arXiv:astro-ph/0206448 v2 20 Sep 2002

Age Constraints on Brane Models of Dark Energy

J. S. Alcaniz^∗ Astronomy Department, University of Washington, Seattle, Washington, 98195-1580, USA

D. Jain^† and A. Dev^‡ Department of Physics and Astrophysics, University of Delhi, Delhi-110007, India (Dated: September 23, 2002)

Inspired by recent developments in particle physics, the so-called brane world cosmology seems to provide an alternative explanation for the present dark energy problem. In this paper, we use the estimated age of high-z objects to constrain the value of the cosmological parameters in some particular scenarios based on this large scale modification of gravity. We show that such models are compatible with these observations for values of the crossover distance between the 4 and 5 dimensions of the order of rc ≤ 1.67H^{−1}_o .

PACS numbers: 98.80.Es; 04.50.+h; 95.35.+d

The revolutionary ideas associated with extra dimension brane world cosmologies have opened up new perspectives for a better understanding about the structure of the universe. The general principle behind such models is that our 4-dimensional Universe would be a surface or a brane embedded into a higher dimensional bulk spacetime on which gravity can propagate [1, 2, 3] (see also [4] for a recent review). In the recent literature, different aspects of brane world cosmologies have been explored. For example, the issue related to the cosmological constant problem has been addressed [5] as well as cosmological perturbations [6], cosmological phase transitions [7], inflationary solutions [8], baryogenesis [9], stochastic background of gravitational waves [10], singularity, homogeneity, flatness and entropy problems [11], among others.

An interesting feature of some particular brane world scenarios is the possibility of an accelerated expansion at the late stages of the cosmic evolution with no need to invoke either a cosmological constant or a quintessence component [3, 12]. Such models not only avoid the well known “cosmological constant problem” (Λ is set to be null) but also enable a description of the presently accelerated stage of the Universe within the String/M Theory context [12, 13] (see also [14] for a discussion on this topic). From the observational viewpoint, these particular scenarios seem to be in agreement with the most recent observations of cosmic microwave background and type Ia supernovae [15, 16] (see, however, [17]) as well as with the measurements of the angular size of high-z radio sources [18] and the current gravitational lensing data [19].

In this paper we discuss new observational constraints on brane world cosmologies from age considerations due to the existence of some recently reported old high-

∗Electronic address: alcaniz@astro.washington.edu †Electronic address: deepak@ducos.ernet.in ‡Electronic address: abha@ducos.ernet.in

redshift galaxies (OHRGs), namely, the LBDS 53W091, a 3.5-Gyr-old radio galaxy at z = 1.55 [20] and the LBDS 53W069, a 4.0-Gyr-old radio galaxy at z = 1.43 [21]. We focus our attention on models based on the framework of brane-induced gravity of Dvali et al. [2] that have been recently proposed in Refs. [3, 12]. To be consistent with the inflationary flatness prediction as well as with the latest cosmic microwave background (CMB) measurements we restrict ourselves to flat models. In our analysis we assume that the the bulk space-time is 5-dimensional.

The geometry of our 4-dimensional Universe is described by the Friedmann-Robertson-Walker (FRW) line element (c = 1)

ds^2 = dt^2 − R^2(t) [ dr^2 + r^2(dθ^2 + sin^2θdϕ^2) ] , (1)

where r, θ, and ϕ are dimensionless comoving coordinates and R(t) is the scale factor. The Friedmann’s equation for the kind of models we are considering is [12, 15] Ṙ(t) = R(t) [√ ρ 3M^2_{pl} + 1 4r^2_c + 1 2r_c ] , (2)

where ρ is the energy density of the cosmic fluid, r_c = M^2_{pl}/2M^3_5 is the crossover scale defining the gravitational interaction among particles located on the brane and M_{pl} and M_5 are, respectively, the 4- and 5-dimensional Planck mass. As explained in [3], for distances smaller than r_c the force experienced by two punctual sources is the usual 4-dimensional gravitational 1/r^2 force whereas for distances larger than r_c the gravitational force follows the 5-dimensional 1/r^3 behavior.

