arXiv:hep-th/0610240v4 14 Jan 2008

RICCION AS A COSMIC DARK MATTER CANDIDATE AND LATE COSMIC ACCELERATION

S.K.Srivastava Department of Mathematics, North Eastern Hill University, NEHU Campus,Shillong - 793022 ( INDIA ) e-mail:srivastava@nehu.ac.in and K.P. Sinha INSA Honorary Scientist, Department of Physics, Indian Institute of Science , Bangalore - 560012 ( INDIA ) . e-mail: kpsinha@gmail.com

Abstract In the past few years, a posibility is investigated, where curvature itself behaves as a source of dark energy. So, it is natural to think whether curvature can produce dark matter too. It is found that, at classical level, higher-derivative gravity yields curvature inspired particles namely riccions[31]. Here, it is probed whether riccion can be a possible source of dark matter. Further, it is found that the late universe accelerates. Here, it is interesting to see that acceleration is obtained from curvature without using any dark energy source of exotic matter.

PACS nos.: 98.80 -k; 95.30 C._1

Key-words : Higher-derivative gravity, riccion and dark matter.

By the end of the last century, cosmology got revolutionized due to Supernova observations at low red-shift, pointing towards very late cosmic acceleration and 73% content of the present universe as dark energy (DE)[1, 2, 3, 4, 5, 6]. Above all these experiments, WMAP data provide estimates of parameters of standard models of cosmology with unprecedented accuracy [7, 8]. These data suggest 73% content of the universe in the form of DE, 23% in the form of non-baryonic dark matter (DM) and the rest 4% in the form of baryonic matter as well as radiation. But identity of dark energy and dark matter is still in dark.

For DE, many theoretical models were proposed in the past few years taking exotic matter ( quintessence, tachyon , phantom and kessence )as a source [9, for detailed review]. Later on, higher-order curvature terms or functions of curvature were taken as gravitational alternative of dark energy [10]. In contrast to this approach of taking non-linear curvature terms as DE lagrangian, in [11], a different approach is adapted where non-linear curvature terms are not taken as DE lagrangian. Rather,in [11], DE terms emerge spontaneously in the resulting Friedmann equations (giving cosmic dynamics), if non-linear curvature terms are added to Einstein - Hilbert term in the gravitational action.

Here, we address to the identity of DM. In principle, DM can be hot as well as cold. The possibility of hot dark matter is ruled out by WMAP data due to re-organization of the universe at red-shift z ≃ 20 .

So, in the present universe, dominant component of DM is cold and nonbaryonic [8]. It is further characterized as a pressureless cosmic fluid. In the search of cold dark matter (CDM) candidate, some attempts have been made from time to time in the past. In [12], supersymmetric dark matter is suggested with particle mass ≲ 500 GeV. In [13], winolike neutrilo, with mass of the order 100 GeV, is suggested as a CDM candidate. In [14], it is shown that pseudo-Nambu-Godostone boson can be a possible source of DE and its supersymmetric partner can give dark matter. The possibility of Kaluza-Klein dark matter is discussed in [15, 16, 17, 18, 19, 20].

In this letter, there is a digression from so far attempts to identify CDM. It is mentioned above that DE can be obtained from the gravitational sector also using higher-order curvature terms without resorting to exotic matter. So, it is natural to think whether it is possible to obtain CDM too from gravity with non-linear curvature terms.

In [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31], it is shown that when higher-order curvature terms are added to Einstein-Hilbert lagrangian, Ricci scalar manifests itself in dual manner (i) as a geometrical field and (ii) as a physical field. Its physical aspect is given by a particle called riccion with (mass)^2 inversely proportional to the gravitational constant G. Higher-drivative gravity has unitarity problem at quantum level, but, at classical level, it does not face any problem if coupling constants are taken properly. In what follows as well as in [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31], it is found that the scalar field, namely riccion, is different from the scalar mode of graviton as graviton is massless, whereas riccion is a particle with mass proportional to inverse of square root of the gravitational constant. A detailed discussion on the difference between riccion and graviton is given in [31, Appendix A]. In what follows, to get curvature inspired DM, we probe an answer to the question,“Is riccion a cosmic dark matter candidate too ?”

