected, the equation of light propagation in coordinates {λ, r} has the same form as in the conformal coordinates {η, x},

d^2r dλ^2 = 0 . (66)

Equation (66) means that the coordinates {λ, r} can be considered as inertial coordinates for describing propagation of light.

Solution of equation (66) is a straight line r = ξ + ckλ , (67) with the constant coordinate speed of light, dr/dλ = ck, and where k and ξ have the same meaning as in (64). By expanding the conformal factor in (65) in a Taylor series around η = η_0 and making use of (59), we get a relationship between the two time scales,

λ = t + 1 2 Ht^2 , (68)

that matches equation (67) with equation (64).

The lesson we have learned from the analysis of the equations of motion in the conformal FLRW spacetime, is that there is no single inertial coordinate chart in the expanding universe in the Newtonian description of motion of massive particles and light. Transformation to inertial coordinates, {t, r}, eliminate all Hubble-dependent terms of the order of H from the Newtonian equations of motion of massive particles but it can not eliminate such terms from the Newtonian equation of motion of light. On the other hand, transformation to the inertial coordinates {λ, r} eliminate all Hubble-dependent terms of the order of H from the equation of motion of light but put them back to the equations of motion of massive particles.

There is a physical difference between the two time scales, t and λ. The cosmological time t coincides with the proper time of the Hubble observers while the time scale λ diverges quadratically from t and does not coincide with the proper time. Special relativity postulates that proper time can be measured with an ideal atomic clock. This postulate should be checked in cosmological spacetime to make sure that atomic clocks do measure the proper time.

VIII. RELATIONSHIP BETWEEN ATOMIC AND PROPER TIME IN COSMOLOGY

General relativity postulates that the proper time of observer is measured by an ideal clock carried by the observer. The most precise practical realization of the ideal clock is the atomic frequency standard which operational principle is based on the use of electron’s energy level transitions in atom to produce a stable frequency that drives the clock [41]. In classic regime the atomic frequency is defined by the difference between the energies of two orbits of an electron moving around nucleus of the atom in accordance with the second Newton’s law with the central Coulomb force. Additional Bohr’s postulate is required in order to match the classic motion of electron in atom with quantum mechanics but it is not essential for further consideration. Thus, in order to make sure that the proper and atomic time scales in the expanding universe coincide, we have to prove that the orbital motion of an electron in a hydrogen atom is not affected by the expansion of the universe, at least, in the linearized Hubble approximation. The problem was studied in [7, 10, 15] and the authors have reached a consensus that the expansion of the universe should not affect the stability of atomic frequencies. Here, we refine the proof of this statement with a more rigorous mathematical technique.

Electromagnetic field tensor F_{αβ} = ∂_αA_β − ∂_β A_α is defined in terms of a vector potential A_α. General-relativistic Maxwell’s equation for electromagnetic vector A^α in a curved FLRW spacetime are [47]. A_α^{|β}_{|β} − A^β_{|βα} − R̄_{αβ} A^β = − 4π c J_α , (69)

where J_α is a four-vector of electric current. Usually, the Lorentz gauge condition, A^β_{|β} = 0, is imposed on vectorpotential in order to eliminate the middle (gauge-dependent) term in the left side of equation (69) and reduce it to the de Rham equation [47]. Unfortunately, such a gauge condition does not simplify the last term in the left side of (69) depending on the Ricci tensor. We have discovered that another gauge condition is more elegant (compare with (29) for gravitational case), A^β_{|β} = − 2H c A^βū_β . (70)

This gauge condition has been also found by M. Ibison [27, 28] in his study of electrodynamics in cosmology with a future conformal horizon.

We substitute (70) into the second term (69) and use expression (10) for the Ricci tensor. It turns out that after performing the covariant derivatives and reducing similar terms, all the terms depending on the Hubble parameter cancel out in all orders, and we arrive to exact Maxwell’s equation in FLRW spacetime (with space curvature k = 0), □A_α = − 4π c a^2J_α , (71)

where □ is the wave operator in the Minkowski spacetime defined in (31). It is remarkable that it look similar to special relativity in Minkowski space-time except for the scale factor, a = a(η), that appears in the right side of (71). The reason for the simplicity of (71) is the conformal invariance of electromagnetic field which makes the left side of (69) be equal to the left side of (71) up to the conformal factor 1/a^2 [63]. We take a physically-relevant retarded solution of equation (71), A_α(η, x) = 1 c ∫ V a^2(s)J_a(s, x^′)d^3x^′ |x − x^′| , (72)

where the retarded time s is defined in (39), and the volume integral is performed over the charge distribution inside the atomic nucleus. Because the retarded argument s in the solutions for electromagnetic and gravitational field is defined by the same equation (39), weak electromagnetic and gravitational waves propagate with the same speed c in the conformally-flat space of FLRW universe.

We are interested in the Coulomb approximation for the potential A_α to describe the electric field produced by atom’s nucleus. In this approximation, it is sufficient to consider only the electric potential ϕ ≡ cA_0. Everywhere inside the near-zone of the atom, the retarded argument of the vector potential can be expanded in a Taylor series around time η. For the electric potential it yields ϕ(η, x) = ∫ V a^2(η)J_0(η, x^′)d^3x^′ |x − x^′| + 1 c ∫ V ∂ ∂η [ a^2(η)J_0(η, x^′) ] d^3x^′ + O ( 1 c^2 ) . (73)

Taking covariant divergence from both sides of equation (69) reveals that the divergence of the left side vanishes identically. It means that the electric current is conserved,

J^α_{|α} = 0 , (74) which is equivalent to 1 c ∂ ∂η ( a^2J_0 ) − ∂ ∂x^i ( a^2J_i ) = 0 . (75)

The total electric charge Q is defined by Q = − ∫ V a^2(η)J_0(η, x)d^3x . (76)

The charge is conserved, dQ/dη = 0, up to terms of the order of H^2 as follows from (75). Replacing the derivative with respect to the conformal time η by the derivative with respect to cosmological time, the law of conservation of charge in expanding universe becomes dQ/dt = 0 . (77) Because of charge’s conservation, the second term in right side of (73) vanishes while the first term can be expanded in terms of the electric multipoles – the constant charge Q, the dipole electric moment Q_i, and so on, ϕ(η, x) = − Q |x| + Q_ix^i |x|^3 + ... . (78) In what follows, we neglect the dipole and higher-order multipole moments of electric field.

The atomic frequency of electromagnetic wave emitted by atom, is defined by the difference between two values of orbital energies of an electron when it jumps from one orbit of the atom to another. The orbital motion of an electron in a curved spacetime is given by the second Newton’s law with an electromagnetic Lorentz force in its right side [47] while the left side of this law is a covariant derivative from the linear momentum of electron p^α = mdx^α/dτ, m ( d^2x^a dτ^2 + Γ^α_{βγ} dx^β dτ dx^γ dτ ) = eF^α_β dx^β dτ , (79)

where τ is the affine parameter along the electron’s orbit, e is the charge of electron (e < 0), and m is electron’s mass. We accept that both charge and mass of electron remain constant in expanding universe in accordance with the definitions of these conserved quantities given in (76) and (48). The Christoffel symbols in (79) account for the presence of gravitational field. It is sufficient to take into account only the background value of the Christoffel symbols, Γ̄α_{μν} , as the metric tensor perturbations cause negligible effects at least, in the solar system. Strong gravitational field of a localized gravitational system (a black hole) may affect the clock’s performance [21] but we do not discuss the strong field effects in the present paper.

