arXiv:1301.5587v1 [gr-qc] 23 Jan 2013

Preprint typeset in JHEP style - HYPER VERSION

Pulsar Constraints on Screened Modified Gravity

Philippe Brax

Institut de Physique Théorique, CEA, IPhT, CNRS, URA 2306, F-91191Gif/Yvette Cedex, France E-mail: philippe.brax@cea.fr

Anne-Christine Davis

Department of Applied Mathematics and Theoretical Physics, Centre for Mathematical Sciences, Cambridge CB3 0WA, UK E-mail: a.c.davis@damtp.cam.ac.uk

Abstract: We calculate the rate of energy loss from compact astrophysical objects due to a scalar field in screened modified gravity models of the chameleon, dilaton and symmetron types. For binary systems, this is related to the time drift of the orbital period complementing the effect due to gravitational wave emission in General Relativity. The scalar energy flow is sensitive to the time evolution of the scalar field on cosmological scales and the screened gravitational charge of the massive bodies, eventually leading to a dependence on the range of the scalar interaction on cosmological scales in the present Universe. Using the Hulse-Taylor binary pulsar, the double pulsar PSR J0737-3039 and the pulsar-white dwarf system PSR J1738+033, we find the most stringent observational bound on the range λ of the scalar field λ ≲ 1 Mpc.

Contents

1. Introduction 1

2. Classical Scalar Flow 2

3. Energy flux from Binary Systems 3

4. Modified Gravity Tomography 8

5. Phenomenology 10

6. Conclusion 12

7. Acknowledgements 12

1. Introduction

The acceleration of the Universe [1, 2] may be due to the existence of modified gravity on large scales [3]. In most known scenarios, this possibility is realised by augmenting the gravitational sector with a scalar field. Scalar-tensor theories lead to detectable effects in the solar system which have been constrained drastically by the Cassini probe [4]. In practice, this requires that the scalar field must be screened in dense environments. Such models abound and fall within three distinct categories which can be easily understood using the Lagrangian L ⊃ − Z(ϕ_0) 2 (∂δϕ)^2 − m^2(ϕ_0) 2 δϕ^2 + β(ϕ_0) m_{Pl} δϕδT , (1.1) corresponding to small variations δϕ of the scalar field around the background value ϕ_0. The scalar field couples to the trace of the matter energy momentum tensor δT . The scalar force is screened by the Vainshtein mechanism [5] when Z(ϕ_∞) is large enough that the coupling of the normalised field β(ϕ_0)/Z^{1/2}(ϕ_0) is small enough. The chameleon mechanism [6–8] occurs when the mass m(ϕ_0) is large enough to suppress the range of the scalar force. Finally, the symmetron or dilaton screenings are such that β(ϕ_0) itself is small [9–12]. In all these cases, the background value ϕ_0 depends on the environment and the screening mechanisms occur in the presence of dense matter.

The screened models of modified gravity of the chameleon, dilaton and symmetron types can be described in a unified way [13] using a tomographic method whereby the potential and the coupling function to matter as functions of the scalar field can be completely reconstructed from the time dependence of the minimum of the effective potential

– 1 – in the cosmological background since Big Bang Nucleosynthesis (BBN). This allows one to parameterise screened models using the value of the scalar mass now m_∞ and its coupling strength β_∞. In particular, imposing that solar system tests of gravity are evaded and that the Milky Way is screened to avoid too much disruption of the dynamics of its galactic halo, one deduces that the scalar mass must be such that m_∞ ≳ 10^3H_0 [14,15]. This bound is crucial as it gives the range of the scalar interaction on cosmological scales and therefore restricts the possible astrophysical effects of screened modified gravity. In particular, this implies that future galaxy surveys will not probe screened modified gravity on scales larger than 10 Mpc. In this paper, we tighten up this bound using the time drift of the orbital period P of binary systems. These measurements place one of the tightest constraints on General Relativity (GR) and provide indirect evidence for the existence of gravitational waves.

Here we calculate the scalar energy change in a finite volume per unit time for screened modified gravity models with canonical kinetic terms, therefore excluding k-essence and Galileon type models subject to the Vainshtein mechanism [16,17], and find that it depends on both the gradient of the scalar field and its time derivative. The gradient is generated by the binary system and leads to a 1/r decrease of the field in the far away regime. As the gravitational charge of screened objects such as neutron stars and white dwarfs is tiny, the usual monopole, dipole and quadrupole contributions to the scalar radiation are negligible. The contribution due to the time dependence of Newton’s constant is also irrelevant. The only time dependence which is of relevance to the energy loss is entirely due to the cosmological evolution of the field background value. In the absence of cosmological dynamics, hardly any scalar energy flow would be induced as the screened gravitational charge of each object is minute. It turns out, and this is the main result of this paper, that the induced Ṗ is small enough when the range of the scalar force is smaller than 1 Mpc, .