Througout this paper we will consider only one component of nonrelativistic particles together with the bulkinduced term. In this case, the age-redshift relation as a function of the observable parameters is written as

t_z = 1 H_o ∫_{(1+z)}−1 0 dx xf(Ω_m, Ω_{rc} , x) (3) = 1 H_o g(Ω_m, Ω_{rc} , z).

FIG. 1: Dimensionless age parameter as a function of redshift for brane world comologies. As explained in the text, all curves crossing the shadowed area yield an age parameter smaller than the minimal value required by the galaxy LBDS 53W091 reported in Ref. [20].

In the above expression, x is a convenient integration variable and the dimensionless function f(Ω_m , Ω_{rc} , x) is given by

f(Ω_m, Ω_{rc} , x) = √ Ω_{rc} + √ Ω_{rc} + Ω_mx^{−3}, (4)

where Ω_m is the matter density parameter and

Ω_{rc} = 1/4r^2_c H^2_o , (5)

is the density parameter associated with the crossover radius r_c. From Eq. (2), it is possible to show that the flat condition implies

Ω_{rc} = ( 1 − Ω_m 2 )_2

. (6)

The total expanding age of the Universe is obtained by taking z = 0 in Eq. (3). As one may check, in the limit 1/r_c → 0, the standard relation [t_z =^2_3 H^{−1}_o (1 + z)^{− 32} ] is recovered.

We observe that by fixing the product H_ot_z from observations, the limits on the parameter Ω_{rc} can be readily obtained from Eq. (3). Note also that the age parameter depends only on the product of the two quantities H_o and t_z, which are measured from completely different methods. To clarify these points, in the following we briefly outline our main assumptions for this analysis. Our approach is based on Ref. [22].

FIG. 2: The same as in Figure 1 for the LBDS 53W069.

Firstly, we take for granted that the age of the Universe at a given redshift is bigger than or at least equal to the age of its oldest objects. As one may conclude, in the brane world scenarios discussed here, the comparison of these two quantities implies a lower bound for Ω_{rc} , since the age of the Universe increases for larger values of this quantity. As is well known, for the dark and barionic components, the age of the Universe increases when Ω_m decreases, thereby implying the existence of an upper bound for the matter densty parameter [24]. In order to quantify these qualitative arguments, it is convenient to introduce the ratio t_z t_g = g(Ω_m, Ω_{rc} , z) H_ot_g ≥ 1, (7)

where t_g is the age of an arbitrary object, say, a galaxy at a given redshift z and g(Ω_m, Ω_{rc} , z) is the dimensionless factor defined in Eq. (3). For each extragalatic object, the denominator of the above equation defines a dimensionless age parameter T_g = H_ot_g . In particular, the 3.5-Gyr-old galaxy (53W091) at z = 1.55 yields T_g = 3.5H_oGyr which, for the most recent determinations of the Hubble parameter, H_o = 70±7 kms^{−1}Mpc^{−1} [23], takes values on the interval 0.22 ≤ T_g ≤ 0.27. It thus follows that T_g ≥ 0.22. Therefore, for a given value of H_o, only models having an expanding age bigger than this value at z = 1.55 will be compatible with the existence of this object. In particular, taking 1/r_c → 0 (the standard flat case) in Eq. (3), one obtains T_g ≤ 0.16, which means that the Einstein-de Sitter model is formally ruled out by this test [22].