If the conformal time, η, is used for parametrization of electron’s orbit, equation of motion (79) assumes the following form

ẍ^i + Γ̄^i_{μν}ẋ^μẋ^ν − 1 c Γ̄^0_{μν}ẋ^μẋ^νẋ^i = e m ( F^i_β − 1 c F^0_βẋ^i ) ẋ^βτ̇ . (80)

In the slow-motion approximation τ̇ = a(η), F^i_0 = F_{i0}/a^2, and the electric field of the atomic nucleus is E_i = cF_{i0} = ∂_iϕ. By neglecting relativistic corrections of the order of 1/c^2, we obtain the equation of motion of electron in the expanding universe ẍ = −Hẋ + eQ ma x |x|^3 , (81)

which mathematical structure is similar to the Newtonian equation of motion of massive test particles (58). Hence, by doing conformal transformation (59) we can reduce (81) to the classic form of the second Newton’s law with Coulomb’s force mr^{′′} = eQ r^3 r . (82)

Thus, choosing coordinates {t, r} on the expanding cosmological background eliminates any dependence of the orbital motion of electrons on the scale factor and the Hubble parameter. This proves that the atomic frequencies are not affected by the expansion of universe, at least, up to terms of the order of H^2. Furthermore, the time parametrization of equation (82) makes it evident that the atomic time (AT), measured by the ideal atomic clock carrying out by a Hubble observer, is identical with the proper time, τ, of the observer as well as with the cosmological time t.

Comparing two equations, (60) and (82), we observe that the parametrization of the orbital motion of massive particles in gravitational field and that of electrons in atoms is done with the same parameter – the cosmological time t. The argument of the gravitational equations of motion of massive particles (60) is called the ephemeris time (ET). Our consideration makes it clear that in general relativity ET can be measured in two different ways: (1) by observing motion of massive particles in gravitational field, and (2) making use of atomic clocks. If general relativity is valid we should not see any divergence between the two time scales – ET and AT.

In contrast to ET and AT time scales, the time scale, λ, that parametrizes the equations of motion of photons in expanding universe, diverges quadratically from the atomic time (AT) in accordance with equation (68). This divergence has important physical consequences in astrophysical applications and in testing general relativity as it allows us to measure the local value of the Hubble parameter H independently of cosmological observations.

IX. THE IMPACT ON ASTRONOMICAL EPHEMERIDES

Modern ephemerides represent possibly the greatest dynamical system of all time...

Myles. E. Standish, [58]

A. What equations should we utilize for space navigation?

Astronomical observatories and the national Space Navigation Centers (like NASA JPL) operate with the computer codes calculating astronomical ephemerides of celestial bodies under assumption that the Newtonian equations (2)–(4) are physically-adequate and applicable on equal footing to the equations of massive particles and light in the inertial coordinates {t, r} whose origin is chosen at the barycenter of the solar system. Post-Newtonian corrections to the Newtonian equations are included to the computer codes to reach the computational precision being comparable with the current accuracy of astronomical observations [48]. The post-Newtonian corrections in the solar system ephemerides have been thoroughly studied and are well-known [32]. Hence, we do not discuss them in the present paper. We shall also neglect the motion of the solar system with respect to the cosmological reference frame defined by the congruence of the Hubble observers, and assume that the worldline of the solar system barycenter has fixed cosmological coordinates. It allows us to identify the cosmological time, t, with the barycentric coordinate time (TCB) used in the ephemeris astronomy [57]. Thus, the hypersurface of simultaneity of the cosmological time t coincides with that of TCB when we use the spatial coordinates r = a(η)x.

Fitting astronomical observations to theoretical predictions utilizes the set of the Newtonian equations which leading terms are [58] r^{′′} = − GM r^3 r , (83)

ℓ_{21} = r_{21} . (84)

Here the first equation (83) is used for calculating coordinates, r = r(t), of planets and spacecrafts orbiting the Sun with M being the mass of the Sun. The second equation (84) is the light travel time (light-cone) equation used for relating the radar distance, ℓ_{21} ≡ c(t_2 − t_1), to the coordinate distance, r_{21} = |r_2 − r_1|, between the point of emission of light with coordinates {t_1, r_1}, and the point of reception of light at the point with coordinates {t_2, r_2}. Light-cone equation (84) can be viewed as providing a set of initial and boundary conditions for equation (83). In principle, a rigorous definition of the radar distance is based on the time interval a light signal takes in order to travel from observer to a celestial target, and back. The light round-trip time is a proper time, τ, measured by observer equipped with atomic clock. Therefore, strictly speaking, in addition to equations (83), (84), we have to write down one more equation that transforms the proper time of observer, τ, to TCB=t. This equation is τ = t + O(c^{−2}), and is called the time ephemeris [32]. Its precise formulation and solution with the account for relativistic corrections, ∼ c^{−2}, are well-known and has been discussed, for example, by Fukushima [20]. Relativistic corrections in the time ephemeris equation are not important for discussing the Newtonian limit in cosmology. Hence, we omit them in the time ephemeris equation and equates τ = t, which is interpreted as the proper time of the Hubble observers.

The inertial coordinates {t, r} used in (83), (84) have direct physical meaning. Indeed, time t =TCB enters gravitational equations of motion (83) and defines the ephemeris time ET which can be compared with the atomic time (AT) measured by observer on Earth. The distance r_{21} is known in cosmology as the proper distance between two points lying on a hypersurface of a constant time t [64]. If the two points are infinitesimally close to each other, the proper distance r_{21} coincides with the radar distance ℓ_{21} [38] in accordance with equation (84) which is accepted as exact in the process of calculation of ephemerides. However, this equation is not true in the expanding FLRW universe. The distances r_{21} and ℓ_{21} differ from each other, if the two points are sufficiently far away and measuring the radar distance requires integrating the light-ray equation (62) along the light cone. Indeed, the Minkowskian structure of the light cone in expanding universe is preserved in the light-ray inertial coordinates {λ, r}, but not in {t, r}. Therefore, relationship (84) between the radar and proper distances is only an approximation which diverges quadratically with increasing the light travel time between the two points. More specifically, equation (84) should be replaced with

c(λ_2 − λ_1) = r_{21} , (85)

where

λ_1 = t_1 + 1 2 Ht^2_1 , λ_2 = t_2 + 1 2 Ht^2 . (86)

Time scale λ, is uniform for description of propagation of light while the time t is a uniform time scale for celestial dynamics of massive particles. Current practice ignores the difference between the time scales, λ and t. It is important to evaluate the consequences of this ignorance as it can lead to a secular divergence between predicted and observed positions and velocities of celestial bodies. It can be misinterpreted as an gravitational effect of a yet unknown force in the equations of motion of celestial bodies leading to “anomalous orbital acceleration” [2, 3, 37]. We shall analyze the consequences of replacement of an approximate equation (84) for exact equation (85) in case of two astronomical techniques - radar/laser ranging and the Doppler tracking.

B. Range Measurements

We use equation (86) and express times t_1, t_2 in terms of the coordinates r_1, r_2 of the points of emission and reception of the light ray by making use of equation (64). Taking the Euclidean dot product of the vector equation (64) with itself and accounting for the orthogonality of the impact parameter ξ and the unit vector k, yield for the radar distance ℓ_{21} = c(t_2 − t_1) the following result,

ℓ_{21} = r_{21} + δr_{21} , (87)

where

δr_{21} = − H 2c ( r^2 − r^2_1 ) . (88)

Equation (87) makes range measurement more precise, as compared with equation (84), by introducing correction, δr_{21}, to the proper distance, ℓ_{21}, due to the expansion of the universe. This correction is fairly small and amounts to δr_{21} ≃ 10^{−7} cm in case of the lunar laser ranging, and δℓ_{21} ≃ 0.1 cm in case of Earth-Mars radar ranging. These numbers elucidate that the expansion of the universe would not call the shots in the astronomical ephemerides if only the radar measurements were used in fitting theory to observations. However, the astronomical ephemerides also utilize another technique known as the Doppler tracking. This technique measures velocity of spacecraft which is equipped with a high-stable clock and a transponder allowing us to continuously track the phase of the Doppler signal for sufficiently long interval of time.

