arXiv:1111.5785v3 [gr-qc] 5 Jun 2012

”Microscopic” approach to the Ricci dark energy

Bogusław Broda

Department of Theoretical Physics, University of Łódź, Pomorska 149/153, PL–90-236 Łódź, Poland

Abstract

A derivation of the Ricci dark energy from quantum field theory of fluctuating “matter” fields in a classical gravitational background is presented. The coupling to the dark energy, the parameter α, is estimated in the framework of our formalism, and qualitatively it appears to be within observational expectations.

Keywords: Ricci dark energy, holographic dark energy PACS: 95.36.+x Dark energy, 04.62.+v Quantum fields in curved spacetime, 04.20.Jb Exact solutions

The Ricci dark energy (DE) model (proposed in [1]) is a model of DE with the energy density proportional to the Ricci scalar with the “coupling constant” α [2]. The Ricci DE model is inspired by, or is a sort of, holographic models. The Ricci DE density is defined by

ϱ_d = 3α κ ( Ḣ + 2H^2 ) , (1)

where H is the Hubble parameter (H ≡ ȧ/a), κ ≡ 8πG with the Newton gravitational constant G, and α is an a priori free coupling constant. The general form of the DE density (1) is postulated rather ad hoc (or at best using qualitative arguments), and is in a sense of a “phenomenological” origin. The term “phenomenological” means that nor a definitive value of

Email addresses: bobroda@uni.lodz.pl (Bogusław Broda), http://merlin.fic.uni.lodz.pl/kft/people/BBroda (Bogusław Broda)

Preprint submitted to International Journal of Modern Physics D

the constant α, nor even the form (1) is derived from a fundamental theory, e.g. from quantum field theory. Therefore the constant α is a free parameter, as usually in the framework of phenomenological approaches (for experimental estimations of α see, e.g., [3]). In [4] we have proposed a model of DE that is derived from vacuum quantum fluctuations of “matter” fields in the framework of the formalism of quantum field theory. But it was before the advent of the Ricci DE models. In the meantime we have realized that actually our model excellently fits the general scheme of the Ricci DE models. Since our derivation is definitely “microscopic” rather than “phenomenological”, we are able to estimate the constant α as well. In fact, it is possible not only to estimate the constant α, but also to show that qualitatively it is within expected range from observational point of view. Using arguments coming from quantum field theory of “matter” fields in a classical gravitational background, we have calculated the contribution to the density of DE coming from a single particle mode (for the Euclidean version see [4]). Namely, an effective quantum contribution coming from a single “matter” mode is represented by the functional determinant det iD, where D is a second-order differential operator in a classical background of the gravitational field g_{μν} . In terms of determinants we have the effective action S_{eff} = ± i 2 log det iD, (2)

where the sign “+” or “−” corresponds to bosons or fermions, respectively. For our purposes, the best suited expansion of (2) is the heat-kernel expansion of the Schwinger proper-time representation of (2) [5]. Since the ”cosmological constant” (or DE) should correspond, as is commonly expected, to the first, “constant” term of the expansion, i.e. to � √ −g d^4x, we will limit our considerations only to that term. Besides, that terms is dominant (the highest power of the UV momentum cutoff Λ). Therefore

S^Λ_{eff} = ∓ i 2 ∞� Λ^{−2} ds s Tre^{−isD}, (3) where Tre^{−isD} = − i (4πs)^2 � √ −g d^4x + O ( s^{−1} ) . (4)

Then S^Λ_{eff} = ∓ 1 2 Λ^4 2 1 (4π)^2 � √ −g d^4x + O ( Λ^2 ) . (5)

Expressing (temporary, i.e. at the moment t = 0) gravitational field as a sum of the classical (Minkowski) background η_{μν} and the “quantum” field h_{μν} , i.e. g_{μν} =η_{μν} + κh_{μν} , we can perform the following expansion √ −g = 1 + 1 2 κh^μ + 1 8 κ^2h^μh^ν − 1 4 κ^2h_{μν} h^{μν} + . . . . (6)