Here, natural units (k_B = ℏ = c = 1) are used with GeV as a fundamental unit with k_B being the Boltzman constant, ℏ being the Planck’s constant h divide by 2π and c being the speed of light.

We take R^2-gravity being the simplest higher-derivative theory of gravity with the action S_g = ∫ d^4x √ −g[ R 16πG + αR^2], (1) where α is a dimensionless coupling constant. This action yields the gravitational field equations 1 16πG [R_{μν} − 1 2 g_{μν} R] + 2α[R_{;μν} − g_{μν} □R + RR_{μν} ] − 1 2 g_{μν} R^2 = 0, (2) where semicolon (;) stands for the covariant derivative and the operator □ = (1/ √ −g)∂_μ[ √ −gg^{μν} ∂_ν ]. Trace of these field equations are obtained as □R + 1 96πGα R = 0 (3) with α > 0 to avoid the ghost problem.

This is the Klein-Gordon equation for R. It shows that when higherorder terms of curvature are added to Einstein- Hilbert lagrangian R/16πG in S_g, R behaves as a physical field also [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31].

R has mass dimension 2, being combination of of second order derivative and squares of the first order derivatives of g_{μν} (which is dimensionless).

In a scalar field theory, scalars satisfying the Klein-Gordon equation have mass dimension 1. So, to have consistency with other scalar fields, we multiply (3) by η, which is a constant having (mass)^{−1} dimension and measured in GeV^{−1}. ηR is recognized as R̃, which is called riccion having mass dimension 1. It satifies the equation □R̃ + m^2R̃ = 0 (4) with m^2 = 1 96πGα . (5) If R̃ is a physical field (as mentioned above), there should be an action S~_R yielding (4) on using its variation with respect to R̃. Here, we find S~_R as given below. According to these requirements for S~_R, we have [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31] δS~_R = − ∫ d^4x √ −g[□R̃ + m^2R̃]δR̃, subject to the condition δS~_R/δR̃ = 0. This equation reduces to δS~_R = ∫ d^4x √ −g[g^{μν} ∂_μR̃∂_ν (δR̃) − m^2R̃δR̃], which is covariant. So, using the principle of equivalence, we have δS~_R = ∫ d^4X[η^{μν} ∂_μR̃(X)∂_ν (δR̃)(X) − m^2R̃(X)δR̃(X)] (6a) in a locally inertial co-ordinate system (X) having g_{μν} (X) = η_{μν} and Γ^μ_{νρ}(X) = 0.

Now, (6a) integrates to

S~_R = 1 2 ∫ d^4X[η^{μν} ∂_μR̃(X)∂_νR̃(X) − m^2R̃^2(X)] = 1 2 ∫ d^4x √ −g[g^{μν} ∂_μR̃∂_νR̃ − m^2R̃^2] (6b) due to principle of equivalence and principle of covariance [31].

Like other physical fields, energy-momentum tensor components for R̃ can be obtained varying S_{R̃} with respect to gμν. This variation is obtained from (6b) as

δS~_R = ∫ d^4 √ −g [1 2 δg^{μν} ∂_μR̃∂_νR̃ + g^{μν} ∂_μR̃∂_ν δR̃ − 1 2 m^2R̃δR̃ − 1 2 g_{μν} δg^{μν} {1 2 ∂^ρR̃∂_ρR̃ − m^2R̃^2 }]

= ∫ d^4 √ −g [1 2 δg^{μν} ∂_μR̃∂_νR̃ − □R̃δR̃ − m^2R̃δR̃ − 1 2 g_{μν} δg^{μν} {1 2 ∂^ρR̃∂_ρR̃ − 1 2 m^2R̃^2 }] . (7a)

On using (4) in (7a),

δS~_R = ∫ d^4x √ −g [1 2 ∂_μR̃∂_νR̃− 1 2 g_{μν} {1 2 ∂^ρR̃∂_ρR̃− 1 2 m^2R̃^2 }] δg^{μν} , (7b) which yields

T^{(R̃)}_{μν} = 2 √ −g δS~_R δg^{μν} = ∂_μR̃∂_νR̃ − g_{μν} {1 2 ∂^ρR̃∂_ρR̃ − 1 2 m^2R̃^2 } . (8)

Experimental observations [32, 33, 34, 35, 36] support spatially homogeneous and isotropic cosmological model for the universe, given by the metric ds^2 = dt^2 − a^2(t)[dx^2 + dy^2 + dz^2], (9) where a(t) is the scale factor. So, due to homogeneity of space-time (9), R̃ ,being ηR,depends on cosmic time t only.