C. Doppler tracking

Doppler tracking is a method of measuring and control of deep space probe’s velocity by making use of a radiocommunication system onboard of the spacecraft via radio transmissions from Earth to spacecraft (the uplink) and returning telemetry to the ground via transmission from the spacecraft to the Earth (the downlink) [5, 48]. Analogue of the Doppler tracking in cosmological observations is the measurement of the frequency shift of a spectral line of light emitted by atoms of distant objects - galaxies and quasars - that led Edwin Hubble to the discovery of the cosmological expansion of the universe. The Hubble expansion causes shifting of the spectral lines of the light from receding cosmological objects toward the red part of electromagnetic spectrum (decrease in frequency) as compared with the laboratory spectrum. Measuring the amount of the red shift astronomers can determine a radial velocity, v, of the object by making use of equation for the Doppler shift [40, 64]. Cosmological distance, r, to the object relates to its radial velocity v by the Hubble law which, in the first approximation with respect to the Hubble parameter, is

v = Hr . (89)

The distance r entering equation (89) is the proper distance similar to definition of r_{21} in the range equation (84). There are other definitions of distance in cosmology based on photometric, parallactic or other kind of measurements [64] but they coincide in the linearized Hubble law approximation (89). Spacecraft’s Doppler tracking in the solar system uses a coherent measurement of phase of electromagnetic wave transmitted from Earth to the spacecraft and re-emitted back to Earth. The phase and frequency of the electromagnetic wave - both transmitted and received back - are continuously recorded by the Deep Space Network (DSN) tracking system. The Doppler tracking represents an ideal radio-communication system for performing the most precise celestial mechanical experiments with spacecrafts [2, 5].

We can comprehend how the cosmological expansion affects the Doppler tracking measurements by calculating the Doppler effect with the help of equation (85) for the light travel time between spacecraft and observer on Earth. We denote the proper time of the atomic clock on the DSN tracking system as τ_1, and the proper time of clock on-board of spacecraft as τ_2. The proper time τ as a function of the conformal time η, conformal coordinates x and conformal velocity ẋ^a = (c, ẋ), of observer/spacecraft, is defined by the integral relationship τ = ∫_η η_0 √ 1 − c^{−2} (ẋ^2 + h_{αβ}ẋ^αẋ^β )a(η^′)dη^′ , (90)

that follows directly from the perturbed cosmological metric (33) and definition of the proper time, c^2dτ^2 = −g_{αβ}ẋ^αẋ^β dη^2. We shall neglect the special relativistic effects and those due to the gravitational perturbation h_{αβ} which are proportional to 1/c^2. These effects are important in high-precision space navigation but are inessential in our discussion of the influence of the cosmological expansion on the frequency of a radio wave bouncing up and down in the radio-communication link connecting Earth and spacecraft. In this approximation the proper time τ_1 of the terrestrial observer and that of spacecraft, τ_2, coincide with the TCB times of emission, t_1, and reception, t_2, of the signal. The post-Newtonian corrections in the transformation between τ and t are discussed in detail in [32].

Let us consider, first, the up-link Doppler frequency relationship, when a radio wave is transmitted to spacecraft from the ground-based DSN antenna. The frequency of the transmitted radio wave, ν_1 = 1/dτ_1, where dτ_1 is the period of the wave. The frequency of this wave, when it reaches the spacecraft, is ν_2 = 1/dτ_2, where dτ_2 is the period of the received wave. In the approximation when all terms of the order 1/c^2 are neglected, we have dτ_1 = dt_1 and dτ_2 = dt_2. The transmitted and received frequencies are linked by the light-cone equation (85). Taking the total differential of this equation with respect to dt_1 and dt_2 and accounting for (86), yields

ν_2 ν_1 = dt_1 dt_2 = 1 + Ht_2 − k_{21} · β_2 1 + Ht_1 − k_{21} · β_1

, (91)

where the up-link unit vector k_{21} = r_{21}/r_{21} is directed from Earth to the spacecraft, β_1 = v_1/c, β_2 = v_2/c, v_1 = dr_1/dt_1 is a velocity of the tracking station at time t_1, and v_2 = dr_2/dt_2 is the spacecraft’s velocity at time t_2. These velocities are modelled by solving equations of motion (83) with the appropriate initial conditions [48]. Equation (91) can be revamped by making use of the property of the unit vector: k_{21} · k_{21} = 1. It yields

ν_2 ν_1 = 1 − k_{21} · (β_2 − k_{21}Ht_2) 1 − k_{21} · (β_1 − k_{21}Ht_1)

, (92)

which shows that the Hubble expansion modifies velocities of observer on Earth, β_1, and spacecraft, β_2 by subtracting a small (blue shift) correction Ht directed along the line-of-sight of observer toward spacecraft.

Let us assume the Earth-spacecraft distance is about the size of Pluto’s orbit that is ∼ 40 astronomical units. Then, the light travel time t_2 − t_1 ≃ 2 × 10^4 s, and the Hubble expansion yields a fractional uncertainty in the received frequency of the order δν/ν = H(t_2 − t_1) ≃ 5 × 10^{−14} which is too small for detection in a single Doppler frequency measurement. However, the Doppler tracking is not a single measurement of frequency. It is actually a continuous series of coherent measurements which consists of a consecutive exchange by a radio wave bouncing between the DSN transmitter and a transponder on-board of spacecraft. The radio-tracking system observer-spacecraft makes up a radio-resonator with a high-quality factor, Q, and a radio wave being phase-locked inside it. Thus, the Doppler tracking technique measures an integrated change of frequency of the radio wave. This measuring process can be kept coherent for years as was demonstrated in missions Pioneer 10 and 11 [2].

The down-link of the Doppler tracking technique works as follows. Spacecraft’s receiver tracks the up-link carrier frequency using a phase lock loop. The signal received on-board of spacecraft with frequency ν_2 is coherently transmitted back to the ground DSN station and is received with a frequency ν_3. Calculating the down-link Doppler shift with the help of the light cone equation (85), we derive

ν_3 ν_2 = 1 − k_{32} · (β_3 − k_{32}Ht_3) 1 − k_{32} · (β_2 − k_{32}Ht_2)

, (93)

where the unit vector k_{32} = r_{32}/r_{32} is directed from the spacecraft to the Earth, and quantities with sub-index 3 refer to coordinates and velocity of the DSN station at the time of reception t_3 of the radio wave that was re-transmitted from the spacecraft toward the Earth at the time t_2. Technically, the procedure of re-transmission also includes multiplication of the re-transmitted frequency by a constant factor in order to prevent interference between incoming and outgoing radio signals [48]. We shall ignore this multiplicative factor for it changes frequency of the wave by a known number that is easily subtracted in the data processing but complicates theoretical description.

