arXiv:astro-ph/0007452 28 Jul 2000

CfPA 00-th-01 LPT-Orsay-00/68 astro-ph/0007452

Probing Large Distance Higher-Dimensional Gravity with Cosmic Microwave Background Measurements

Pierre Binétruy^1 and Joseph Silk^2 1 Laboratoire de Physique Théorique, Université Paris-Sud, Bat. 210 F-91405 Orsay Cedex, France 2 Department of Astrophysics, University of Oxford, NAPL Keble Road, Oxford OX13RH, United Kingdom

Abstract

It has been recently argued that higher dimensional gravity theories may manifest themselves not only at short microscopic distances but also at large cosmological scales. We study the constraints that cosmic microwave background measurements set on such large distance modifications of the gravitational potential.

The possibility that the Universe may be higher-dimensional with standard matter and radiation localized on a four-dimensional surface known as a (3-)brane has attracted a lot of attention recently. This obviously would have important cosmological as well as astrophysical consequences: only the tip of this iceberg has been explored.

In most of the models constructed until now, the laws of gravitation between two test masses on a 4-dimensional brane are standard 4-dimensional laws, for distances larger than a typical scale of order the radius of the compact dimensions [1]. When one probes shorter distances, the full dimensions open up and the laws of gravitation become higher-dimensional.

Some of these extra dimensions may not even be compact. In the socalled Randall-Sundrum scenario [2, 3], even though a fifth dimension is noncompact, there is a normalisable massless mode among the 5-dimensional metric fluctuation modes, which is interpreted as the standard 4-dimensional graviton. Strictly speaking, the fifth dimension is not infinite in the sense that there is an horizon at finite distance from the brane. Also, the bulk of spacetime has a simple anti-de Sitter structure.

The 4-dimensional matter feels long-distance gravity through its interaction with the 5-dimensional bulk. In the case where this bulk has not such a simple structure as in the Randall-Sundrum model, one may expect that the larger the distance is, the more sensitive one becomes to the structure of the bulk, to the other branes which it may contain and thus to higher dimensions. This could have the effect that, at very large (cosmological?) distances, one may recover higher-dimensional gravity or at least be sensitive to scalar exchange gravity, given the presence of moduli fields describing compact dimension radii, or distances between branes in the bulk.

For example, if the large-distance physics associated with the cosmological constant is to be stabilized through some short-distance cancellations ensured by some bulk supersymmetry [4], again one may expect that probing large distances on the brane may reveal violations of standard 4-dimensional gravitational laws.

Several models [5, 6] which have been proposed recently show the type of behaviour that we consider here.

In the GRS model [6], the (positive tension) 3-brane is located in the middle of a anti-de Sitter slab limited by two negative tension branes and flat Minkowski space on either side. The solution considered for the metric includes a warp factor of the Randall-Sundrum type. However, there are no normalisable zero mode. Instead, for an intermediate range of distances between two test masses on the 3-brane, the exchange of the collection of nonnormalisable graviton modes mimics the exchange of a single 4-dimensional graviton. This graviton is interpreted as a metastable state: when the distance becomes too large, it decays and one expects to recover 5-dimensional gravity.

There is however a debate over the question whether the GRS model is internally consistent [7]-[12]. The presence of a negative tension brane violates the weakest form of a positive energy condition [8]. Moreover [10], the exchange of the radion scalar field (whose vacuum expectation value fixes the interbrane distance –the radius–) generates scalar antigravity which dominates at very large distances. This antigravity is clearly associated with the presence of negative tension branes. It remains to be seen whether it is unavoidable [9] and if the model remains inconsistent at the quantum level. This source of instability might also be cancelled by other scalar field exchanges, in which case one would recover at large distances the 5- dimensional gravity behavior.

In the models of Kogan et al. [5], the dimensions are compact and exotic large distance effects are due to the presence of very light Kaluza- Klein states. It was however argued [11] that this type of model and the preceding one belong to the same general class. These models also have the possible drawbacks associated with negative tension branes.