The paper is arranged as follows. In the first section, we evaluate the rate of change of the scalar energy in a classical setting. We then reassess the argument for binary systems in the relativistic case. Using tomography we relate the change of energy to the cosmological range of the scalar force. Finally we apply our results to the cases of binary pulsars and pulsar-white dwarf systems and deduce a bound on the range of the scalar interaction on cosmological scales.

2. Classical Scalar Flow

As a first step, let us analyse the radiation of scalar energy in scalar-tensor models where the background metric is assumed to be Minkowskian. We are interested in a scalar-tensor theory where the scalar field is screened in the presence of dense matter. This theory is characterised by its bare potential V (ϕ) and the coupling function A(ϕ) S = ∫ d^4x √ −g( R 16πG_N − (∂ϕ)^2 2 − V (ϕ)) + S_m(ψ_i, A^2(ϕ)g_{μν} ) (2.1)

where the particles represented by the fields ψ_i interact with the rescaled metric g̃_{μν} = A^2(ϕ)g_{μν} . As the kinetic terms are canonically normalised, we exclude from our analysis

– 2 – all models subject to the Vainshtein mechanism which require a special treatment [16, 17]. One of the salient features of the models described here is that the effective potential of the scalar field in the presence of matter is modified and becomes

V_{eff} (ϕ) = V (ϕ) − (A(ϕ) − 1)T (2.2)

where T = −ρ + 3p is the trace of the energy momentum tensor of matter. Notice that we have subtracted the contribution from matter, hence the presence of the T term, in order to separate the scalar energy from the matter energy. In this section, we concentrate on the pressureless case where ρ is time-independent and localised within a finite volume. We focus on the energy inside this domain which is simply E = ∫ D d^3x( ϕ̇2 2 + (∂ϕ)^2 2 + V_{eff} (ϕ)). (2.3)

In this approximation, the scalar field obeys the Klein Gordon equation which is simply given by −ϕ̈ + Δϕ = ∂V_{eff} ∂ϕ . (2.4)

Multiplying by ϕ and integrating over a domain D with boundary ∂D sufficiently far from the compact objects in D, we get d dt ∫ D d^3x( ϕ̇2 2 + V_{eff} ) = ∫ D d^3xϕ̇Δϕ. (2.5)

Integrating by parts ∫ D d^3xϕ̇Δϕ = ∫ D d^3x(∂_i(ϕ̇∂_iϕ) − ∂_iϕ̇∂_iϕ) (2.6)

from which we get the energy loss due to scalar radiation dE dt = ∫ ∂D d^2xϕ̇∂_iϕn_i (2.7)

where we have used Stokes’ theorem and n_i is the outward pointing normal to the boundary (n^2 = 1). The flux term comes from the current

J_i = ϕ̇∂_iϕ. (2.8)

In the following, we will see that the energy flow is universal for screened objects in modified gravity and depends essentially on the time drift of the scalar field on cosmological distances due to the time dependence of the Cold Dark Matter (CDM) energy density.

3. Energy flux from Binary Systems

The previous results cannot be directly applied to astrophysical situations of interest in as much as the relativistic effects present in binary systems containing neutron stars are not taken into account. One must also consider the fact that the background metric is

– 3 – not Minkowskian and converges to an accelerating Friedmann-Roberston-Walker (FRW) Universe at infinity. In practice, we are interested in time scales corresponding to the orbits of binary systems, i.e. a fraction of a day, which are much smaller than the age of the Universe. Hence we can safely approximate the asymptotic FRW Universe with Minkowski space-time when studying the scalar radiation from binary systems. In the relativistic case, a proper formulation of the conservation of gravitational and matter energy is more difficult to obtain. Here we will make use of the gravitational energy momentum pseudo-tensor t^{μν} defined by Landau and Lifschitz [18] whereby the total conservation law reads

∂_μ( (−g) (T^{μν}_m + T^{μν}_ϕ + t^{μν} )) = 0. (3.1)

The matter energy momentum tensor is T^{μν}_m while the one of the scalar field is T^{μν}_ϕ . This allows one to identify the total energy density as

T^0_0 = g(T^0_{0m} + T^0_{0ϕ} + t^0) (3.2)

and the energy flow vector far a way from the binary system as

T^i_0 = T^i_{0ϕ} + t^i_0 (3.3)

where asymptotically we have g = 1 as the Universe converges to Minkowski space-time. Integrating over a large volume surrounding the matter distribution and comprising the astrophysical objects which are radiating, we find that the time dependence over time scales much shorter than the age of the Universe (hence we can consider the scale factor a_0 = 1 now and during the whole radiative process) of the total energy is given by dE dt = F_ϕ + F_{grav} (3.4)

where the total energy inside the volume D surrounding the binary system is identified with E = ∫ D d^3x g(T^0_{0m} + T^0_{0ϕ} + t^0) (3.5)

and the energy fluxes emanating from the binary system can be separated into two components F_ϕ = ∫ ∂D T^i_{0ϕ}n_i, F_{grav} = ∫ ∂D t^i_0n_i (3.6)