Relationship between the emitted frequency ν_1 and the observed frequency ν_3 is found from the condition that the phase of the radio wave in up-link is locked to that in the down-link. Hence, by applying (92), (93), we obtain

ν_3 ν_1 = ν_3 ν_2 ν_2 ν_1 = 1 − k_{32} · (β_3 − k_{32}Ht_3) 1 − k_{32} · (β_2 − k_{32}Ht_2)

1 − k_{21} · (β_2 − k_{21}Ht_2) 1 − k_{21} · (β_1 − k_{21}Ht_1)

. (94)

Because the light travel time between Earth and spacecraft is much smaller than the orbital period of Earth around Sun, we can neglect the orbital acceleration of the Earth and use the following equalities, k_{32} = −k_{21} and β_3 = β_1 which are valid with a very good accuracy. In fact, the acceleration terms are taken into account in real data processing but they are not important in the present paper. We substitute the above equalities to (94), and expand its denominator in Taylor series. It takes (94) to the following, simpler form

ν_3 ν_1

= 1 − 2k_{21} · [β_2 − β_1 − k_{21}H (t_3 − t_1)] , (95)

where β_2 − β_1 is the relative radial velocity of spacecraft with respect to Earth. Introducing notation β_{21} ≡ k_{21} · (β_2 − β_1) for the radial speed of spacecraft with respect to Earth, we write equation (95) as follows

ν_3 ν_1

= 1 − 2 [β_{21} − H (t_3 − t_1)] . (96)

Notice that β_{21} > 0 when spacecraft is receding from Earth, and β_{21} < 0 in case when it moves toward Earth.

The up/down-link radio cycle is immediately repeated by transmitting to spacecraft at time t_3 of a radio wave with the same phase and frequency, ν_3, as the arrived radio wave. We notice that the technical procedure used in the DSN Doppler tracking is formally different as the signal is transmitted at t_3 with the reference frequency ν_1 (not ν_3) while the difference between ν_3 and ν_1 is time stamped and recorded [48]. Since the difference between ν_3 and ν_1 is precisely known, we can always use in our theoretical development, frequency ν_3, as that transmitted to the spacecraft at time t_3. This simplifies theoretical understanding of the process of accumulation of the phase of a radio wave in the two-way Doppler tracking measurement and does not change the final formula for the integrated Doppler shift.

The Doppler tracking process continues coherently following the same protocol. The wave, transmitted at time t_3, will be received at spacecraft at time t_4 with a frequency ν_4, re-transmitted back to Earth with the same frequency ν_4, received at DSN station at time t_5 with frequency ν_5, transmitted back with frequency ν_5 to spacecraft, and so on. Thus, the wave with a reference frequency ν_1 emitted at time t_1 will be received at DSN station being shifted to frequency ν_{2n+1} at time t_{2n+1} after n up/down link bouncing cycles. Because we keep the phase of the wave locked, the relationship between the observed frequency, ν_{2n+1}, and the emitted frequency, ν_1, is given by the product of n factors ν_{2n+1} ν_1 = ν_{2n+1} ν_{2n−1} ν_{2n−1} ν_{2n−3} . . . ν_3 ν_1

, (97)

where the corresponding calculation of the frequency ratios is done similar to that of ν_3/ν_1. Substituting these frequency ratios to (97), summing up and neglecting the acceleration terms, yield

ν_{2n+1} ν_1

= 1 − 2 n∑ i=1 [β_{2i,2i−1} − H (t_{2i+1} − t_{2i−1})] , (98) where β_{2i,2i−1} ≡ k_{2i,2i−1} · (β_{2i} − β_{2i−1}) is the relative radial velocity of spacecraft with respect to Earth at time t_{2i}, k_{2i,2i−1} is the unit vector from the position r_{2i−1} of the DSN station taken at time t_{2i−1} along the light ray toward spacecraft’s position r_{2i} at time t_{2i}, β_{2i} = v_{2i}/c, β_{2i−1} = v_{2i−1}/c, v_{2i} is velocity of spacecraft at time t_{2i} and v_{2i−1} is velocity of the DSN station at time t_{2i−1}.

Let us recast equation (98) to the form that serves better to further discussion. We shall denote the observed frequency ν_{obs} ≡ ν_{2n+1}, and equate the emitted frequency ν_1 to the high-stabilized reference frequency ν_0 of the master oscillator of atomic clocks, ν_0 ≡ ν_1, driving the DSN radio transmitter. We shall also denote the overall time of the integrated Doppler measurement as t = t_{2i+1} − t_1. The Orbit Determination Program (ODP) adopted by NASA Jet Propulsion Laboratory (JPL) models (in the approximation under consideration) the integrated Doppler shift as follows

ν_{mod} = ν_0 ( 1 − 2 n∑ i=1 β_{2i,2i−1} ) . (99)

It is more convenient for subsequent discussion to write (99) in terms of an integral with respect to time by making use of the fact that the velocity of the DSN ground station and that of spacecraft do not change too much during the round trip of light from the DSN transmitter to the spacecraft and back. We can approximate the radial velocity with the increment β_{2i,2i−1} = a_{mod}(t^′_{2i}) c Δt_{2i} , (100)

where, a_{mod} = c(dβ/dt), is the modelled relative radial acceleration of spacecraft taken at time t^′_{2i} lying inside the time interval Δt_{2i} = t_{2i−1} − t_{2i}. Substituting (100) to (99), and approximating the sum with an integral, we obtain exactly the equation used in ODP [48]

ν_{mod} = ν_0 ( 1 − 2 c ∫_t 0 a_{mod}(t^′)dt^′ ) , (101)

where t is the total span of observation, t^′ is the argument of integration and, for the sake of simplicity of notations, we had started the integration at the initial epoch, t = 0. We further notice that the accumulated phase of the radio wave (normalized to factor 2π) emitted by the radio transmitter is ϕ_0 = ν_0t, because the frequency ν_0 of the master oscillator, is constant. On the other hand, the modeled total phase of the signal, is given by the integral, ϕ_{mod} = ∫_t 0 ν_{mod}(t^′)dt^′, where ν_{mod}(t) is given by (101). Performing integration by parts, yields

ϕ_{mod} − ϕ_0 ν_0 = − 2 c ∫_t 0 (t − t^′) a_{mod}(t^′)dt^′ . (102)

Cosmological arguments tells us that the observed Doppler frequency must be described by equation (98) which includes the term depending on the Hubble expansion as a linear function of time. This prediction differs from that obtained with the JPL’s ODP formula (99) that was derived under assumption that the background spacetime is flat. The difference between the two equations can be written as follows,

ν_{obs} − ν_{mod}

ν_0

= 2Ht , (103)

where the term in the right side is obtained directly by summation of all contributions from time intervals in (98): ∑_n i=1 H (t_{2i+1} − t_{2i−1}) = Ht. The phase difference between the observed and the ODP-modelled signals is obtained by integrating equation (103) with respect to time

ϕ_{obs} − ϕ_{mod}

ν_0

= Ht^2 . (104)

Both equations, (103) and (104), can be formally obtained from (102) by replacing the ODP-modelled radial acceleration of spacecraft, a_{mod}, with its cosmological counterpart,

a(t) = a_{mod}(t) − cH . (105)

We notice that equation (105) is a projection on the radius-vector connecting observer on the Earth with spacecraft. Therefore, the constant “anomalous acceleration”, a_{anomaly} = −Hc, of spacecraft should be interpreted as being directed toward observer but not to the Sun.

Equation (103) elucidates that the contribution of the Hubble expansion to the Doppler shift of frequency grows linearly with time t and, thus, can be measured after sufficiently long time interval if the phase of the radio wave used in the Doppler observation is kept locked during the time of observations (the coherent Doppler tracking). For example, during one year the fractional uncertainty between the observed and the ODP-modelled frequency as caused by the right side of equation (103), amounts to 2H × (1 yr) ≃ 1.5 × 10^{−10}. Long-term stability of atomic clocks is limited by a random walk frequency noise of δν/ν ≃ 1.0 × 10^{−16} √ t where time t is measured in days [51]. For the interval of time t = 1 year it is of ∼ 2.0 × 10^{−14} that is much better than the bias introduced by the Hubble expansion to the frequency drift of the coherent Doppler tracking. Analysis of the long-term stability of the coherent Doppler measurements provided by Anderson et al. [2, section VII F] yields a similar estimate for the error in measuring the left side of equation (103). After comparing the estimates for the left and right sides of equation (103) we conclude that the Hubble drift of the radio frequency of the observed Doppler signal is detectable with the existing telecommunication technologies.