In this space-time, energy density and pressure of the cosmic fluid, constituted by spinless riccions (represented by R̃ scalars) are obtained from (8) as ρ^{(R̃)} = T^0_0 = 1 2 ˙R̃^2 + 1 2 m^2R̃^2 (10) and p^{(R̃)} = −T^1_1 = 1 2 ˙R̃^2 − 1 2 m^2R̃^2. (11)

(10) and (11) satisfy the conservation equation ρ̇^{(R̃)} + 3 ȧ a (ρ^{(R̃)} + p^{(R̃)}) = 0. (12) Correctness of (12) can be verified easily. On using (10) and (11) in (12), it is obtained that ¨R̃ + 3ȧ a ˙R̃ + m2R̃2 = 0, (13)

which is (4) (derived above from the action (1)), giving field equation for R̃ or riccion equation of motion in the space-time (9) using (10) and ˙R̃^2 = ρ(R̃) + p(R̃)

obtained from (10) and (11).

From (5), we find riccion as a massive particle with very high mass. So, it is reasonable to think for riccions to behave like a gas of heavy massive and very weakily interacting particles with negligibly small velocity distribution. So, these particles are non-relativistic. Moreover, in the late universe, temperature is low. Pressure density , due to nonrelativistic particles , are obtained as [37] p^{(R̃)} = (m/2π)^{3/2}T^{5/2}exp[−m/T ] ≃ 0 (14) using Bose-Einstein distribution. It yields w = p^{(R̃)}/ρ^{(R̃)} = 0. Here, m is given by (5). Moreover, T ≤ T_∗ = T_0 ( a_0/a_∗ ) = 3.44 × 10^{−13}GeV as it is found below that riccion fluid, behaving as CDM, dominates at the red-shift z_∗ = 0.46 and a_0/a_∗ = 1.46. from (30) given below. Here T_0 = 2.73^0K = 2.35 × 10^{−13}GeV is the present temperature of the background radiation in the universe.

Though, even visible matter is pressureless with equation of state parameter w = 0, riccion fluid can not behave as visible matter. It is because visible matter is baryonic, whereas the riccion fluid, originating from curvature, is non-baryonic. So, it is possible for riccion to be a source of CDM.

Further, (11) and (14) imply 1 2 ˙R̃^2 = 1 2 m^2R̃^2. (15) Connecting (10) and (15), it is obtaind that ρ^{(R̃)} = m^2R̃^2 (16) Moreover, using (14) and (16) in (12) and integrating, it is obtained that ρ^{(R̃)} = m^2R̃^2 = A a^3

, (17) According to WMAP1 [8], current value of CDM density ρ_{dm} is ρ^0_{dm} = 0.23ρ^0_{cr}, where ρ^0_{cr} = 3H^2_0 /8πG, H_0 = 100hkm/Mpcsec = 2.33 × 0.68 × 10^{−42}GeV using h = 0.68 ( a value having the maximum likelihood ). So, ρ^0_{dm} = 0.69 × 10^{−47}GeV^4 .

Using WMAP1 results, integration constant A is evaluated as A = 0.23ρ^0_{cr}a^3_0, so from (17) R = R̃ η = ± √ 0.23ρ^0_{cr} a^{3/2}_0 ηma^{3/2} . (18) In the space-time, given by the metric (9) R = 6 [ä a + (ȧ a )_2] . (19) From (18) and (19), we obtain ä a + (ȧ a )_2 = ± √ 0.23ρ^0_{cr} a^{3/2}_0 6ηma^{3/2} . (20) The first integral of (20) is obtained as (ȧ a )_2 = C^2 a^4 ± 2 √ 0.23ρ^0_{cr} 15mη (a_0 a )_{3/2} (21) where C is an integration constant. This is the Friedmann equation giving dynamics of the universe.