The gravitational flux corresponds to the gravitational wave emission while the scalar flux results from the dynamics of the scalar field. Moreover we have of course

T^i_{ϕ0} = J^i = ϕ̇∂^iϕ. (3.7)

In the following, we will concentrate on the flux due to the scalar field and compare it to the flux from gravitational waves. Moreover we will always assume that the Yukawa suppression of the scalar field due to its finite mass m_∞ far away from the binary system is negligible. This requires that the range of the scalar interaction λ = m^{−1}_∞ is much larger than the typical distance between the stars of binary systems, i.e. a few kpc. In

– 4 – practice, we will find that λ must be less than 1 Mpc, complying with our hypothesis in the 1 kpc ≲ λ ≲ 1 Mpc range.

For relativistic stars in their interior, the pressure p cannot be neglected and T = −ρ + 3p [19–21]. When the scalar field is screened in a dense object, the effective potential inside has a minimum ϕ_c which depends on the details of the stellar model through the equation of state p(ρ). On the other hand, very far away from the compact object, the effective potential is sensitive to the pressure-less density of Cold Dark Matter (CDM) and has a minimum ϕ_∞. For neutron stars, the Newtonian potential at the surface of the star Φ_N = G_N M/R, where M is its mass and R its radius, can be as large as 0.2, in natural units where 8πG_N = 1/m^2_{Pl} and m_{Pl} ∼ 2 · 10^{18} GeV is the reduced Planck mass, implying that relativistic effects must be taken into account inside the star. This potential is just below the instability threshold Φ_N =^5_{18} , for stars with a constant equation energy, where the trace contribution to the effective potential leads to an instability [19,20]. For values of Φ_N below this threshold, we can describe the far away field generated by a single screened object as ϕ(r) = ϕ_∞ + Qm_{Pl} G_N M r (3.8)

where Q is the gravitational charge of the scalar field and we consider distance scales much lower than the inverse mass of the scalar field allowing one to neglect the Yukawa suppression term due to the mass of the scalar field at infinity^1. This form of the solution follows from the fact that far away from the compact object the metric can be taken to be Minkowskian and the scalar field satisfies the Laplace equation Δϕ = 0. We are working in the quasi static approximation where the time derivatives are much smaller than the spatial gradients. A small time variation of the field is induced by the cosmological time dependence of the field value at infinity ϕ_∞(t). In the Minkowskian approximation, the field generated by a single screened object [7, 13] is given by

ϕ(r) = ϕ_∞(t) + (ϕ_c − ϕ_∞(t)) R r (3.9)

Here ϕ_c is the value inside the dense body which is time independent and is obtained by minimising the effective potential taking into account both the matter density and the pressure inside the compact object. The gravitational charge Q_A of each screened object A is not universal and depends on the Newtonian potential at its surface Φ_A

Q_A = ϕ_∞ m_{Pl}Φ_A

. (3.10)

The gravitational charge of screened objects Q_A is independent of the bare charge at infinity β_∞ = m_{Pl}^{∂ ln A(ϕ)}_{∂ϕ} |_{ϕ=ϕ∞} . The lunar ranging experiment places a bound on a violation of the equivalence principle in the earth-moon system implying that [7]

Q_⊕ ≲ 10^{−7} (3.11)

1In the chameleon case [7], this was originally identified as 6β^{ΔR}_R where ΔR is the size of the thin shell. This result has been generalised to all screened modified gravity models of the non-Vainshtein type in [13, 22–24].

– 5 – for the earth. For much denser objects, such as white dwarfs and neutron stars, the gravitational charge is even smaller Q_A ≪ 10^{−7}. This confirms that white dwarfs and neutron stars are screened astrophysical objects.

As long as the value of the field at infinity is considered to be constant, the scalar radiation in scalar-tensor theories has been extensively studied [25–28]. In the case of binary systems, the resulting energy flow, which follows from the motion of the astrophysical objects, can be either monopolar, dipolar or quadrupolar [25]. The case of monopolar and quadrupolar radiation is interesting as [25] ( dE_ϕ dt )^{mono, quadru} ∝ f_2(Q_A, Q_B ) dE_{grav} dt (3.12)

where^{dEgrav}_{dt} is the emission due to gravitational waves and f_2(Q_A, Q_B ) is bilinear in the charges of the two bodies Q_{A,B}. As Q_{A,B} ≪ 10^{−7} for neutron stars and white dwarfs^2, the monopolar and quadrupolar fluxes are negligible compared to the gravitational wave emission. The most stringent test of scalar emission when the field at infinity has negligible time variation comes from the dipolar emission rate [29] for two bodies with different gravitational charges, e.g. for a binary system comprising a neutron star and a white dwarf [25] ( dE_ϕ dt )^{dipolar} = − 2π 1 + Q_AQ_B M_AM_B M^2