Finally, it has been stressed recently [13] that, when one tries to give a small mass to localized scalars, the zero modes turn into quasi-localized states with finite decay width: their exchange generates a potential with a power law behavior at large distances.

In what follows, we will not rest on any specific model but consider the case where gravity becomes five-dimensional at very large distances, only commenting briefly on other possibilities. How large must such distances be? Milgrom [14] has extensively discussed deviations from Einstein gravity on galactic scales in order to account for galaxy rotation curves. However because dark matter is probed in virialised systems over a wide range of density on scales from kpc to tens of Mpc, it is clear that a simple change in the force law, such as we consider here, could only occur on substantially larger scales. Hence if such violations appear at any macroscopic distances other than cosmological, existing limits severely constrain them. In the case of violations at cosmological distances, we argue in this note that cosmological background and deep galaxy redshift survey measurements may provide useful limits or interesting ways of probing such theories.

We recall that in standard gravity, curvature or metric fluctuations scale as δφ = GδM rc^2 = ( δM M ) ( r ct )2 .

On subhorizon scales, the linear mass fluctuations in a gaussian-distributed density field [15] are δM M ≈ 0.1 ( M_{eq} M )n+3_6 (M > M_{eq}) (1)

≈ constant M n�1_6 (M ≪ M_{eq}) (2)

where M_{eq} is the horizon scale at the matter-radiation equal density epoch and the density fluctuation power spectrum has been taken to be P (k) ∝ k^n. CMB measurements confirm approximately scale-invariant (n ≈ 1) fluctuations n = 1.2 ± 0.3 [16] and the power spectrum normalization on scales near M_{eq} may be deduced from the height of the first acoustic peak [17], to within an uncertainty of at most a factor of 2, corresponding to the bias between mass fluctuations (measured by the CMB, but dependent on cosmological model parameters) and the fluctuations in the luminous mass density (inferred from large-scale structure surveys) [18].

If the gravity force changes on scale r_s to a 5-dimensional law, the metric fluctuations can be expanded as δϕ = ( δM M ) ( r ct )2 ( r_s r + r_s ) . Hence a scale-invariant fluctuation spectrum, as predicted by most inflation and defect models for the fluctuations, results in large-scale power with variance δM/M ∝ M�^{1/3} as opposed to the M�^{2/3} predicted for the standard gravity model on scales r << r_s. This would not be visible as primary fluctuations on the last scattering surface of the CMB if r_s is of order the horizon scale, since the Sachs-Wolfe effect is generated by the constant potential fluctuations on horizon scales. However it should give a signal that is potentially measureable in deep redshift surveys such as 2DF and SDSS, which may eventually probe to 500 Mpc with galaxies, and can, using quasars, potentially probe much large scales.

However the CMB fluctuations do provide a possible constraint on the scale of higher dimensional gravity via the integrated Sachs-Wolfe effect. This measures ∫ δφ̇cdt since last scattering. The linear fluctuation growth rate is modified above scale r_s. To demonstrate this, consider the Newtonian limit for the perturbation equations as a simple approximation valid in the matter-dominated era on subhorizon scales. One has ( ∂^2 ∂t^2 + 2ȧ a ∂ ∂t ) δ_k + k^2 a^2 ( dp dρ − φ_k ) δ_k = 0, where a(t) is the cosmological scale factor and ρ(∝ a�^3) is the density of non-relativistic matter. 5-dimensional gravity in the dust limit modifies the potential in the small-scale limit to a�2k2φ(5)_k = 4πGρ(k/k_s), (3) and a power-law solution δ_k ∝ t^n satisfies

n^2 + n/3 − (2/3)(k/k_s) = 0.

