arXiv:astro-ph/0006303 v3 25 Jul 2001

Primordial Gaussian Fluctuations from Cosmic Defects

P. P. Avelino^{1,2∗} and C. J. A. P. Martins^{1,3†} 1 Centro de Astrofísica, Universidade do Porto Rua das Estrelas s/n, 4150-762 Porto, Portugal 2 Dep. de Física da Faculdade de Ciências da Univ. do Porto Rua do Campo Alegre 687, 4169-007 Porto, Portugal 3 Department of Applied Mathematics and Theoretical Physics Centre for Mathematical Sciences, University of Cambridge Wilberforce Road, Cambridge CB3 0WA, U.K. (January 16, 2001)

We extend our recent work on “two-metric” theories of gravity by showing how in such models cosmic defects can produce a spectrum of primordial Gaussian density perturbations. This will happen when the speed characterising the decay products of the defect network is much larger than the speed characterising gravity and all standard model particles. This model will exactly mimic all the standard predictions of inflationary models, and the only way of distinguishing the two will be via the detection of the decay products of the network.

PACS number(s): 98.80.Cq, 04.50.+h, 98.70.Vc, 11.27.+d

I. INTRODUCTION

The recent high-resolution measurements of Cosmic Microwave Background (CMB) anisotropies on degree and subdegree scales [1] have started to provide cosmologists with a realistic chance of probing the main physical mechanisms and conditions of the early universe [2]. However, one too often forgets that any subsequent treatment of the data (eg, to determine “preferred” cosmological parameters) will require model-dependent assumptions, and one must make sure that these are properly justified. Two recent papers [3] illustrate a rather eclectic range of ways in which to use a given data set.

Consider the two basic paradigms that could be responsible for producing these anisotropies—topological defect [4] and inflationary [5] models. There are of course some rather generic differences between the two, but still the task of unambiguously distinguishing between them is not at all trivial [6,7]. The presence of super-horizon perturbations or of “Doppler peaks” [8] on small angular scales, for example, are not good discriminants [9] (at least if they are taken on their own). This issue is further complicated since one can easily obtain ‘natural’ models where both defects and inflation generate density fluctuations [10,11].

In previous work [12], we have presented an explicit example of a mechanism whereby the primordial fluctuations are generated by a network of cosmic defects, but are nevertheless very similar to a standard inflationary model. Such models arise in the context of “two-metric” theories [13–15]. The only difference between the observational consequences of these models and those of the standard inflationary scenario is a relatively small non-Gaussian component. Here we discuss an alternative model arising in the same context, but where the defect-induced primordial fluctuations are also Gaussian. In this case the evolution of the defect network is standard, but we require that the characteristic speed of the decay products of the defect network is much larger than the speed characterizing gravity and all the standard model particles. We show that this model will exactly reproduce the CMB and large-scale structure (LSS) predictions of the standard inflationary models, and the only way to identify it would be through the decay products of the defect network involved.

II. THE MODEL

As in our previous work [12], we shall consider the so-called “two-metric” theories [13–15], which contain two natural speed parameters. In [12] we assumed that the scalar field which produced the defects had a characteristic speed c_ϕ

�Electronic address: pedro @ astro.up.pt yElectronic address: C.J.A.P.Martins @ damtp.cam.ac.uk that was much larger than the characteristic speed of gravity and the standard model interactions. Here we shall instead concentrate on the decay products of the defect network.

In recent years there has been some debate over the issue of which is the dominant energy loss mechanism for defect networks. In particular, for the case of cosmic strings, there are two quite distinct possibilities, namely an energy loss mechanism based on gravitational radiation [4] and one based on particle production [16,17]. Furthermore, some preliminary studies [18,19] indicate that the cosmological consequences—say, as measured from the CMB and matter power spectra—have some significant differences, although one should be cautious given the number of simplifying assumptions made in order to derive these results.

In this paper we shall assume a two-metric theory where cosmic strings are produced, and where the long string network evolves in the standard way (with the comoving correlation length of the network being of the order of cη), and suppose that this network decays via particle production. Furthermore, we also assume that the decay products have a characteristic speed c_p which obeys c_p ≫ c. In this case, the point will be to have the “compensation” scale much larger than the horizon size (defined in the usual way)—note that this will be so because one expects the compensation scale to be of the order of the free streaming length of the decay products.

As in [12], the point of this paper is to describe a rather simple and general mechanism and its basic consequences, rather than a specific realization of it. Hence we will not concern ourselves with discussing particular models. In particular, the mechanism we will be discussing is independent of c_p being a constant or a time-varying quantity. For the time being we shall assume that c_p is a time-independent quantity, simply for the purpose of simplifying the discussion. We will later relax this assumption and discuss the implications for structure formation of variable c_p. Moreover, what the ultimate decay products of the defect network are will also not affect the model’s ability to work, although it will of course affect its detailed quantitative predictions (or, if one wants to put it in other words, its efficiency).