(Q_A − Q_B )^2

2πG_N (1 + Q_AQ_B )M P 1 + e^2/2 (1 − e^2)^{5/2}

(3.13)

where M_{A,B} are the masses of the objects, M = M_A + M_B , P the orbital period and e the eccentricity. Observations of white dwarf-neutron star systems such as PSR J1738+033 [29] imply that the amount of dipolar radiation is negligible when Q_{NS} ≪ Q_{W D} ≪ 10^{−7} as is the case of neutron stars and white dwarfs. All in all, the monopolar, dipolar and quadrupolar amount of radiation from a screened system of binary stars is negligible.

The rate of energy flow^{dE}_{dt} can be compared to one of the salient characteristics of binary systems: the time drift of the orbital period^{dP}_{dt} . It is commonly assumed that the energy flow due to gravitational waves and scalar field radiation has a direct effect on the binding energy of the binary systems (for a more thorough discussion, see [25]) which leads to a non-zero value for the time variation^{dP}_{dt} . Indeed, using the fact that the period P satisfies Kleper’s third law to leading order a^3/P^2 = constant and that the gravitational energy scales as E_G ∼ a^{−1}, we find that the energy flow due to the scalar field induces a change in the orbital period of a binary system as d ln P_ϕ dt = − 3 2 dE E_Gdt . (3.14)

In the following, we will transcribe our results on scalar radiation in terms of the time variation or the orbital period

2It is interesting to notice that screened models of modified gravity realise a weakening of the gravitational charge for dense objects Q ≪ β∞ which is due to the existence of a minimum of the effective potential in the presence of matter. When the bare potential is negligible and the coupling function is of runaway type such as A(ϕ) = exp(−cϕ^2), the field ϕ is driven to large values in dense environments where the gravitational charge becomes large, an anti-screening behaviour which was particularly emphasized in [26].

– 6 –

Another effect affecting^{dP}_{dt} arises when Newton’s constant has a time dependence, as is the case if one considers the Einstein-Hilbert action with an explicit time dependent G_N (t). This leads to a time variation of the period of binary systems due to the time change of the gravitational constant [30]. This contribution can play an important role and satisfies present observational bounds [31–33] on deviations from General Relativity provided [34] | Ġ_N G_N | ≤ 0.02H_0 (3.15)

as evaluated in the recent Universe. In scalar tensor theories such as the ones leading to screened modifications of gravity, a time drift of Newton’s constant is present in the Jordan frame where matter couples minimally to the metric (and where the orbits are therefore calculated), it reads | Ġ_N G_N | = 2β_∞ ϕ̇_∞ m_{Pl}

(3.16)

where ϕ̇_∞ is evaluated in the Einstein frame. We will see that the resulting bound is easily satisfied as soon as the screening of the Milky Way is imposed on the model parameters.

On the other hand, a new effect involving the time drift of ϕ_∞ can lead to a nonnegligible amount of scalar radiation, resulting from the 1/r profile of the scalar field on large scales^3. Let us now consider a binary system where the typical distance between the stars is much larger than the radii R_{1,2} ≪ D. The study of the coupled dynamics involving the scalar field and the metric in the relativistic regime requires numerical methods. In this paper, we will use a simplified approach whereby the pressure inside the star is taken into account but relativistic corrections to the metric are neglected. This can only be considered as a first approximation to the dynamics, valid at the ten percent level, which will be enough to capture the salient features of the scalar flow from compact objects. More precise results would necessitate the study of the time evolution of the compact system taking into account the non-trivial metric and would have to be carried out numerically. This is beyond the scope of this work. A reasonable approximation for the very far away solution from the two objects is given by the superposition of the two screened solutions obtained for a single object ϕ(r, t) ≈ ϕ_1(r − r_1(t)) + ϕ_2(r − r_2(t)) − ϕ_∞(t) (3.17)

where r_{1,2}(t) are the time dependent positions of the two bodies. This is valid in the case of non-relativistic motions where |ṙ_{1,2}| ≪ 1 allowing one to neglect time derivatives compared to spatial gradients. In the far away approximation we have ϕ(r, t) ≈ ϕ_∞(t) − ϕ_∞(t) R_1 + R_2 r (3.18)

where we have assumed that ϕ_c ≪ ϕ_∞ as the density at infinity is very small compared to the density inside the compact objects. This implies that, to leading order in 1/r, the current is given by J_i = ϕ̇_∞ϕ_∞

R_1 + R_2 r^2 n_i. (3.19)

3For scales smaller than the range λ = m^{−1}_∞ .

