arXiv:gr-qc/0203103 v1 28 Mar 2002

Do Scalar Tensor Cosmologies naturally explain all the current cosmological observations ?

A. Bhadra^∗ High Energy and Cosmic Ray Research Centre University of North Bengal Darjeeling (W.B.) 734 430 INDIA and K.K. Nandi^† Department of Mathematics University of North Bengal Darjeeling (W.B.) 734 430 INDIA

Abstract

It is shown that the general scalar tensor cosmologies may explain all the current cosmological observations without the need of invoking any ad hoc missing energy density. The explanation is based entirely on the internal dynamics of the theories. Two important predictions of the present analysis are: the universe is tending towards a matter dominated state with the dimunition of the dark energy component and the acceleration of the universe, if any, is slowing down with time.

PACS numbers: 04.50.+h, 04.80.+z, 98.80.Cq, 98.80.Hw Observations of small scale cosmic microwave background anisotropy on sub-degree angular scales [1-3] together with the cluster measurements [4,5] and the luminosity-redshift relation of the type Ia supernova up to about z ∼ 1 [6] strongly indicate that a significant component of the energy density of the universe has negative pressure [5,7]. Cosmological constant (Λ) is a straightforward and natu-

∗Email address: aru bhadra@yahoo.com †e-mail: kamalnandi@hotmail.com

ral candidate for such a component [6]. However, models with fixed Λ run into some serious difficulties such as the so-called “cosmic coincidence problem” (why Ω_m ∼ Ω_Λ right today) [5,8]. Moreover, the observational upper limit on Λ is more than 120 orders smaller than what is expected naturally from a vacuum energy originating at the Planck time (the well known “cosmological constant problem”) [9]. One is then led to models of dynamical vacuum energy or quintessence [10], involving a minimally coupled scalar field ϕ with a specific potential U (ϕ). Still the “fine tuning problem” remains; parameters in the scalar effective potential require some degree of fine tunings to avoid the coincidence problem [8]. Also, possible general couplings of ϕ with ordinary matter leads to spurious long range forces, violation of equivalence principle and the time dependence of gauge and gravitational constants [11]. To overcome the fine tuning problem, “k-essence” model is introduced [12] in which attractor dynamics at the onset of matter domination drives the scalar field into negative pressure state. Such a feature, however, comes at the cost of introducing a series of non-linear kinetic energy terms in the Lagrangian. There are also attempts to understand the scenario within the framework of non-Einsteinian theories of gravity. For instance, the observed acceleration of the universe could be modeled within the framework of general scalar tensor theories [13] admitting a potential term U (ϕ). The authors [14] underlined how the structure of the theory can be computationally determined from the observed luminosity distance and the linear density perturbations of a dust like universe.

The purpose of this letter is to show that the general scalar tensor cosmologies can naturally account for the matter density budget of the universe without the need of invoking any ad hoc missing energy density (in the form of a scalar potential or cosmological constant) and also explain the present accelerating expansion of the universe. To arrive at this conclusion, we use two natural inputs: the first one is that during cosmological evolution, the Einstein frame coupling function α(ϕ̃) (α^2(ϕ̃) ≡^1_{2ω(ϕ)+3} ) tends toward its minimum (zero) or equivalently ω(ϕ) approaches ∞ [15], where ω(ϕ) represents the strength of the coupling between the scalar field (ϕ) and the curvature in the Jordan frame. This limit will be employed in the Jordan frame where ω(ϕ) appears explicitly in the action. It should be of interest to note that the question whether the Jordan frame vacuum Brans-Dicke theory [16] (ω =constant) reduces to general relativity in the limit ω → ∞ is being revisited in the current literature [17]. The other input is that the present value of^{ω′(ϕ)}_{ω2 (ϕ)} could be small but non-zero, where ω^′(ϕ) ≡^{dω(ϕ)}_{dϕ} . Both these inputs are consistent with the constraints imposed on the scalar-tensor theories from local interactions. At present, observational limits from the solar system measurements are |ω(ϕ)| > 3000 and simultaneously |^{ω′(ϕ)}_{ω3(ϕ)} | < 0.0006 [18]. One must also consider the cosmological constraints. The Big Bang nucleosynthesis in presence of a scalar field has been studied in several works [19, 20]. It imposes a stringent limit [20] on the post-Newtonian parameters γ and β to avoid over- or underproduction of^4He which translates into a stronger bound on ω(ϕ). Such a restriction is also automatically satisfied with the two inputs though, since we are studying only late time behavior of scalar tensor theories, the constraint due to nucleosynthesis is not directly applicable here.