If we take (−) sign in (18), ȧ/a is complex, when

C^2 a^4 < 2 √ 0.23ρ^0_{cr} 15mη (a_0 a )_{3/2} . So, from (21), we have (ȧ a )_2 = C^2 a^4 + 2 √ 0.23ρ^0_{cr} 15mη (a_0 a )_{3/2} . (22)

In case, C^2 a^4 > 2 √ 0.23ρ^0_{cr} 15mη (a_0 a )_{3/2} , (23)

(22) reduces to (ȧ a )_2 ≃ C^2 a^4

. (24)

This equation is integrated to

a(t) = [D + 2Ct]^{1/2} (25)

showing deceleration as it yields ä < 0. Here D is an integration constant.

When C^2 a^4 < 2 √ 0.23ρ^0_{cr} 15mη (a_0 a )_{3/2} , (26)

(22) is approximated to (ȧ a )_2 ≃ 2 √ 0.23ρ^0_{cr} 15mη (a_0 a )_{3/2} . (27)

(27) yields the solution a(t) = [ E + 0.75 √ 2 √ 0.23ρ^0_{cr} 15mη a_0^{3/4}t ]_{4/3} (28)

showing acceleration as it yields ä > 0. Here E is an integration constant.

Thus, it is obtained that universe decelerates when the inequality (23) holds and accelerates when the inequality (26) holds. It means that transition from deceleration to acceleration takes place at a = a_∗, where a_∗ = a(t_∗) with t_∗ being the transition time. So, at t = t_∗, C^2 a^4_∗ = 2 √ 0.23ρ^0_{cr} 15mη (a_0 a_∗ )_{3/2} , (29) 16 Type Supernova observations [38] have conclusive evidence that, in the late universe, acceleration begins at small red-shift z_∗ ≃ 0.46 with a jerk giving a transition from deceleration to acceleration.

So, we have a_0 a_∗ = 1 + z_∗ = 1.46, (30) where a_0 = a(t_0) with t_0 = 13.6Gyr = 6.6 × 10^{41}GeV^{−1} being the present time.

Connecting (29) and (30), C is pbtained as

C = 1.33a^2_∗ √ 2 √ 0.23ρ^0_{cr} 15mη . Using this value of C and a = a_∗ at t = t_∗, (25) looks like a(t) = a_∗ [ 1 + 1.33a^2_∗ √ 2 √ 0.23ρ^0_{cr} 15mη (t_∗ − t) ]_{1/2} (31) showing deceleration when t < t_∗.

Moreover, using (30) in (28), it is obtained that a(t) = a_∗ [ 1 + 0.996 √ 2 √ 0.23ρ^0_{cr} 15mη (t − t_∗) ]_{3/4} (32) showing acceleration when t > t_∗. Using a_0 = a(t_0) in (32), t_∗ is obtained as t_∗ = t_0 − 0.65 [ √ 2 √ 0.23ρ^0_{cr} 15mη ]_{−1} . (33) In what follows, results are summarized. According to above investigations, R^2-gravity suggests that Ricci scalar manifests itself as a physical field too in addition to its usual nature as a geometrical object. The dual nature of R has been found in the past in

[21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31] and its various consequences

are discussed there. Manifestation of the physical aspect of the Ricci

scalar is realized through the scalar R̃ representing the riccion. Thus

the Ricci scalar behaves simultaneously as a geometrical as well as a

physical field given by riccion. It is found that riccion is a heavy mas-

sive particle. So, it is natural to think these particles to constitue a gas

of heavy particles interating very weakly with each other and moving

with negligible speed. Such a gas is pressureless. Moreover, originat-

ing from curvature, riccions are non-baryonic. So, it is obtained that

riccions constitute pressueless non-baryonic CDM. Further, it is inter-

esting to see that riccion CDM causes acceleration in the late universe.