– 7 –

Notice that the current is non-vanishing only because of the time variation of the value at infinity. It is a feature of screened modified gravity models that local properties, such as deviations from Newton’s law and here the energy flow, are sensitive to the behaviour of the field at infinity, a Machian property. This induces a finite contribution to the energy flow due entirely to the scalar field and which is given by dE_ϕ dt = 4πϕ̇_∞ϕ_∞(R_1 + R_2), (3.20)

depending on the dynamics at infinity only.

The time drift of the energy E comprises two terms: the gravitational contribution and the scalar field one. The first one is due to the emission of gravitational waves. The second one is new, in particular here where its main component results from the time variation of the scalar field at infinity. As customary in the literature, we shall express the scalar flux as a contribution to the change of the orbital period of the binary system which becomes dP_ϕ dt = 6πϕ̇_∞ϕ_∞(R_1 + R_2) P |E_G| (3.21)

where the gravitational energy is approximated by

E_G = −

M_1M_2 16πm^2_{Pl}a

. (3.22)

Of course, the contribution we have calculated is only a new physics contribution to Ṗ and its value can only be compatible with experiments if it is smaller than the discrepancy between the General Relativity (GR) contribution due to gravitational waves and the actual measurements: | dP_ϕ dt | ≤ | dP_{exp} dt − dP_{grav} dt |. (3.23)

For the case of binary systems such as binary pulsars or pulsar-white dwarf systems, this new physics contribution must be tiny implying strong constraints on the modified gravity models.

4. Modified Gravity Tomography

The time evolution of the cosmological vacuum value ϕ_∞ for all screened modified gravity models is known and is given by [14] dϕ_∞ dt = 9β_∞Ω_{m0}

H^2_0 m^2_∞

H_0m_{Pl} (4.1)

where m_∞ is the mass of the scalar at infinity and β_∞ the coupling at infinity. It involves the Hubble rate now and the matter fraction Ω_{m0}. We can also have access to the value of the field at infinity ϕ_∞ thanks to the tomographic property of these models. Indeed, the dynamics of screened modified gravity models are entirely determined by the time evolution of the minimum of the effective potential in the course of the cosmological history. The

– 8 – value of the field in a dense and pressure-less medium whose density corresponds to the CDM matter density ρ for a value of the scale factor a is given by [14] ϕ(a) − ϕ_c m_{Pl} = 3 m_{Pl} ∫_a a_{ini} β(a) am^2(a) ρ(a)da (4.2) where ϕ_c is the minimum value in a dense object whose density corresponds to a small value of the scale factor a_{ini}. The time evolution β(a) and m(a) defines the particular model of modified gravity under study. As already stated, in practice ϕ_c ≪ ϕ(a) as soon as a ≫ a_{ini}. In particular, this implies that the value of the field in the cosmological background now is given by ϕ_∞ = 9Ω_{m0}Iβ_∞

H^2_0 m^2_∞

(4.3)

where the cosmological evolution of the coupling and the mass are m(a) = m_∞f(a), β(a) = β_∞g(a) and I =

∫_1 0 da^{g(a)}_{a4 f 2(a)} is a coefficient of order one which is model dependent. We have taken a_{ini} ∼ 0 as the precise value is irrelevant as long as the integral I converges. From this we get that | dP_ϕ dt | = 2 · 3^5πIΩ^2_{m0}(R_1 + R_2)

P H_0m^2_{Pl} |E_G| β^2_∞(

H_0 m_∞ )^4 (4.4)

This depends on the ratio m_∞/H_0 in a crucial manner. From the comparison between the experimental results and the GR calculation of the gravitational wave emission, a bound on |^{dPϕ}_{dt} | can be deduced. This in turn leads to a lower bound on m_∞ and an upper bound on the range λ = m^{−1}_∞ of the scalar force on cosmological scales.

Let us give an example of this reconstruction procedure (more examples can be found in [13]). An interesting class of models corresponds to f(R) gravity in the large curvature regime where β(a) = β_∞ = 1 √ 6 (4.5) and m(a) = m_∞(

4Ω_{Λ0} + Ω_{m0}a^{−3} 4Ω_{Λ0} + Ω_{m0}

)^{(n+2)/2} (4.6)

where Ω_{Λ0} ∼ 0.7 and Ω_{m0} ∼ 0.3. Here n is an index which is unspecified. More complex examples like symmetrons or dilatons can be easily considered too.