Hence growth is suppressed on scales r > r_s, and the usual Jeans length is modified to k_J a = 4πGρ dp/dρ a k_s or L_J = 2πa k_J = r�1_s v2_s /(2Gρ),

where v^2_s = dp/dρ. The peak in the power spectrum of primordial fluctuations is at r_{eq}, but the shape is slightly modified on larger scales r_{eq} <∼ r <∼ r_{h,ls} (4) because of the suppression in subhorizon growth prior to last scattering. On scales larger than the last scattering horizon r_{h,ls}, only the potential fluctuations contribute to δT/T . The change in growth rate affects the shape of P (k) near the peak, where power will be suppressed. The contribution of the integrated Sachs-Wolfe effect is also reduced.

More detailed numerical calculations are needed to produce precise numbers, but it seems clear that the current precision of CMB measurements on the scale range where growth modification is most important already constrains r_s >∼ r_{h,ls}. These effects will not be easy to disentangle from the data because of the effects of cosmic variance, but a combination of redshift survey and CMB data should be able to set significant limits on r_s.

One may also wonder whether the range of scale (4) may be selected from the point of view of the fundamental theory. Let us note here only that such scales are within a few orders of magnitude of the length scale associated with the cosmological constant [19] and may therefore be associated with another cosmic coincidence [20]. Indeed, the type of theories that we consider here have been advocated for a partial solution of the cosmological constant problem.

Acknowledgments We wish to thank the hospitality of the Theory Group in Lawrence Berkeley National Laboratory (P.B.) and of the Center for Particle Astrophysics (J.S.) at U.C. Berkeley where part of this work was done. One of us (J.S.) also thanks Martin Kunz for helpful comments.

References

[1] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B429 (1998) 263, Phys. Rev. D59 (1999) 086004; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B436 (1998) 257.

[2] K. Akama in Gauge theory and Gravitation, Proceedings of the International Symposium, Nara, Japan, 1982, hep-th/0001113; V.A. Rubakov and M.E. Shaposhnikov, Phys. Lett. B125 (1983) 136; M. Visser, Phys. Lett. B167 (1985) 286; M. Gogberashvili, hep-ph/9904383.

[3] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370 and 83 (1999) 4690.

[4] H. Verlinde, hep-th/0004003.

[5] I.I. Kogan, S. Mouslopoulos, A. Papazoglou, G.G. Ross and J. Santiago, hep-ph/9912552.

[6] R. Gregory, V.A. Rubakov and S.M. Sibiryakov, hep-th/0002072. [7] G. Dvali, G. Gabadadze and M. Porrati, hep-th/0002190 and hepth/0003054.

[8] E. Witten, lecture at DM2000, Marina del Rey, February 2000, hepph/0002297.

[9] C. Csaki, J. Erlich and T.J. Hollowood, hep-th/0002161 and hepth/0003020.

[10] R. Gregory, V.A. Rubakov and S.M. Sibiryakov, hep-th/003045. [11] I.I. Kogan and G.G. Ross, hep-th/0003074. [12] L. Pilo, R. Rattazzi and A. Zaffaroni, hep-th/0004028. [13] S.L. Dubovsky, V.A. Rubakov and P.G. Tinyakov, hep-th/0006046.

[14] M. Milgrom, astro-ph/9810302, to appear in the proceedings of the Second International Workshop on Dark Matter (DARK98), eds. H.V. Klapdor-Kleingrothaus and L. Baudis.

[15] J. Bardeen, J. Bond, N. Kaiser and A. Szalay, ApJ 304 (1986) 15.

[16] C. Bennett, A. Banday, K. Gorski, G.Hinshaw, P. Jackson, P., P.

Keegstra, A. Kogut, G. Smoot, D. Wilkinson and E. Wright, ApJ 494 (1996) L1.

[17] P. de Bernardis et al., Nature 404 (2000) 955-959; S. Hanany et al., ApJ (in press), astro-ph/0005123.

[18] E. Gawiser and J. Silk Science 280 (1998) 1405.

[19] P. Binétruy, lectures in Les Houches summer school, 1999, hepth/0005037.

[20] N. Arkani-Hamed, L.J. Hall, C. Kolda and H. Murayama, astroph/0005111.