D. Does the Pioneer effect measures the Hubble constant?

When you have two competing theories that make exactly the same predictions, the simpler one is the better.

Occam’s Razor Principle

Pioneer 10 and 11 were launched by NASA in the 1970s and radar-tracked for over 30 years. Experiment was carefully analyzed by J. Anderson with colleagues [2, 61]. The data consistently indicated to the presence of an “anomalous acceleration” of spacecraft, that could be perfectly modeled by a “phenomenological” Doppler shift equation (see [2, Eq. 15])

ν_{obs} − ν_{mod} ν_0 = 2a_P t c , (106)

with a_P = (8.74 ± 1.33) × 10^{−8} cm/s^2. It was noticed that the value of a_P is very close to Hc pointing out to possible explanation of the “anomalous acceleration” by the Hubble expansion. However, the sign of the effect (blue shift) was opposite to that having been naively expected from cosmology (red shift), and it was the main reason why all previous theoretical attempts to explain the blue shift of the Pioneer effect by cosmological expansion, have failed [10, 60]. Meanwhile, experimentalists were trying to explore more deeply the hypothesis that the anisotropic heat emitted by the spacecraft’s generators is the primary cause of the effect [54, 62] in spite of the original paper by Anderson et al. [2] had presented convincing arguments that the heat (and the other on-board generated systematics) cannot be responsible for the overall effect but only for its small fraction (∼ 15% of the effect). Nevertheless, the efforts to explore the efficiency of the radiative force-recoil model continue. I am aware (private communication) of at least three works that are currently in progress, not as of this date announced or published, that in effect claim that the Pioneer anomaly can be explained in terms of heat radiation by the spacecraft. Definitely, the heat of the on-board generators should produce some effect on the orbital acceleration of the spacecraft. However, the present paper points out that there is a strong theoretical argument in favor that the prime cause of the Pioneer anomaly is deeply rooted in the fundamental gravitational physics of spacetime rather than in the thermal process.

The theory of various time scales worked out in the present paper, is able to explain the Pioneer effect as caused by a secular drift of the frequency of a radio wave that is phase-locked in the DSN radio communication system observer-spacecraft. The drift of the radio wave frequency is caused by the cosmological expansion that affects the rate of electromagnetic time scale, λ, as compared with that of the atomic and ephemeris time scales, t, (see equation (68)). It explains both the magnitude of the frequency drift and the blue-shift sign of its time derivative. The effect is absent in Minkowski spacetime where all time scales (atomic, ephemeris, and electromagnetic) measured by a set of fundamental observers, have the same rate.

It is worthwhile to notice that [2] attempted to fit the Pioneer effect by introducing a quadratic time divergence of atomic clocks from the ephemeris time of gravitational equations of motion. This did not work out and this negative result is in a full accordance with our prediction that the rate of atomic and ephemeris time scales have no divergence in expanding universe. On the other hand, Anderson et al. [2] were successful to fit the Pioneer effect with the phenomenological quadratic-in-time model that was applied only in equations of light propagation. However, neither at that time nor later the quadratic-in-time model did not find theoretical justification and remained purely phenomenological toy-model [37]. Our theory provides a solid theoretical framework supporting the quadratic-in-time model originating from the non-uniformity of the electromagnetic time scale, λ = t + 1/2Ht^2, realized by a photon bouncing between two ’radio mirrors’ (observer-spacecraft) in an expanding universe. This non-uniformity of electromagnetic time scale leads unequivocally to the Doppler shift equation (103) and provides theoretical explanation to the experimentally-established equation (106).

Equation (103) can be also reformulated in the form of (105), and interpreted in terms of the constant “anomalous acceleration”, a_{anomaly} = −Hc, of spacecraft directed toward observer. If spacecraft is moving away from observer the “anomalous acceleration” leads to a tiny blue shift of the Doppler frequency of the spacecraft’s signal on the top of a large red shift caused by the outgoing motion of spacecraft. We also notice that equation (105) is a projection on the line connecting observer with spacecraft. Therefore, the “anomalous acceleration” is directed toward observer on the Earth but not to the Sun. It agrees with the observed direction of the “anomalous acceleration” [2]. Equation (105) also tells us that the “anomalous acceleration” is constant everywhere within the solar system and far outside of its boundaries. This is because the “anomalous acceleration” is not a physical force but the effect of the cosmic expansion which is homogeneous and isotropic everywhere in the FLRW universe.

The “anomalous acceleration” is the most common phenomenological interpretation of the Pioneer effect adopted in most literature [10, 37]. We emphasize that our theory associates the physical origin of the Pioneer effect neither with the “anomalous acceleration” nor with an “anomalous gravitational force” but with the different rates of the time scales caused by the cosmological expansion. The search for the “anomalous gravitational force” was a matter of many theoretical speculations aimed to explain the Pioneer effect with a “new physics beyond Einstein” [37]. Our standpoint is that the Pioneer effect can be explained within the framework of general relativity as a natural consequence of the (locally-observed) Hubble expansion without resorting to alternative theory of gravities or other exotic phenomena.

Comparing (106) with (103) yields a theoretical prediction for a_P = Hc. Taking the WMAP value for H [29] leads to a^{W M AP} P = (6.9 ± 0.3) × 10^{−8} cm/s^2. On the other hand, substituting the numerical value for a_P = (8.74 ± 1.33) × 10^{−8} cm/s^2, measured in Pioneer experiment [2], yields a corresponding value of the Hubble constant H = 90.0 ± 13.7 km/s/Mpc that is larger than the value of H = 71.0 km/s/Mpc derived from WMAP data. More recently obtained value of a_P = (8.17 ± 0.02) × 10^{−8} sm/s^2 [62] yields, H = 84.2 ± 0.2 km/s/Mpc, that still noticeably exceeds the WMAP value. The difference is about 20% and may be explained, indeed, by accounting for the residual thermal emission of spacecraft’s generator.

Cassini spacecraft was also equipped with a coherent Doppler tracking system and it might be tempting to use the Cassini telemetry to measure the “anomalous acceleration effect” which is predicted by the same theoretical equation (105) and, if WMAP value for H is implemented, has the magnitude of ∼ 7 cm/s^2. Unfortunately, there are large thermal and outgassing effects on Cassini that would make it difficult or impossible to say anything about the “Pioneer anomaly” from Cassini data, during its cruise phase between Earth and Saturn [4]. Due to the presence of the Cassini on-board generated systematics, the recent study [23] of radioscience simulations in general relativity and in alternative theories of gravity is consistent with a non-detection of the “anomalous acceleration” effect.

X. THE CONCLUDING REMARKS

A. Cosmological Effects in Local Inertial Coordinates

There are more things in heaven and earth, Horatio, than are dreamt of in your philosophy.

Shakespeare. Act I, scene v, Hamlet

The reader may be wondering how it is possible that the Hubble expansion can be measured locally. It seems to be in contradiction to a common wisdom which states that any curved manifold admits a construction of local inertial coordinates along any time-like worldline such that all effects produced by the manifold’s curvature vanish at the origin of the coordinate chart. This is because the Christoffel symbols are nil at the origin of the local inertial coordinates [47].