For the flat Friedmann–Lemaï¿œtre–Robertson–Walker (FLRW) cosmological model the only non-zero components of the quantum field are given by κh_{ii} = 1−a^2 (t) ≡ κb (t), where a (t) is the scale parameter of the FLRW metric. The first term in (6), i.e. constant = 1, does not give any contribution to equations of motion, and it can be ignored (it does not couple to gravitational field). Alternatively, we can remove it because of a standard normalization of the effective action following from the subtraction corresponding to D_0 (D_0 ≡ D (g_{μν} = η_{μν} )) and/or of a normalization of functional measure. The second term, linear in h_{μν} , is a tadpole contribution. Its explicit form in terms of b is 1 2 κh^μ = − 3 2 κb = 3 2 ( a^2 − 1 ) = 3 2 ( 2ȧt + ät^2 + ȧ^2t^2 + . . . ) , (7)

where the expansion around t = 0 has been introduced, i.e. a (t) = a (0) + ȧt +^1_2ät^2 + . . ., with a (0) = 1. The term linear in t can be gauged away in (7) (g_{μν} → g_{μν} + ∂_μξ_ν + ∂_ν ξ_μ) with the gauge function parameter

ξ_μ = ( 1 2 Hx^2, −Htx ) . (8)

Moreover, since h_{μν} ∝ b = O (t^2), further terms in (6) are of the order O (t^4) and will be ignored as they would give a negligible contribution to the averaging procedure (11). In terms of the Hubble parameter we have

√ −g − 1 ∼ 3 2 ( ät^2 + ȧ^2t^2 ) = 3 2 ( Ḣ + 2H^2 ) t^2. (9)

Finally, S^Λ_{eff} ≈ ∓ 3 128π^2

Λ^4V_3 � t^2dt ( Ḣ + 2H^2 ) . (10)

Here V_3 is a three-dimensional volume, and integration with respect t requires a special treatment. Since we are interested in the energy density, we should divide (10) by −t×V^3, where the minus sign follows from the relation between the energy density and the Lagrangian density. Namely, ϱ ≈ −L, because for slowly changing fields (in the scale of the Planck time t_{Planck}), which certainly takes place in cosmology, kinetic part (velocities) can be skipped. Dividing by V^3 is obvious, but dividing the t-integral by t is an averaging procedure with respect to t. To be within perturbative (in t) regime we should consider the finest average, which is attained for the shortest physically possible time, i.e. t_{Planck}. The average reads 1 t � t^2dt → ( 1 t � t^2dt )| | | t_{Planck}

0 = 1 3 t^2_{Planck} ≈ 1 3 G. (11)

We have omitted in the averaging procedure (11) the expression in the parenthesis in Eq. (10) because H is practically constant within the Planck time. Then ϱ_d ≈ ± G 128π^2

Λ^4 ( Ḣ + 2H^2 ) . (12)

Assuming the Planck UV cutoff (Λ ≈^1/^√G,), we obtain the DE density

ϱ_d ≈ ± 1 16πκ ( Ḣ + 2H^2 ) (13)

per mode. It appears that (13) exactly expresses the form of the Ricci DE density (1). Thus, we have presented a “microscopic” derivation of the Ricci DE model.

The consequences of such a form of the DE density are well-known. The Friedmann equations with the Ricci DE density (1) and with the matter density ϱ_m are easily solvable. In fact, the only equation is

H^2 = κ 3 ϱ ≡ κ 3 (ϱ_d + ϱ_m) ≡ α ( Ḣ + 2H^2 ) + κ 3 ϱ_m, (14)

where (1) has been inserted. A significant technical simplification of (14) is achieved with help of a new variable x ≡ log a. Namely

H^2 = α ( 1 2 dH^2 dx + 2H^2 ) + κ 3 ϱ_{m0}e^{−3x}, (15)

where the standard form of ϱ_m has been explicitly introduced. The general solution of the linear first order Eq. 15 is given by

H^2 (x) = 2κ 3 (2 − α) ϱ_{m0}e^{−3x} + Ce^−(^{4− 2α} )^x, (16)

with the constant C determined by initial conditions (for x = 0). It would be very interesting to confront the theoretically estimated coefficient in front of (13), corresponding to α in (1), with observational parameter α_{Obs} determined by data fitting in the framework of the cosmological evolution dictated by (16). For example, according to [3] the best fits for α_{Obs} are α_W ≈ 0.23 and α_{WBS} ≈ 0.35, where the first case corresponds to WMAP data alone, and the second one to WMAP+BAO+SNIa data, respectively. According to (13) our α per mode (following from quantum field theory) is α_{QFT} ≈ 1/3 · 16π ≈ 0.0066. Then, the fraction N ≡ α_{Obs}/α_{QFT} ≈ 35 ÷ 53 ∼ 50 is the effective expected number of fundamental particle modes necessary to fit the theoretical form of the Ricci DE to observational data. We have rounded the fraction N to a single number because, due to the two approximations (approximate status of the average (11), and the approximate value of the UV cutoff), we know the value of α_{QFT} imprecisely. In conclusion, we would like to stress that it is possible to “microscopically” derive the Ricci DE model in the framework of quantum field theory of “matter” fields in a classical gravitational background. Moreover, we have found that data fitting reasonably requires the effective number of fundamental particle modes of the order of 50.