This mass bound deduced from a bound on |^{dPϕ}_{dt} | can be compared to the one obtained by imposing that a galaxy such as the Milky Way must be screened. This guarantees that the field inside the galaxy is constant and that solar system bounds on modified gravity are satisfied. This also prevents strong disruption effects on the dynamics of the galactic halo although the extent of this phenomenon would have to be ascertained by numerical simulations. The screening condition in the Milky Way can be formulated as

|ϕ_G − ϕ_∞| ≲ 2β_∞Φ_G (4.7)

where the Milky Way has a Newtonian potential at its surface equal to Φ_G and a value at the minimum equal to ϕ_G. This can be reexpressed as 9 2 Ω_{m0}

H^2_0 m^2_∞ ∫_{a0} a_G da g(a) a^4f^2(a)

≤ Φ_G. (4.8)

– 9 –

In the case of the Milky Way a_G = 10^{−2} corresponding to a density inside the galaxy which is 10^6 larger than the cosmological density and a_0 = 1 assuming that the Milky Way is surrounded by the cosmological vacuum. As long as the integral ∫_{a0} a_G da g(a) a^4 f^2(a) = O(1), and

upon using that the galactic Newtonian potential is Φ_G ∼ 10^{−6}, we get that [14, 15] m_∞ H_0

≳ 10^3. (4.9)

In the following, we will see that a more precise bound can be obtained from the timing of binary systems.

We are now in position to verify that the contribution to the change of the orbital period due to the time variation of Newton’s constant is negligible. Indeed for β_∞ = O(1) and upon using (4.1), we have β_∞ ϕ̇_∞ m_{Pl}

= 9β^2_∞Ω_{m0}

H^2_0 m^2_∞

H_0 ≲ 10^{−6}H_0 (4.10)

implying that the bound (3.15) is easily satisfied. We now turn to the new contribution to scalar field radiation (4.4).

5. Phenomenology

The time variation of the period Ṗ that we have obtained can be applied to some very precise observations of binary systems. This will allow us to deduce a bound on the mass m_∞ of the scalar field responsible for screened modified gravity. Moreover this constraint is competitive with the one deduced from the screening of the Milky Way in as much as it does not rely on the very complex dynamics of galaxies. It only depends on the better understood physics of binary systems and can be taken as a stronger constraint than the one deduced from the screening of the Milky Way. We will consider three cases where Ṗ_{exp} has been measured and compared to Ṗ_{GR}. The contribution from the scalar field must be compatible with these measurements and therefore be bounded by the uncertainty between the experimental value and the GR result. In all cases, the input parameters are the semi-major axis a, the masses M_{1,2} and the radii R_{1,2}. In the neutron star case, the radii are not known precisely but reasonably inferred assuming that the equation of state of nuclear matter is the one of an ideal gas, this is a crude assumption which suffices for the type of bound we are looking for. Moreover the masses M_{1,2} of the two stars can be inferred from the knowledge of two observables: the rate of advance of periastron ω̇ and the timing parameter γ. It turns out that the calculated values of these observables is independent of ϕ̇_∞ and deviate from their GR values in a way which depends on the gravitational charges Q_{1,2} quadratically. For charges Q_{1,2} ≪ 10^{−7} as obtained for neutron stars and white dwarfs, the deviation from GR is negligible and one can therefore infer the two masses M_{1,2} and use their values deduced in GR [27].

The loosest bound is obtained with the double Pulsar PSR J0737-3039 [35] where a = 878959796.549 m, M_1 = 1.3381(7)M_⊙ , M_2 = 1.2489(7)M_⊙ , P = 0.10225156248(5) day, and |Ṗ_{exp}| = 1.252(17)10^{−12} at the 1σ level. The GR value is |Ṗ_{GR}| = 1.24787(13)10^{−12} .

– 10 –

The difference is at the 5 10^{−15} level. We will take R_1 ∼ 13.72 km and R_2 ∼ 14.04 km. As a result we obtain that m_∞ H_0

|_{double pulsar} ≳ 109 I^{1/4}β^{1/2}_∞ (5.1)

where β_∞ and I are model dependent. This implies that structure formation is affected on scales of order k ≳ 0.26 I^{1/4}β^{1/2}_∞ Mpc^{−1} (5.2) or in real space the range of the fifth force is^4

λ_{double pulsar} ≲ 38 I^{−1/4}β^{−1/2}_∞ Mpc. (5.3)

A better bound can be obtained using the Hulse Taylor pulsar PSR B1913+16 [36] consisting of a pulsar and a companion neutron star. In this case we have a = 1950100 km, M_1 = 1.4398(2)M_⊙ , M_2 = 1.3886(2)M_⊙, P = 7.751939106 hours, and |Ṗ_{exp}| = 2.425(1)10^− 12 at the 1σ level. The GR value is |Ṗ_{GR}| = 2.40458(4)10^{−12} . The difference is at the 2 10^{−15} level. We will take R_1 ∼ 13.39 km and R_2 ∼ 13.55 km. Hence we obtain that m_∞ H_0

|_{Hulse−Taylor} ≳ 257 I^{1/4}β^{1/2}_∞ . (5.4)