The present paper does not argue against this well-established mathematical fact. The local inertial coordinates in cosmological spacetime can be built in accordance with the mathematical principles of the Riemannian geometry [11, 24, 25, 30]. The question is not about mathematics but about how the coordinate description of motion of test particles and light relates to physical observables – the proper time and frequency of light – measured by an observer at the origin of the local inertial coordinates. Physical treatment of this problem in the linearized Hubble approximation is given below. Many technical complications will be passed over. More specifically, we shall drop out terms of the order of H^2 from equations. We shall also neglect the effects of the gravitational field of the localized astronomical system which are incorporated to the metric tensor perturbations l_{αβ} . They can be easily added up by making use of the principle of linear superposition as confirmed by calculations given in sections V, VI of the present paper.

We start from the FLRW metric (6) and make transformation (59) of spatial coordinates, r^i = R(t)x^i. We obtain the FLRW metric in the new coordinates,

ds^2 = −c^2dt^2 − 2Hr^idtdr^i + δ_{ij} dr^idr^j , (107)

where all terms of the order of H^2 have been omitted. We remind that the cosmological time t is the proper time of the Hubble observers having fixed spatial coordinates x^i = const.. Clocks of the Hubble observers are synchronized with the help of Einstein synchronization procedure based on exchange of electromagnetic signals [38, 64], and the rate of the clocks is uniform.

Strictly speaking, coordinates {t, r^i} are not locally inertial because not all Christoffel symbols in these coordinates vanish. In particular, the only non-vanishing Christoffel symbol is Γ̄^0_{ij} = (H/c)δ_{ij} . This Christoffel symbol causes a non-inertial force and is responsible for the accelerated motion of photons in coordinates {t, r^i} as shown in equation of motion (62). On the other hand, the non-vanishing Christoffel symbol affects equations of motion of slowly moving test particles only in the post-Newtonian terms of the order of H/c^2 which are negligibly small in the solar system. This is the reason why the coordinates {t, r^i} can be treated as inertial in the Newtonian limit of the slowly moving particles. It corresponds to the discussion given in section VII A.

Metric (107) can be further simplified by making use of time transformation,

λ = t + 1 c Γ̄^0_{ij} r^ir^j + . . . , (108)

where λ is a new coordinate time, and the dots denote residual terms of the higher order in the spatial coordinates and the Hubble parameter. After substituting the above-given value for Γ̄^0_{ij} = (H/c)δ_{ij} , the explicit form of the coordinate transformation becomes

λ = t + H 2c^2 r^2 , (109)

where the residual terms have been dropped out. The reader should notice that equation (109) apparently indicates that the spatial hypersurfaces of constant time, λ, do not coincide with the hypersurfaces of simultaneity of the proper time t of the Hubble observers.

The metric (107) has in the new coordinates {λ, r^i}, apparently Minkowskian form

ds^2 = −c^2dλ^2 + δ_{ij} dr^idr^j . (110)

It reveals that coordinates {λ, r^i} are locally inertial coordinates introduced on the cosmological FLRW spacetime manifold in the neighborhood of the worldline of a Hubble observer having fixed spatial coordinates r^i = 0. All Christoffel symbols disappear at the origin of the local inertial coordinates {λ, r^i} that can make an impression that all cosmological effects which might be measured are shifted to the residual terms of the order of H^2. This conclusion is invalid.

The fact is that the coordinate time λ is not the proper time t of the Hubble observer outside of the observer’s worldline, and is not directly measurable. Therefore, the coordinate description of motion of test particles with respect to the coordinate chart, {λ, r^i}, is not given in terms of physically-measurable time, t, and should not be interpreted like the motion of particles in Minkowskian spacetime. To make this important point more clear, let us consider a test particle moving freely from the origin of the local inertial coordinates. Equation of motion of the particle is geodesic, which is given in the metric (110) by the first Newton’s law

d^2r^i dλ^2 = 0 . (111)

This equation can be integrated easily

r^i = v^iλ , (112)

where v^i = dr^i/dλ is a constant velocity of the particle. We have to replace the unobservable coordinate time, λ, with the directly-measurable proper time t of the observer which is located at the origin of the coordinates. Relationship between λ and t is obtained from the coordinate transformation (109) which must be performed at the current position of the particle given by equation (112),

λ = t + 1 2 H v^2λ^2 c^2

. (113)

Solving by iterations, we get

λ = t + 1 2 H v^2t^2 c^2

+ . . . , (114)

where the dots denote residual terms of the higher order in t. Equation (114) demonstrates that the coordinate time, λ, diverges quadratically from the proper time, t, of the observer as the particle moves away from the origin of the local coordinates. The divergence between the two time scales, λ and t, is a reflection of the symmetry of the underlying cosmological manifold pointing out that the coordinate simultaneity in the local inertial coordinates does not correspond to the physical simultaneity of clocks of the Hubble observers in the expanding universe.

The divergence between λ and t is negligibly-small for slowly-moving particles due to the presence of the post- Newtonian parameter, (v/c)^2 ≪ 1, in combination with the Hubble parameter H. However, if the particle is a photon (radio wave), its velocity v = c, and equation (114) becomes

λ = t + 1 2 Ht^2 . (115)

This equation is identical with (68) and elucidates our derivation of the propagation of light given in section VII B. We conclude that the Hubble parameter enters equations of motion of test particles in the local inertial coordinates in cosmology. Time coordinate, λ, is a convenient mathematical parameter along the path of test particles but it must be expressed in terms of the observable proper time t of the Hubble observer in order to make physical sense of the parametrization.

B. Experimental prospects to measure the Hubble expansion in the solar system

Pioneer effect caused a keen interest in scientific community of experimental and gravitational physicists. There were several proposals submitted to NASA and ESA [12, 61] describing dedicated space missions to test the “anomalous force” and “celestial anomalies” in the solar system. All proposed missions requested the launching spacecraft to deep space beyond the orbit of Jupiter.

According to our theory, the testing of the “anomalous force” has nothing to do with the violation of general relativity. The effect of the “anomalous force” detected in Pioneer 10 and 11 missions, is associated with the nonuniformity of electromagnetic time scale (Marzke-Wheeler clock [43]) as compared with atomic time scale (atomic clock) and the ephemeris time scale (gravitational clock). Therefore, the effect can be tested in any space mission having highly stabilized atomic clock which long-term stability is measured with a coherent Doppler tracking system. The most restrictive requirements to the mission are:

1. the suppression and/or precise calibration of the on-board systematics like heat, gas leakage, etc.,

2. the reduction of the impact (or precise measurement with on-board detectors) of the non-gravitational forces caused by the solar wind, light pressure, dust, etc.,

3. deployment of ranging measurement technique that ensures an independent determination of the space probe position and velocity.

PHARAO project [39] may be an excellent candidate for measuring the effect of the local cosmological expansion which has a well-predicted magnitude, sign and direction in accordance with our equation (103). Another possibility is to deploy a radio transmitter in a package with laser retro-reflector on the visible face of the Moon in order to conduct the coherent Doppler and laser ranging measurements to test (103). It can be also achieved with the high-precision Doppler and satellite laser ranging of a telecommunication spacecraft launched at a geostationary orbit. Constellation of GPS satellites may be useful as well but this should be explored more deeply as the GPS satellite orbit degrades as time goes on.

It may happen that measuring the local value of the Hubble constant can be achieved with the optical flywheel oscillator [46]. The oscillator represents an optical resonator whose current instability is ∼ 3.5 × 10^{−14}t^{−1/2}. The frequency of this type of oscillator, as compared with that of atomic clocks, is expected to drift due to the Hubble expansion as Ht in accordance with (103). In principle it can be measured already after 1000 seconds. However, the theory of the effect of the Hubble local expansion in optical oscillators should be worked out in addition to the calculations of the present paper. Moreover, frequency instability of optical oscillator is caused by many other factors which should be carefully studied and subtracted.