References

[1] S. Nojiri and S.D. Odintsov, Unifying phantom inflation with late-time acceleration: scalar phantom-non-phantom transition model and generalized holographic dark energy, Gen. Rel. Grav. 38 (2006) 1285 [ArXiv:hep-th/0506212].

C. Gao, X. Chen and Y.G. Shen, A Holographic Dark Energy Model from Ricci Scalar Curvature, Phys. Rev. D 79 (2009) 043511 [arXiv:0712.1394].

[2] C.J. Feng, Statefinder Diagnosis for Ricci Dark Energy, Phys.

Lett. B 670 (2008) 231 [arXiv:0809.2502].

L. Xu, W. Li and J. Lu, Cosmic Constraint on Ricci Dark Energy Model, Mod. Phys. Lett. A 24 (2009) 1355 [arXiv:0810.4730].

R.-G. Cai, B. Hu, Y. Zhang, Holography, UV/IR Relation, Causal Entropy Bound and Dark Energy, Commun. Theor. Phys. 51 (2009) 954 [arXiv:0812.4504] L. Xu, J. Lu and W. Li, Generalized Holographic and Ricci Dark Energy Models, Eur. Phys. J. C 64 (2009) 89 [arXiv:0906.0210]. X. Zhang, Holographic Ricci dark energy: Current observational constraints, quintom feature, and the reconstruction of scalar-field dark energy, Phys. Rev. D 79 (2009) 103509 [arXiv:0901.2262].

C.J. Feng and X.Z. Li, Scalar Perturbation and Stability of Ricci Dark Energy, Phys. Lett. B 680 (2009) 184 [arXiv:0904.2972]. C.J. Feng and X.Z. Li, Viscous Ricci Dark Energy, Phys. Lett. B 680 (2009) 355 [arXiv:0905.0527].

M. Suwa and T. Nihei, Observational constraints on the interacting Ricci dark energy model, Phys. Rev. D 81 (2010) 023519 [arXiv:0911.4810].

K.Y. Kim, H.W. Lee and Y.S. Myung, On the Ricci dark energy model, Gen. Rel. Grav. 43 (2011) 1095 [arXiv:0812.4098]. L. Xu and Y. Wang, Observational Constraints to Ricci Dark

Energy Model by Using: SN, BAO, OHD, fgas Data Sets, JCAP 1006 (2010) 002 [arXiv:1006.0296].

J. Zhang, L. Zhang and X. Zhang, Sandage-Loeb test for the new agegraphic and Ricci dark energy models, Phys. Lett. B 691 (2010) 11 [arXiv:1006.1738].

I. Duran and D. Pavon, Holographic dark energy at the Ricci scale, J. Phys. Conf. Ser. 314 (2011) 012058 [arXiv:1012.4988]. L. Zhang, P. Wu and H. Yu, Unifying dark energy and dark matter with the modified Ricci model, Eur. Phys. J. C 71 (2011) 1588.

R.J. Yang, Z.H. Zhu and F. Wu, Spatial Ricci scalar dark energy model, Int. J. Mod. Phys. A 26 (2011) 317 [arXiv:1101.4797]. S. Chattopadhyay and U. Debnath, Role of generalized Ricci dark energy on Chameleon field in the emergent universe, Can. J. Phys. 89 (2011) 941 [arXiv:1102.0707].

[3] Y. Wang, L. Xu and Y. Gui, Probing Ricci dark energy model with perturbations by using WMAP seven-year cosmic microwave background measurements, BAO and Type Ia supernovae, Phys. Rev. D 84 (2011) 063513 [arXiv:1110.4401].

[4] B. Broda, P. Bronowski, M. Ostrowski, M. Szanecki, Vacuum Driven Accelerated Expansion, Ann. Phys. (Berlin) 17 (2008) 855 [arXiv:0708.0530].

[5] B.S. DeWitt , The Global Approach to Quantum Field Theory, Chapt. 27, Oxford Science Publications, 2003.