This implies that structure formation is affected on scales of order

k ≳ 0.06 I^{1/4}β^{1/2}_∞ Mpc^{−1} (5.5)

or in real space the range of the fifth force is

λ_{Hulse−Taylor} ≲ 16 I^{−1/4}β^{−1/2}_∞ Mpc. (5.6)

The most stringent bound can be obtained with the measurements of the pulsar-white dwarf binary system PSR J1738+033 [29]. We have a = 1738982401 m, M_P = 1.46 + 0.06/ − 0.05M_⊙, M_{W D} = 0.181(+0.008 − 0.007)M_⊙, P = 0.3547907398724(13) day, and |Ṗ_{exp}| = 25.9 ± 3.210^{−15} at the 1σ level. The GR value is |Ṗ_{GR}| = 27.7^{+1.5}_{−1.9}10^{−15}. The difference is at the 2 10^{−15} level. We take R_P ∼ 13.33 km and R_{W D} = 0.037(+0.004 − 0.003)R_⊙ km. As a result we obtain that m_∞ H_0

|_{pulsar−white dwarf} ≳ 3623 I^{1/4}β^{1/2}_∞ . (5.7)

This implies that structure formation is affected on scales of order

k ≳ 0.87 I^{1/4}β^{1/2}_∞ Mpc^{−1} (5.8)

or in real space the range of the fifth force is

λ_{pulsar−white dwarf} ≲ 1.14 I^{−1/4}β^{−1/2}_∞ Mpc. (5.9)

Hence we expect that modified gravity effects on large scale structure can only be felt at the Mpc level, in the non-linear regime of structure formation which can only be probed using N-body simulations.

4The scalar interaction is Yukawa suppressed on distances larger than the inverse mass of the scalar field on very large scales λ = m^{−1}_∞ .

– 11 –

6. Conclusion

We have analysed the time drift of the orbital period of binary systems due to the flow of a scalar field modifying gravity on large scales. The rate of change of the orbital period due to the scalar field is related to the cosmological time evolution of the scalar field and is therefore linked to the range of the scalar force on cosmological scales. We have found that the observation of the pulsar- white dwarf system PSR J1738+033 places the strongest constraints on the scalar range which has been found to be of the order of 1 Mpc. This implies that observations of modified gravity effects on astrophysical scales can only occur in the sub-Mpc regime where numerical simulations taking into account both modified gravity and baryons will have to be envisaged [37]. This is left for future work.

7. Acknowledgements

We would like to thank P. Freire for correspondence and E. Babichev for useful comments. We are grateful to G. Esposito-Farèse for exchanges and comments, and to Ulrich Sperhake for a careful reading of the manuscript.

References

[1] Supernova Cosmology Project Collaboration, S. Perlmutter et al., Cosmology from Type Ia supernovae, Bull.Am.Astron.Soc. 29 (1997) 1351, [astro-ph/9812473].

[2] Supernova Search Team Collaboration, A. G. Riess et al., Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant, Astron. J. 116 (1998) 1009–1038, [astro-ph/9805201].

[3] J. Khoury, Theories of Dark Energy with Screening Mechanisms, arXiv:1011.5909.

[4] B. Bertotti, L. Iess, and P. Tortora, A test of general relativity using radio links with the Cassini spacecraft, Nature 425 (2003) 374.

[5] A. Vainshtein, To the problem of nonvanishing gravitation mass, Phys.Lett. B39 (1972) 393–394.

[6] J. Khoury and A. Weltman, Chameleon fields: Awaiting surprises for tests of gravity in space, Phys.Rev.Lett. 93 (2004) 171104, [astro-ph/0309300].

[7] J. Khoury and A. Weltman, Chameleon cosmology, Phys.Rev. D69 (2004) 044026, [astro-ph/0309411].

[8] P. Brax, C. van de Bruck, A.-C. Davis, J. Khoury, and A. Weltman, Detecting dark energy in orbit - The Cosmological chameleon, Phys.Rev. D70 (2004) 123518, [astro-ph/0408415].

[9] M. Pietroni, Dark energy condensation, Phys.Rev. D72 (2005) 043535, [astro-ph/0505615].

[10] K. A. Olive and M. Pospelov, Environmental dependence of masses and coupling constants, Phys.Rev. D77 (2008) 043524, [arXiv:0709.3825].

[11] K. Hinterbichler and J. Khoury, Symmetron Fields: Screening Long-Range Forces Through Local Symmetry Restoration, Phys.Rev.Lett. 104 (2010) 231301, [arXiv:1001.4525].

– 12 –

[12] P. Brax, C. van de Bruck, A.-C. Davis, and D. Shaw, The Dilaton and Modified Gravity, Phys.Rev. D82 (2010) 063519, [arXiv:1005.3735].