Acknowledgments

My friends were poor but honest.

Shakespeare.Act I, scene iii, Helena

This paper was made possible through the support of a grant from the John Templeton Foundation. The opinions expressed in this publication are those of the authors and do not necessarily reflect the views of the John Templeton Foundation. The funds from John Templeton Foundation were awarded in a grant to the University of Chicago which also managed the program in conjunction with National Astronomical Observatories, Chinese Academy of Sciences.

This research was partially supported by the Chinese Academy of Sciences Visiting Professorship for International Senior Scientists.

The author is thankful to the International Space Science Institute (Bern, Switzerland) for hospitality and travel support to present the results of the present paper at the 3-d Lunar Laser ranging workshop (March 22-23, 2012), and to the participants of the workshop for discussion.

Ignazio Ciufolini, Adam Helfer, Haojing Yan and Vladimir Ilchenko made a number of valuable comments which helped to improve the paper. Fruitful scientific discussion with Alexander Petrov, Bahram Mashhoon, John D. Anderson, Allen J. Anderson, and Haojing Yan is deeply appreciated.

The author is grateful to anonymous referee for stimulating report which helped to clarify the presentation of the physical ideas and theoretical results in the manuscript.

[1] L. Amendola and S. Tsujikawa. Dark Energy: Theory and Observations. Cambridge: Cambridge University Press, 2010. [2] J. D. Anderson, P. A. Laing, E. L. Lau, A. S. Liu, M. M. Nieto, and S. G. Turyshev. Study of the anomalous acceleration of Pioneer 10 and 11. Phys. Rev. D , 65(8):082004, April 2002.

[3] J. D. Anderson and M. M. Nieto. Astrometric solar-system anomalies. In S. A. Klioner, P. K. Seidelmann, and M. H.

Soffel, editors, IAU Symposium, volume 261 of IAU Symposium, pages 189–197, January 2010. [4] J. D. Anderson and G. Schubert. Rhea’s gravitational field and interior structure inferred from archival data files of the 2005 Cassini flyby. Physics of the Earth and Planetary Interiors, 178:176–182, February 2010.

[5] J. W. Armstrong. Low-Frequency Gravitational Wave Searches Using Spacecraft Doppler Tracking. Living Reviews in Relativity, 9:1, January 2006.

[6] L. Blanchet. Gravitational Radiation from Post-Newtonian Sources and Inspiralling Compact Binaries. Living Reviews in Relativity, 9:4, June 2006.

[7] W. B. Bonnor. Size of a hydrogen atom in the expanding universe. Classical and Quantum Gravity, 16:1313–1321, April 1999.

[8] W. B. Bonnor. A generalization of the Einstein-Straus vacuole. Classical and Quantum Gravity, 17:2739–2748, July 2000. [9] C. Brans and R. H. Dicke. Mach’s Principle and a Relativistic Theory of Gravitation. Physical Review, 124:925–935, November 1961.

[10] M. Carrera and D. Giulini. Influence of global cosmological expansion on local dynamics and kinematics. Reviews of Modern Physics, 82:169–208, January 2010.

[11] C. Chicone and B. Mashhoon. Explicit Fermi coordinates and tidal dynamics in de Sitter and Gödel spacetimes. Phys.

Rev. D , 74(6):064019, September 2006.

[12] B. Christophe, P. H. Andersen, J. D. Anderson, S. Asmar, P. Bério, O. Bertolami, R. Bingham, F. Bondu, P. Bouyer, S. Bremer, J.-M. Courty, H. Dittus, B. Foulon, P. Gil, U. Johann, J. F. Jordan, B. Kent, C. Lämmerzahl, A. Lévy, G. Métris, O. Olsen, J. Pàramos, J. D. Prestage, S. V. Progrebenko, E. Rasel, A. Rathke, S. Reynaud, B. Rievers, E. Samain, T. J. Sumner, S. Theil, P. Touboul, S. Turyshev, P. Vrancken, P. Wolf, and N. Yu. Odyssey: a solar system mission. Experimental Astronomy, 23:529–547, March 2009.

[13] T. Damour. The problem of motion in Newtonian and Einsteinian gravity. In Hawking, S. W. & Israel, W., editor, Three Hundred Years of Gravitation, pages 128–198, 1987.

[14] R. H. Dicke. Dirac’s Cosmology and Mach’s Principle. Nature (London) , 192:440–441, November 1961. [15] R. H. Dicke and P. J. Peebles. Evolution of the Solar System and the Expansion of the Universe. Physical Review Letters, 12:435–437, April 1964.

[16] P. A. M. Dirac. A new basis for cosmology. Proceedings of the Royal Society of London. Series A. Mathematical and Physical Sciences, 165(921):199–208, 1938.

[17] A. Einstein and E. G. Straus. The Influence of the Expansion of Space on the Gravitation Fields Surrounding the Individual Stars. Reviews of Modern Physics, 17:120–124, April 1945.

[18] A. Einstein and E. G. Straus. Corrections and Additional Remarks to our Paper: The Influence of the Expansion of Space on the Gravitation Fields Surrounding the Individual Stars. Reviews of Modern Physics, 18:148–149, January 1946.

[19] V. A. Fock. The Theory of Space, Time and Gravitation. Oxford: Pergamon Press. XII + 448 pp., 1964. [20] T. Fukushima. Time ephemeris and general relativistic scale factor. In S. A. Klioner, P. K. Seidelmann, and M. H. Soffel, editors, IAU Symposium, volume 261 of IAU Symposium, pages 89–94, January 2010.

[21] R. Gambini, R. A. Porto, and J. Pullin. Realistic Clocks, Universal Decoherence, and the Black Hole Information Paradox.

Physical Review Letters, 93(24):240401, December 2004.

[22] L. P. Grishchuk, A. N. Petrov, and A. D. Popova. Exact theory of the (Einstein) gravitational field in an arbitrary background space-time. Communications in Mathematical Physics, 94:379–396, September 1984.

[23] A. Hees, B. Lamine, S. Reynaud, M.-T. Jaekel, C. Le Poncin-Lafitte, V. Lainey, A. Füzfa, J.-M. Courty, V. Dehant, and P. Wolf. Radioscience simulations in General Relativity and in alternative theories of gravity. ArXiv e-prints, January 2012.

[24] Liu Hongya. Cosmological models in globally geodesic coordinates. i. metric. Journal of Mathematical Physics, 28(8):1920– 1923, 1987.

[25] Liu Hongya. Cosmological models in globally geodesic coordinates. ii. near-field approximation. Journal of Mathematical Physics, 28(8):1924–1927, 1987.

[26] M. Ibison. Are Advanced Potentials Anomalous? ArXiv e-prints, May 2007.

[27] M. Ibison. Electrodynamics with a future conformal horizon. AIP Conference Proceedings, 1316(1):28–42, 2010. [28] M. Ibison. The Dirac Field at the Future Conformal Singularity. In A. Ghribi, editor, Advances in Modern Cosmology, pages 139 – 172. InTech, 2011.

[29] N. Jarosik, C. L. Bennett, J. Dunkley, B. Gold, M. R. Greason, M. Halpern, R. S. Hill, G. Hinshaw, A. Kogut, E. Komatsu, D. Larson, M. Limon, S. S. Meyer, M. R. Nolta, N. Odegard, L. Page, K. M. Smith, D. N. Spergel, G. S. Tucker, J. L. Weiland, E. Wollack, and E. L. Wright. Seven-year wilkinson microwave anisotropy probe (wmap) observations: Sky maps, systematic errors, and basic results. The Astrophysical Journal Supplement Series, 192(2):14, 2011.