Since we perform our analysis within the framework of general scalar tensor theories, the weak equivalence principle, conservation laws and the constancy of the non-gravitational constants are automatically preserved. These theories are also found compatible with local situations such as the solar system experiments or binary pulsar tests [18, 21]. Moreover, in the extended inflationary scenario of cosmology, these theories admit natural termination of the inflationary era through the nucleation of bubbles without the need of finely tuned cosmological parameters [22]. We consider the most general scalar tensor theories of gravity with a single scalar field. In the Jordan conformal frame (since experimentally observed quantities are those that are written in the Jordan frame [15], we shall work in this frame throughout the paper) the general form of the action containing a massless scalar field ϕ is [13]

A = 1 16π ∫ √ −gd^4x [ ϕR − ω(ϕ) ϕ g^{μν} ∇_μϕ∇_νϕ + 16πL_m ]

(1) where R is the Ricci scalar constructed from the metric g_{μν}, and L_m is the Lagrangian density of ordinary matter which could include electromagnetic field, nuclear field etc. The principle of equivalence is respected by requiring that the matter field Lagrangian can depend only on the metric g_{μν} but not on ϕ.

For a Friedmann-Robertson-Walker (FRW) universe with ds^2 = −dt^2 + a^2(t) [_{dr2} 1−kr^2 + r

2dΩ^2 ] and under dust ap-

proximation (p = 0, ρ = ρ_o^{a3o}_{a3} ), in the ω(ϕ) → ∞ limit, the wave equation gives

ϕ̇ → A^b a^3 √ (3 + 2ω(ϕ)) (2)

where A_b is a constant and expected to be negative. The Ricci scalar, in the limit ω(ϕ) → ∞, is given by

R = − 8πT ϕ − 1 2ϕ [ 3ω^′(ϕ) 2ω(ϕ)^2 − 1 ϕ ] A^2_b a^6

. (3)

For compatibility with the weak field observations, a natural (and usual) choice is^{ω′(ϕ)}_{ω2(ϕ)} → 0 [23]. However, present local observational constraints also admit a small non-zero value of^{ω′(ϕ)}_{ω2(ϕ)} which may arise from several situations such as: i) the evolution of the scalar field could drive^{ω′(ϕ)}_{ω2(ϕ)} toward a small non-zero positive value for a reasonable class of scalar tensor models. ii)^{ω′(ϕ)}_{ω2(ϕ)} might be evolving towards zero but at present it has some small non-zero value. iii) the functional form of ω(ϕ) could be chosen in such a way that^{ω′(ϕ)}_{ω2 (ϕ)} is a non-zero constant (independent of ϕ). This occurs, for instance, in the Einstein conformally coupled scalar field theory which can be rewritten in the form a scalar tensor theory with a specific form of ω(ϕ) [24]. Hence, preserving the generality, we define^{ω′(ϕ)}_{ω2(ϕ)} ≡^{ξ(ϕ)}_ϕ , where ξ(ϕ) is an arbitrary function of ϕ. As ω(ϕ) → ∞, the scalar field ϕ approaches a constant value (^1_G ) and so does ξ(ϕ). Currently we have only a rather weak observational limit |ξ_o| < 1.8G^{−1} (subscript o denotes present value throughout the paper). Though the evolution of the scalar field does not necessarily guarantee that this limit on ξ_o(ϕ) will hold simultaneously with ω(ϕ) → ∞, such a condition is essential if the solar system tests are to accord with observations. Using the expression of ϕ̇, the dynamical FRW equations under the limit ω(ϕ) → ∞ become