In order to assure the robustness of the limits, two

TABLE I: Recent estimates of the crossover radius rc

Method Reference rc^a

SNe Ia + CMB [15] 1.4 SNe Ia [17] 1.4 Angular size [18] 0.94 Gravitational Lenses [19] 1.76 OHRGs:

z = 1.55......... This paper ≤ 2.04 z = 1.43......... This paper ≤ 1.67

aIn units of H^{−1}_o .

conditions have been systematically adopted in our computations, namely, the minimal value of the Hubble parameter, H_o = 63 kms^{−1}Mpc^{−1}, and the underestimated age of the galaxies. Such conditions are almost selfexplanatory when interpreted in the spirit of inequality (7). First, because the smaller the value of H_o, the larger the age that is predicted by the model, and, second, because objects with smaller ages are more easily accommodated by the cosmological models, thereby guaranteeing that conservative bounds are always favored in the estimates presented here. Naturally, similar considerations may also be applied to the 4.0-Gyr-old galaxy (53W069) at z = 1.43. In this case, one obtains T_g ≥ 0.26.

In Figs. 1 and 2 we show the diagrams of the dimensionless age parameter H_ot_z as a function of the redshift for several values of Ω_{rc} for the LDBS 53W091 and LBDS 53W069, respectively. The forbidden regions in the graphs have been determined by taking the values of T_g for each galaxy separately. All curves crossing the shadowed rectangle yield an age parameter smaller than the minimal value required by these objects. From this analysis we see that the curves intersecting the right upper corner of the rectangle correspond to Ω_{rc} = 0.06 (53W091) and Ω_{rc} = 0.09 (53W069). These values establish the lower limites on Ω_{rc} allowed by these two galaxies and provide a minimal total age of the Universe of 12.3 and 13.1 Gyr, respectively. Substituting these values of Ω_{rc} into Eq. (5), it is possible to estimate the crossover distance between the 4-dimensional and 5-dimensional gravities. In this case, for the LBDS 53W091 and LBDS 53W069 bounds, we obtain, respectively,

r_c ≤ 2.04H^{−1}_o (8a) and r_c ≤ 1.67H^{−1}_o . (8b)

At this point, it is interesting to compare our estimates of the crossover radius r_c with some other recent determinations of this quantity from independent methods. Recently, Deffayet et al. [15] using type Ia supernovae (SNe Ia) + cosmic microwave background (CMB) data found r_c ≃ 1.4H^{−1}_o for a flat model with Ω_m = 0.3. Avelino and Martins [17], using a large sample of 92 supernova obtained an approximate relation for the degeneracy in the Ω_{rc} − Ω_m plane given by Ω_{rc} ≃^2_5 Ω_m +^1_{10} . This approximate best fit line intersects the flat universe curve in such a way that we can use Eq. (6) to find Ω_{rc} ≃ 0.12 (Ω_m = 0.3) or, equivalently, r_c ≃ 1.4H^{−1}_o . More recently, it was shown that measurements of the angular size of high-z sources requires a slightly closed universe with a crossover radius of the order of ∼ 0.94H^{−1}_o [18] whereas the current gravitational lensing data implies r_c = 1.76H^{−1}_o [19]. These results, together with the main estimates of the present paper, are summarized in Table 1. We have investigated new observational constraints for some particular scenarios of brane world cosmology. Such models, inspired by recent developments in particle physics, constitute an interesting arena in which cosmological tests can play the important role of establishing a more solid conection between fundamental physics and astronomical observations. We have shown that these scenarios are compatible with the most recent observations of old galaxies at high redshifts for values of the crossover distance r_c ≤ 1.67H^{−1}_o . To assure the robustness of the limits derived here we have adopted in our computations the minimal value of the Hubble parameter given by [23], i.e., H_o = 63 kms^{−1}Mpc^{−1}, as well as the underestimated age of the galaxies. Our results indicate that, similarly to models with a relic cosmological constant, there is no “age of the Universe problem” in the context of these brane world scenarios. Naturally, only with a new and more precise set of observations will be possible to show whether or not this class of Superstring- M inspired models constitutes a viable possibility for the present dark energy problem.

Acknowledgments

The authors are grateful to R. Silva for helpful discussions and a critical reading of the manuscript. JSA is supported by the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq - Brasil) and CNPq (62.0053/01-1-PADCT III/Milenio).