For example, the decay products could be massless particles with velocity c_p ≫ c; these would, in analogy with the Cerenkov effect, emit gravitons and thus produce a stochastic gravitational wave background [15]. On the other hand, if the decay products are massive particles produced with characteristic velocity c_p, then we expect them to eventually be slowed down to below the characteristic speed of gravity, on a timescale related to the graviton emission rate. As will become clear below, our mechanism will be more efficient in the former case than in the latter. On the other hand, the subsequent evolution of these decay products can potentially be used to impose constraints on specific realizations of the mechanism, and the detection of a “background” of these decay products would provide an obvious way to test the mechanism.

The only detailed assumption we require is that the decay of the defect network proceeds in such a way to allow its evolution to be qualitatively analogous to the standard case [4,20–22]. In particular, we assume that some “scaling” solution will be reached after a relatively short transient period. However, we do allow (and indeed expect) a “scaling” solution that is quantitatively different from the usual, “scale-invariant” one—see [23] for a more detailed discussion of these concepts. This assumption still allows us to make use of some of the standard results on string-seeded structure formation in the following section.

We emphasize that there are significant differences between the model being discussed here and the one previously presented in [12]. In our previous work the speed characterizing the defect-producing scalar field c_ϕ was much larger than the speed c characterizing gravity and standard model particles. Hence the comoving correlation length of the network was of order c_ϕη ≫ cη. On the other hand, the decay products of the network were assumed to be standard, ie to have a characteristic speed c. In the present work we assume that the evolution of the network is standard (with the comoving correlation length of the network being of the order of cη), but that its decay mechanism is through a channel with some characteristic speed c_p that is much larger than the standard one.

III. COSMOLOGICAL CONSEQUENCES

In the synchronous gauge, the linear evolution equations for radiation and cold dark matter perturbations, δ_r and δ_m, in a flat universe with zero cosmological constant are

δ̈_m + ȧ a δ̇_m − 3 2 ( ȧ a )_2 (aδ_m + 2a_{eq}δ_r a + a_{eq} ) = 4πGΘ_+ , (1)

δ̈_r − 1 3 ∇^2δ_r − 4 3 δ̈_m = 0 , (2)

where Θ_{αβ} is the energy-momentum tensor of the external source, Θ_+ = Θ_{00} + Θ_{ii}, a is the scale factor, “eq” denotes the epoch of radiation-matter equality, and a dot represents a derivative with respect to conformal time. We will consider the growth of super-horizon perturbations with ckη ≪ 1. Then eqn. (1) becomes:

δ̈_m + ȧ a δ̇_m − 1 2 ( ȧ a )_2 ( 3a + 8a_{eq} a + a_{eq} ) δ_m = 4πGΘ_+ , (3)

and δ_r = 4δ_m/3. Its solution, with initial conditions δ_m = 0, δ̇_m = 0 can be written as δ^S_m(x, η) = 4πG ∫_η η_i dη^′ ∫ d^3x^′G(X; η, η^′)Θ_+ (x^′, η^′) , (4)

G(X; η, η^′) = 1 2π^2 ∫_∞ 0 ~G(k; η, η^′) sin kX kX k^2dk . (5)

Here X = |x − x^′| and ‘S’ indicates that these are the ‘subsequent’ fluctuations, according to the notation of [24], to be distinguished from ‘initial’ ones.

We are interested in computing the inhomogeneities at late times in the matter era. When η_0 ≫ η_{eq}, the Green functions are dominated by the growing mode, ∝ a_0/a_{eq}, so the function we would like to solve for is [24]

T (k; η) = lim η0/η_{eq}→∞ a_{eq} a_0 ~G(k, η_0, η) . (6) Consider the growth of super-horizon perturbations generated during the radiation era, for which the transfer function can be written^1 [24]

T (0; η) = η_{eq} 10(3 − 2 √ 2)η . (7)

The linear perturbations induced by defects such as cosmic strings, are the sum of initial and subsequent perturbations:

δ_m(k; η_0) = δ^I_m(k; η_0) + δ^S_m(k; η_0)

= 4πG(1 + z_{eq} ) ∫_{η0} η_i dη T_c(k; η) ~Θ_+ (k; η) , (8)

where η_i is the time when the network of cosmic defects was generated and T_c is the transfer function for the subsequent perturbations, those generated actively by the defects. In order to include compensation for the initial perturbations, δ^I_m, the substitution is usually made:

T_c(k; η) = ( 1 + (k_c/k)^2 )_{−1} T (k; η) , (9)

where k_c is a long-wavelength cut-off at the compensation scale. In the case where the defects have several possible decay channels^2 there may be several scales associated with compensation due to the different dynamics of the defect decay products. However, for simplicity we shall assume that eqn. (9) is a good approximation with the compensation scale, k_c, determined by particles generated by the defect network with c_p ≫ c. Consequently, we expect k_c ∼ (c_pη)^{−1}. If there are other decay channels this assumption may slightly alter the power spectrum normalization but will not otherwise affect the predictions of our model.

Note also that both in the present work and in our previous work [12] we get a compensation scale that is much larger than cη, but the reasons for this are slightly different in the two cases. In [12] the compensation scale is expected to be of the order of the correlation length of the network, while in the present work the compensation scale is expected to be of the order of the free-streaming length of the decay products.