ȧ^2 + k a^2 = 8πGρ 3 + A^2_b G^2 12a^6

, (4) and 2 ä a + ȧ^2 + k a^2 = − A^2_b G^2 4a^6

(1 − ξ(ϕ)) . (5)

These are the master equations describing the dynamics of scalar tensor theories at late times. It is evident from these equations that, in the limit ω(ϕ) → ∞, though scalar field approaches a constant value, there is a contribution from the scalar field (which is remarkably non-zero). This can be easily identified by comparing equations (4) and (5) with the corresponding equations of general relativity. However, in the Jordan frame it should not be regarded as the energy density of the scalar field rather it is a consequence of dynamical description of the gravitational field [25]. This gives rise to kind of “matter field” having a dynamical energy density^{A2b G}_{32πa6} and a pressure

A^2_b G 32πa^6 (1−ξ(ϕ)). This effective “field” has two components;

one arises from the evolution of ϕ̇ with an equation-of-state similar to stiff matter (p = ρ) while the second component results from evolving ω̇(ϕ) and contributes only to the pressure component. The equation-of-state of the effective “field” is w ≡ p/ρ_{eff} = 1 − ξ(ϕ) which may vary with time. For quintessence models also, w_q varies with time but finally it tends to the equation-of-state for fixed cosmological constant w_Λ = −1.

The energy density of the effective field scales with respect to that of the background according to the law ρ_{eff} ρ ∼ 1 a^3 (6)

which indicates that the universe has been tending towards a state of matter dominance (ρ >> ρ_{eff} ). Note that in the vacuum energy (both static and dynamic) models, the reverse is true. Also it should be noted that Eq.(6) is valid only in the late times (ω(ϕ) → ∞). At earlier periods, the ratio^{ρeff}_ρ could evolve quite differently and should depend on ω(ϕ) as in the case of Brans-Dicke theory. It follows from Eq. (4), that the present energy density is given by

ρ_o =

3H^2_o 8πG ( 1 − A^2_b G^2 12H^2_o a^6_o ) + 3k 8πGa^2_o . (7)

and the critical density thereby becomes

ρ^{ST}_c = 3H^2_o 8πG ( 1 − A^2_b G^2 12H^2_o a^6_o ) (8)

which is smaller than the ρ^{GR}_c . The above equation also puts a constraint on the numerical value of A_b; A_b must be less than^2 √ 3H_oa^3_o

G (in flat universe) to keep ρ_o positive.

If we consider our universe to be flat, as suggested from cosmological observations and also predicted by the inflationary paradigm of cosmology, Eq. (7) can be used to fix A_b from ρ_o ∼ .3^{3H2o}_{8πG} , the observed value [4,5]. Then |A_b/a^3_o| takes the value ∼ 10^{−7} Kgm^{−3}s^{−1}. It is worth mentioning that in the radiation epoch, the expression for ϕ̇ as given in Eq. (2) continues to remain valid [26] but the value of the constant A_b is unlikely to be the same both at the radiation and matter dominated era. One has also to take into consideration the constraints due to phase transition.

Expression for the deceleration parameter q_o is obtained from Eqs. (4) and (5):

2q_o = ρ_o ρ^{GR}_c + A^2_bG^2 12H^2_o a^6_o

(4 − 3ξ_o(ϕ)) (9)

Thus there is no unique relationship between q_o and ρ_o. An accelerating expansion of the universe (q_0 < 0) will occur if ξ_o >^4_3 +^{32πHoa6oρo}_{3A2b G} . For q_o ∼ −1 [6], ξ_o have to be ∼ 2.4. The equation-of-state of the dark energy component of the universe should be determined from the proposed SNAP satellite mission [27]. Then, the present value of ξ(ϕ) will be precisely known. But it has to be also consistent with the findings of the future local gravitational experiments, such as Gravity Probe B, POINTS and Mercury Relativity Satellite mission.