[30] S. A. Klioner and M. H. Soffel. Refining the Relativistic Model for Gaia: Cosmological Effects in the BCRS. In C. Turon, K. S. O’Flaherty, and M. A. C. Perryman, editors, The Three-Dimensional Universe with Gaia, volume 576 of ESA Special Publication, pages 305–308, January 2005.

[31] E. W. Kolb, V. Marra, and S. Matarrese. Cosmological background solutions and cosmological backreactions. General Relativity and Gravitation, 42:1399–1412, June 2010.

[32] S. Kopeikin, M. Efroimsky, and G. Kaplan. Relativistic Celestial Mechanics of the Solar System. Weinheim: Wiley-VCH, September 2011.

[33] S. Kopeikin and A. N. Petrov. Post-Newtonian Celestial Dynamics in Cosmology. I. Field Equations. Physical Review D, to be submitted, 2012.

[34] S. M. Kopeikin, J. Ramírez, B. Mashhoon, and M. V. Sazhin. Cosmological perturbations: a new gauge-invariant approach.

Physics Letters A, 292:173–180, December 2001.

[35] J. Kovalevsky and T. J. Quinn. The international system of units (SI). Comptes Rendus Physique, 5:799–811, October 2004.

[36] G. A. Krasinsky and V. A. Brumberg. Secular increase of astronomical unit from analysis of the major planet motions, and its interpretation. Celestial Mechanics and Dynamical Astronomy, 90:267–288, November 2004.

[37] C. Lämmerzahl, O. Preuss, and H. Dittus. Is the Physics Within the Solar System Really Understood? In H. Dittus, C. Lammerzahl, & S. G. Turyshev, editor, Lasers, Clocks and Drag-Free Control: Exploration of Relativistic Gravity in Space, volume 349 of Astrophysics and Space Science Library, page 75, 2008.

[38] L. D. Landau and E. M. Lifshitz. The classical theory of fields. Oxford: Pergamon Press, 1975. [39] P. Laurent, M. Abgrall, A. Clairon, P. Lemonde, G. Santarelli, C. Salomon, F. Picard, C. Sirmain, D. Massonnet, and L. Cacciapuoti. The space program PHARAO/ACES. In Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, volume 6673 of Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, October 2007.

[40] E. V. Linder. First Principles of Cosmology. Prentice Hall, 1997.

[41] M. A. Lombardi, T. P. Heavner, and S. R. Jefferts. NIST Primary Frequency Standards and the Realization of the SI Second. Measure. The Journal of Measurement Science., 2(4):74–89, December 2007.

[42] D. R. Lorimer and M. Kramer. Handbook of Pulsar Astronomy. Cambridge: Cambridge University Press, 2005. [43] R. F. Marzke and J. A. Wheeler. Gravitation as Geometry- I: the Geometry of the Space-Time and the Geometrodynamical Standard Meter. In H. Y. Chiu and W. F. Hoffman, editors, Gravitation and Relativity, pages 40–64. New York: Benjamin, 1964.

[44] B. Mashhoon, N. Mobed, and D. Singh. Tidal dynamics in cosmological spacetimes. Classical and Quantum Gravity, 24:5031–5046, October 2007.

[45] G. C. McVittie. The mass-particle in an expanding universe. Monthly Notices of the Royal Astronomical Society, 93:325– 339, March 1933.

[46] J. Millo, Y. Le Coq, S. Bize, J. Guena, H. Jiang, M. Abgrall, E.M.L. English, A. Clairon, G. Santarelli, and M.E.

Tobar. Flywheel oscillator for atomic fountain clocks using ultra-stable lasers and a fiber-based optical frequency comb. In Frequency Control Symposium, 2009 Joint with the 22nd European Frequency and Time forum. IEEE International, pages 280 –281, april 2009.

[47] C. W. Misner, K. S. Thorne, and J. A. Wheeler. Gravitation. San Francisco: W.H. Freeman and Co., 1973. [48] T. D. Moyer. Formulation for Observed and Computed Values of Deep Space Network Data Types for Navigation. John Wiley & Sons, Inc.: Hoboken, New Jersey, 2003.

[49] V. Mukhanov. Physical Foundations of Cosmology. Cambridge: Cambridge University Press, 442 pp., November 2005. [50] R. Penrose. Republication of: Conformal treatment of infinity. General Relativity and Gravitation, 43:901–922, March 2011.

[51] G. Petit. The long term stability of eal and tai (revisited). In Frequency Control Symposium, 2007 Joint with the 21st

European Frequency and Time Forum. IEEE International, pages 391 –394, 29 2007-june 1 2007. [52] A. D. Popova and A. N. Petrov. Exact Dynamic Theories on a Given Background in Gravitation. International Journal of Modern Physics A, 3:2651–2679, 1988.

[53] J. Ramírez and S. Kopeikin. A decoupled system of hyperbolic equations for linearized cosmological perturbations. Physics Letters B, 532:1–7, April 2002.

[54] B. Rievers and C. Lämmerzahl. High precision thermal modeling of complex systems with application to the flyby and Pioneer anomaly. Annalen der Physik, 523:439–449, June 2011.

[55] G. Schäfer. Post-Newtonian Methods: Analytic Results on the Binary Problem. In Blanchet, L., Spallicci, A., & Whiting, B., editor, Mass and Motion in General Relativity, pages 167–210, 2011.

[56] E. Schücking. Das Schwarzschildsche Linienelement und die Expansion des Weltalls. Zeitschrift fur Physik, 137:595–603, October 1954.

[57] M. Soffel, S. A. Klioner, G. Petit, P. Wolf, S. M. Kopeikin, P. Bretagnon, V. A. Brumberg, N. Capitaine, T. Damour, T. Fukushima, B. Guinot, T.-Y. Huang, L. Lindegren, C. Ma, K. Nordtvedt, J. C. Ries, P. K. Seidelmann, D. Vokrouhlický, C. M. Will, and C. Xu. The IAU 2000 Resolutions for Astrometry, Celestial Mechanics, and Metrology in the Relativistic Framework: Explanatory Supplement. The Astronomical Journal, 126:2687–2706, December 2003.

[58] E. M. Standish. The Astronomical Unit now. In D. W. Kurtz, editor, IAU Colloq. 196: Transits of Venus: New Views of the Solar System and Galaxy, pages 163–179, April 2005.

[59] M. Tegmark. Measuring the metric: A parametrized post-Friedmannian approach to the cosmic dark energy problem.

Phys. Rev. D , 66(10):103507, November 2002.

[60] S. G. Turyshev, M. M. Nieto, and J. D. Anderson. Study of the Pioneer anomaly: A problem set. American Journal of Physics, 73:1033–1044, November 2005.

[61] S. G. Turyshev, M. M. Nieto, and J. D. Anderson. Lessons learned from the Pioneers 10/11 for a mission to test the Pioneer anomaly. Advances in Space Research, 39:291–296, 2007.

[62] S. G. Turyshev, V. T. Toth, J. Ellis, and C. B. Markwardt. Support for Temporally Varying Behavior of the Pioneer Anomaly from the Extended Pioneer 10 and 11 Doppler Data Sets. Physical Review Letters, 107(8):081103, August 2011.

[63] R. M. Wald. General relativity. Chicago: University of Chicago Press, 1984.

[64] S. Weinberg. Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity. New York:

John Wiley & Sons, Inc., July 1972.

[65] C. M. Will. The Confrontation between General Relativity and Experiment. Living Reviews in Relativity, 9:3, March 2006. [66] C. M. Will. Inaugural Article: On the unreasonable effectiveness of the post-Newtonian approximation in gravitational physics. Proceedings of the National Academy of Science, 108:5938–5945, April 2011.