[1] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999); T. Shiromizu, K. Maeda and M. Sasaki, Phys. Rev. D62, 024012 (2000); R. Dick, Class. Quant. Grav. 18, R1 (2001); Acta Phys. Polon. B32, 3669 (2001)

[2] G. Dvali, G. Gabadadze and M. Porrati, Phys. Lett.

B485, 208 (2000); G. Dvali and G. Gabadadze, Phys. Rev. D63, 065007 (2001) [3] C. Deffayet, Phys. Lett. B 502, 199 (2001)

[4] L. Randall, Science 296, 1422 (2002) [5] S.-H. Henry Tye and I. Wasserman, Phys. Rev. Lett. 86, 1682 (2001) [6] K. Koyama and J. Soda, Phys. Rev. D62, 123502 (1997);

C. van de Bruck, M. Dorca, R. H. Brandenberger and A. Lukas, Phys. Rev. D62, 123515 (2000); H. Kodama, A . Ishibashi and O. Seto, Phys. Rev. D62, 064022 (2000); C. Deffayet, hep-th/0205084; D. J. H. Chung and K. Freese, astro-ph/0202066 [7] S. C. Davis, W. B. Perkins, A. Davis and I. R. Vernon, Phys. Rev. D63, 083518 (2001) [8] G. Dvali and S. -H. H. Tye, Phys. Lett. B450, 72, (1999);

J. Khoury, P. J. Steinhardt and D. Waldram, Phys. Rev. D63, 103505 (2001) [9] G. Dvali and G. Gabadadze, Phys. Lett. B460, 47 (1999) [10] C. J. Hogan, Phys. Rev. Lett. 85, 2044 (2000); Phys.

Rev. D62, 121302 (2000) [11] R. H. Brandenberger, D. A. Easson and D. Kimberly, Nucl. Phys. B623, 421 (2002); G. D. Starkman, D. Stojkovic and M. Trodden, Phys. Rev. Lett. 87, 231303 (2001); D. J. H. Chung, E. W. Kolb and A. Riotto, Phys. Rev. D65, 083516 (2002) [12] C. Deffayet, G. Dvali and G. Gabadadze, Phys. Rev.

D65, 044023 (2002) [13] W. Fischler, A. Kashani-Poor, R. McNees, S. Paban, JHEP 107, 3 (2001) [14] V. Sahni and Y. Shtanov, astro-ph/0202346; grqc/0205111; P. J. E. Peebles and B. Ratra, astroph/0207347 [15] C. Deffayet et al., astro-ph/0201164 [16] C. Deffayet, G. Dvali and G. Gabadadze, astroph/0106449 [17] P. P. Avelino and C. J. A. P. Martins, Astrophys. J. 565, 661 (2002) [18] J. S. Alcaniz, Phys. Rev. D 65, 123514 (2002). astroph/020249 [19] D. Jain, A. Dev and J. S. Alcaniz, submitted to Phys.

Rev. D. astro-ph/0206224 [20] J. Dunlop et al., Nature 381, 581 (1996); H. Spinrard, Astrophys. J. 484, 581 (1997) [21] J. Dunlop, in The Most Distant Radio Galaxies, ed. H.

J. A. Rottgering, P. Best, & M. D. Lehnert, Dordrecht: Kluwer, 71 (1999) [22] J. S. Alcaniz and J. A. S. Lima, Astrophys. J. 521, L87 (1999); J. A. S. Lima and J. S. Alcaniz, Mon. Not. Roy. Astron. Soc. 317, 893 (2000) [23] W. L. Freedman, Phys. Rept. 333, 13 (2000) [24] E. W. Kolb and M. S. Turner, The Early Universe, Addison-Wesley, Redwood City (1990) [25] R. G. Calberg et al., Astrophys. J. 462, 32 (1996); A.

Dekel, D. Burstein and S. White S., In Critical Dialogues in Cosmology, edited by N. Turok World Scientific, Singapore (1997)