[13] P. Brax, A.-C. Davis, B. Li, and H. A. Winther, A Unified Description of Screened Modified Gravity, arXiv:1203.4812.

[14] P. Brax, A.-C. Davis, and B. Li, Modified Gravity Tomography, arXiv:1111.6613.

[15] J. Wang, L. Hui, and J. Khoury, No-Go Theorems for Generalized Chameleon Field Theories,

arXiv:1208.4612.

[16] C. de Rham, A. Matas, and A. J. Tolley, Galileon Radiation from Binary Systems,

arXiv:1212.5212.

[17] C. de Rham, A. J. Tolley, and D. H. Wesley, Vainshtein Mechanism in Binary Pulsars,

arXiv:1208.0580.

[18] L. D. Landau and E. M. Lifschitz, The Classical Theory of Fields, 1975, Elsevier Science, .

[19] E. Babichev and D. Langlois, Relativistic stars in f(R) and scalar-tensor theories, Phys.Rev.

D81 (2010) 124051, [arXiv:0911.1297].

[20] E. Babichev and D. Langlois, Relativistic stars in f(R) gravity, Phys.Rev. D80 (2009) 121501, [arXiv:0904.1382].

[21] A. Upadhye and W. Hu, The existence of relativistic stars in f(R) gravity, Phys.Rev. D80 (2009) 064002, [arXiv:0905.4055].

[22] P. Chang and L. Hui, Stellar Structure and Tests of Modified Gravity, Astrophys.J. 732 (2011) 25, [arXiv:1011.4107].

[23] A.-C. Davis, E. A. Lim, J. Sakstein, and D. Shaw, Modified Gravity Makes Galaxies Brighter, Phys.Rev. D85 (2012) 123006, [arXiv:1102.5278].

[24] L. Hui, A. Nicolis, and C. Stubbs, Equivalence Principle Implications of Modified Gravity Models, Phys.Rev. D80 (2009) 104002, [arXiv:0905.2966].

[25] T. Damour and G. Esposito-Farese, Tensor multiscalar theories of gravitation, Class.Quant.Grav. 9 (1992) 2093–2176.

[26] T. Damour and G. Esposito-Farese, Nonperturbative strong field effects in tensor - scalar theories of gravitation, Phys.Rev.Lett. 70 (1993) 2220–2223.

[27] T. Damour and G. Esposito-Farese, Tensor - scalar gravity and binary pulsar experiments, Phys.Rev. D54 (1996) 1474–1491, [gr-qc/9602056].

[28] T. Damour and G. Esposito-Farese, Gravitational wave versus binary - pulsar tests of strong field gravity, Phys.Rev. D58 (1998) 042001, [gr-qc/9803031].

[29] P. C. Freire, N. Wex, G. Esposito-Farese, J. P. Verbiest, M. Bailes, et al., The relativistic pulsar-white dwarf binary PSR J1738+0333 II. The most stringent test of scalar-tensor gravity, Mon.Not.Roy.Astron.Soc. 423 (2012) 3328, [arXiv:1205.1450].

[30] T. Damour and J. H. Taylor, On the orbital period change of the binary pulsar PSR-1913+16, Astrophys.J. 366 (1991) 501–511.

[31] A. Deller, S. Tingay, and W. Brisken, Precision Southern Hemisphere pulsar VLBI astrometry: techniques and results for PSR J1559-4438, Astrophys.J. 690 (2009) 198–209, [arXiv:0808.1598].

– 13 –

[32] K. Lazaridis, N. Wex, A. Jessner, M. Kramer, B. Stappers, et al., Generic tests of the existence of the gravitational dipole radiation and the variation of the gravitational constant,

arXiv:0908.0285.

[33] J. G. Williams, S. G. Turyshev, and D. H. Boggs, Progress in lunar laser ranging tests of relativistic gravity, Phys.Rev.Lett. 93 (2004) 261101, [gr-qc/0411113].

[34] E. Babichev, C. Deffayet, and G. Esposito-Farese, Constraints on Shift-Symmetric Scalar-Tensor Theories with a Vainshtein Mechanism from Bounds on the Time Variation of G, Phys.Rev.Lett. 107 (2011) 251102, [arXiv:1107.1569].

[35] M. Kramer, I. H. Stairs, R. Manchester, M. McLaughlin, A. Lyne, et al., Tests of general relativity from timing the double pulsar, Science 314 (2006) 97–102, [astro-ph/0609417].

[36] R. Hulse and J. Taylor, Discovery of a pulsar in a binary system, Astrophys.J. 195 (1975) L51–L53.

[37] D. Martizzi, R. Teyssier, B. Moore, and T. Wentz, The effects of baryon physics, black holes and AGN feedback on the mass distribution in clusters of galaxies, arXiv:1112.2752.

– 14 –