If we assume that the time dependence of H(t) and a(t) are close to those predicted by general relativity i.e., if Ha^3 is increasing with time, an important prediction emerging from Eq. (9) is that the acceleration of the universe is decreasing with time. This is again in contrast with the prediction of a fixed cosmological constant or quintessence models in which acceleration will ever continue. For flat universe (k=0) and when ξ(ϕ) → 0, Eqs.(7) and (8) have three non-trivial exact solutions for a(t). The only solution for which a(t) is positive throughout the history of the universe turns out to be a(t) = (rt^2 + st)^{13} (10)

where r = 6πGρ_oa^3_o and s = −^{√3}_2 A_bG. The Hubble parameter (H) is given by H = 2rt + s 3(rt^2 + st)

(11)

When t → ∞, both the scale factor and the Hubble parameter tend to corresponding GR values. When |A_b/a^3_o| is ∼ 10^{−7} Kgm^{−3}s^{−1}, the ratio r/s in Eq. (10) is ∼ 10^{−18} and a(t_o) ∼ 1. In that case, the age of the universe will be less (by a factor of 2) than that predicted by the Einstein- FRW model. One important point is that since q_o is defined at the present epoch and the supernovae sample used in [6] cover a wide range of redshift, the estimation of acceleration is always within the context of a model of its origin. It will be of interest to examine whether an exact model like that given in Eq. (10) could give acceleration from the supernovae luminosity-redshift data. It has been shown in the foregoing that the scalar tensor cosmologies are compatible with the all the current cosmological observations. Several evolving mechanisms simultaneously take place in scalar tensor cosmologies which may be responsible for different observed features of the universe. The “attractor” behavior [15,28] of scalar tensor theories toward general relativity for local interactions results from the evolution of ω(ϕ), the evolving ϕ̇ may give rise to the socalled “dark energy” of the universe whereas the evolution of ω̇(ϕ) is found responsible for the present acceleration of the universe. Before closing, let us summarize the main results of the present analysis: 1) In the limit ω(ϕ) → ∞, the scalar tensor theory equations resemble general relativity equations with a “matter” field having an equation-of-state p = (1 − ξ(ϕ))ρ_{eff} . 2) The critical density in scalar tensor cosmology is less than that in general relativity which explains the current observations [4,5].

3) The universe has been tending towards a state of matter dominance, the density of dark energy component diminishing faster than that of ordinary matter.

4) The present observed [6] acceleration of the universe can be explained. However, the acceleration itself is decreasing with time.

The last two results are in fact two important predictions of scalar tensor cosmologies. Future cosmological observations, like the proposed SNAP satellite mission and the MAC and the PLANCK cosmic microwave experiments, might have the potential to test these predictions.

Acknowledgment : AB wishes to thank IUCAA Reference Centre (NBU) for providing its facility and to G. Majumder (TIFR) for stimulating comments and various help.

References

[1] C.B. Netterfield et al., astro-ph/0104460 (2001); P.De Bernardis et al., astro-ph/0105296 (2001); P. De Bernardis et al., Nature 404, 955 (2000); A.Balbi et al., Astrophys. J. 545, L1 (2000)

[2] A.T.Lee et al., astro-ph/0104489 (2001); R.Stompor et al., astro-ph/0105062 (2001); S. Hanany et al., Astrophys. J. 545, L5 (2000)

[3] G.F. Smoot et al., Astrophys. J. 396, L1 (1992);

C.Bennett et al., Astrophys. J. 464, L1 (1996)

[4] J.A. Peacock et al., Nature 410, 169 (2001)

[5] N.Bahcall, J.P. Ostriker, S.Perlmutter and P.J.

Steinhardt, Science 284, 1481(1999) and references therein; V. Sahni and A. Starobinsky, Int. J. Mod. Phys. D 9, 373 (2000) and references therein.