Thus, we get acceleration in the late universe from R^2-gravity with-

out taking any exotic matter as a dark energy source. In [39], late

cosmic acceleration is obtained modifying gravity with inverse powers

of linear combination of curvature invariants without taking account of

physical role of Ricci scalar manifested by riccion.

References

[1] S. J. Perlmutter et al., Astrophys. J. 517,(1999)565[ astro-ph/9812133]. [2] A. G. Riess et al., Astron. J. 116, (1998) 1009[ astro-ph/9805201]. [3] J.L. Tonry et al., astro-ph/0305008.

[4] P. Garnavich et al, Astrophys. J. Lett. 493 (1998) L53. [5] B.P.Schmidt et al, ibid 507 (1998) 46. [6] S. J. Perlmutter and B.P.Scmidt, astro-ph/0303428 [7] C. L.Benett et al., Astrophys.J.Suppl. 148 (2003)1 [astro-ph/0302207]. [8] A.B. Lahnas, N.E. Mavromatos and D.V. Nanopoulos, Int. J. Mod. Phys. D, 12(9)(2003)1529.

[9] E.J.Copeland, M.Sami and S.Trujikawa, hep-th/0603057. [10] S. Nojiri and S.D.Odintsov, hep-th/0601213.

[11] S.K.Srivastava, astro-ph/0602116; hep-th/0605010; astro-ph/0608241. [12] J. Ellis, K.A.Olive, Y.Santoso and V.C. Sapnos, Phys. Lett. B 565 (2003) 176 [hep-ph/0303043].

[13] T. Nihel, N. Okada and O.Seto, Phys. Rev.D 73 (2006) 063518 [hepph/0509231].

[14] F. Takahashi and T.T.Yanagida, Phys. Lett. B 635 (2006) [hep-ph/0512296].

[15] G. Servant and T.M.P.Tait, Nucl.Phys.B 650 (2003) 391. [16] G. Servant and T.M.P.Tait, New J. Phys. 4 (2002) 99.

[17] H.C.Cheng, J.L.Feng and K.T.Matchev, Phys.Rev.Lett. 89 (2002) 211301. [18] D.Hooper and G.D.Kribbs, Phys. Rev.D 67 (2003) 055003. [19] G. Bertone, G. Servant and G.Sigl, Phys. Rev.D 68 (2003) 044008. [20] F. Burnett and G.D.Kribbs, Phys. Rev.D 73 (2006) 015001. [21] S.K.Srivastava and K.P.Sinha; Phys.Lett.B, 307 (1993) 40. [22] S.K.Srivastava; Pramana, 44 (1993) 333. [23] S.K.Srivastava; Jour. Ind. Math. Soc.61,80 (1994). [24] S.K.Srivastava; Int.J.Theo.Phys., 35 (1996) 135. [25] S.K.Srivastava; Mod.Phys.Lett.A, 12 (1997) 2933. [26] S.K.Srivastava; Il Nuovo Cimento B, 113 (1998) 1239. [27] S.K.Srivastava; Int.J.Mod.Phys.A, 14 (1999) 875. [28] S.K.Srivastava; Mod.Phys.Lett.A, 14 (1999) 1021. [29] S.K.Srivastava; Int.J.Mod.Phys.A, 15 (2000) 2917. [30] S.K.Srivastava; Pramana, 60 (2003) 29. [31] S.K.Srivastava, hep-th/0404170; gr-qc/0510086. [32] A.D. Miller et al , Astrophys. J. Lett. 524 (1999) L1. [33] P. de Bernadis et al , Nature (London)400 (2000) 955. [34] A.E. Lange et al , Phys. Rev.D63 (2001) 042001. [35] A. Melchiorri et al , Astrophys. J. Lett. 536 (2000) L63. [36] S. Hanay et al , Astrophys. J. Lett. 545 (2000) L5.

[37] R.D. Tenreiro and M. Quiro^′s, “An introduction to Cosmology and Particle Physics”, World Scientific, Singapore, (1988).

[38] A. G. Riess et al, Astrophys. J. 607, (2004) 665 [ astro-ph/0402512]. [39] O.Mena, J.Santiago and J.Weller, Phys.Rev.Lett. 96(2006)041103; M.

Amarzguioui et al astro-ph/0510519.