[6] S. Permutter et al., Nature 391, 51 (1998); S.

Perlmutter et al., Astrophys. J. 517, 565 (1999); A.G.Riess et al., Astron. J. 116, 1009 (1998)

[7] A.H. Jaffe et al., Phys. Rev. Lett. 86, 3475 (2001)

[8] S.Weinberg, “The Cosmological Constant Problem”, Talk given at Dark Matter 2000, astro-ph/0005265

[9] See for example: S. Weinberg, Rev. Mod. Phys. 61, 1 (1989)

[10] R.R. Caldwell, R. Dave and P.J. Steinhardt, Phys.

Rev. Lett. 80, 1582 (1998); I. Zlatev, L.Wang and P.J. Steinhardt, Phys. Rev. Lett. 82, 896 (1999)

[11] S.M.Carroll, Phys. Rev. Lett.81, 3067 (1998)

[12] A. Armendariz-Picon, V.Mukhanov and P.J. Steinhardt, Phys. Rev. Lett. 85, 4438 (2000)

[13] K. Nordtvedt, Astrophys. J. 161, 1059 (1970);

P.G.Bergmann, Int. J. Theor. Phys. 1, 25(1968); R.V.Wagoner, Phys.Rev. D1, 3209(1970).

[14] B. Boisseau, G. Esposito-Farese, D. Polarski and A.

Starobinsky, Phys. Rev. Lett. 85, 2236 (2000)

[15] T. Damour and K. Nordtvedt, Phys. Rev. Lett. 70, 2217 (1993); Phys. Rev. D48, 3436 (1993)

[16] C.H. Brans and R.H. Dicke, Phys. Rev. 124,925 (1961).

[17] A.Bhadra and K.K.Nandi, Phys. Rev. D 64, 087501 (2001); N.Banerjee and S.Sen, Phys.Rev.D56, 1334 (1997); V. Faraoni,Phys.Rev. D59, 084021 (1999); Phys. Lett. 245 , 26 (1998); A. Miyazaki, [grqc/0012104], 2000

[18] C. M. Will, Living Rev. Rel. 4, 4 (2001)

[19] J. D. Bekenstein, and A. Meisels, Astrophys. J. 237, 342 (1980); A. Serna and J.M. Alimi, Phys. Rev. D 53, 3087 (1996); J. A. Casas, J. Garcia-Bellido and M. Quiros, Mod. Phys. Lett. A 7, 447 (1985)

[20] D.I. Santiago, D. Kalligas and R.V. Wagoner, Phys.

Rev. D 56, 762 (1997)

[21] A. Bhadra and K.K. Nandi, Mod. Phys. Lett.

A16,2079 (2001).

[22] R. Crittenden and P.J. Steinhardt, Phys. Lett. B293, 32 (1992); D.La and P.J.Steinhardt, Phys.Rev.Lett. 64, 2740(1990)

[23] The limit^{ω′(ϕ)}_{ω2 (ϕ)} → 0 or a finite value renders the Ricci scalar well-determined [26]. Furthermore, it is also consistent with the PPN constraint^{ω′(ϕ)}_{ω3(ϕ)} → 0 arising in the local problems.

[24] J.D.Bekenstein, Ann. Phys.(N.Y.) 82, 535 (1974);

K.K.Nandi, T.B.Nayak and A.Bhadra, Phys. Lett. A272, 151 (2000) bibitemab:25 D. I. Santiago and A. S. Silbergleit, Gen. Rel. Grav. 32, 565 (2000)

[25] A. Bhadra, communicated.

[26] J. Weller and A. Albrecht, Phys. Rev. Lett. 86, 1939 (2001)

[27] J.D.Bekenstein and A.Meisels, Phys. Rev. D18,4378 (1978); J. Garcia-Bellido and M. Quiros, Phys. Lett. B243,45 (1990); J.D.Barrow and K.Maeda, Nucl. Phys. B341, 294 (1990).