For (c_pη_0)^{−1} ≪ k ≪ (c_pη_i)^{−1} the analytic expression for the power spectrum of density perturbations induced by defects can be written as

1For super-horizon perturbations generated during the matter era, the transfer function would differ from the above by a factor of two.

2For the case of cosmic strings these could be loops, gravitational radiation and in our theory particles with velocity cp Æ c.

P (k) = 16π^2G^2(1 + z_{eq} )^2 ∫_∞ 0 dηF(k, η)|T_c(k, η)|^2 , (10) where F(k, η) is the structure function which can be obtained directly from the unequal time correlators [25,26]. Still in the case of super-horizon perturbations, it can easily be shown [25] that for a scaling network F(k, η) = F(kη) which, combined with eqns. (7), (9) and (10), gives P (k) ∝ ∫_∞ 0 dηS(kη)/η^2 ∝ k (11) for super-horizon modes. Here the function S, is just the structure function, F, times the compensation cut-off function.

Up until now we only considered the spectrum of primordial fluctuations induced by cosmic defects (by primordial we mean generated at very early times). In our model a Harrison-Zel’dovich spectrum is predicted (see eqn. (11)) just as in the simplest inflationary models. The final processed spectrum taking into account the growth of the perturbations inside the horizon in the radiation and matter eras will also be the same as for the simplest inflationary models. Note that if c_p is a time varying quantity then the compensation cut-off is no longer a function of kη alone, and so it is possible to have deviations from a pure Harrison-Zel’dovich spectrum just as in generic inflationary models.

On large scales k ≪ (cη)^{−1} the structure function F(k, η) has a white noise spectrum. The turn-over scale, if it exists, only appears at the correlation length of the network k_ξ ∼> (cη)^{−1} [27,25]. This means that perturbations induced on scales larger than the correlation length are generated by many defect elements and, therefore, have a Gaussian distribution according to the central limit theorem. On the other hand, perturbations induced on smaller scales are very non-Gaussian because they can be either very large within the regions where a string has passed by or else very small outside these. This allows us to roughly divide the power spectrum of cosmic-string-seeded density perturbations into a nearly Gaussian component generated when the string correlation length was smaller than the scale under consideration, and a strongly skewed non-Gaussian component generated when the string correlation length was larger (we call these the ‘Gaussian’ and ‘non-Gaussian’ contributions respectively).

The ratio of these two components may be easily computed by splitting the structure function in (10), in two parts: a Gaussian part F_g(k, η) = F(k, η) for k < k_ξ (F_g = 0 for k > k_ξ) and a non-Gaussian part F_{ng}(k, η) = F(k, η) for k > k_ξ (F_{ng} = 0 for k < k_ξ). We can then integrate (10) with this Gaussian/non-Gaussian split, to compute the relative contributions to the total power spectrum. The final result will of course depend on the choice of compensation scale k_c, but recall that in any case we expect the network correlation length to be much smaller than the compensation scale. Thus, given that in our model k_c ≪ (cη)^{−1} the ‘non-Gaussian’ component will simply be too weak to be detected.

By allowing for a characteristic velocity for one of the decay channels of a defect network c_p much larger than the velocity of light (and gravity) c we were able to construct a model with primordial, adiabatic (δ_r = 4δ_m/3), nearly Gaussian fluctuations whose primordial spectrum is of the Harrison-Zel’dovich form. This model is indistinguishable from the simplest inflationary models (as far as structure formation is concerned). The C_l spectrum and the polarization curves of the CMBR predicted by this model should also be identical to the ones predicted in the simplest inflationary models as the perturbations in the CMB are not generated directly by the defects. Moreover, the gravitational wave background generated by the defects in this theory should be too weak to be detected as the energy scale of the defects can be significantly lower than in the standard case.

IV. DISCUSSION AND CONCLUSIONS

Following up our previous work on the cosmological consequences of “varying speed of light” theories [28,29,12], we have presented a further general illustration of non-negligible overlap between topological defect and inflationary structure formation models, in the context of “two-metric” theories of gravity.

According to Liddle’s criterion [6], such “mimic” models of inflation require some form of “violation of causality”. In our previous work [12], this was provided by a defect-producing scalar field with a characteristic speed much larger than that of gravity and the standard model interactions. In the present work, it is instead provided by a similarly large “superluminal” characteristic speed of the decay products of the defect network. Hence we see that defects in two-metric theories can produce either Gaussian or non-Gaussian [12] primordial fluctuations. The only distinguishing characteristics of these models, by comparison with the simplest inflationary models, will be a small non-Gaussian signal in the former case, and a background of the defect decay products in the latter. Both of these could be detected by future experiments. A more detailed discussion will be presented in [30].

As we already pointed out in [12], these models might admittedly seem somewhat “unnatural” in the context of our present theoretical prejudices, though they are certainly not the only ones to fit in this category [9,31]. However, if one keeps in mind that any fully consistent cosmological structure formation model candidate should eventually be derivable from fundamental physics, one could argue that at this stage they are, caeteris paribus, on the same footing as inflation. Certainly no single fully consistent realization of an inflationary model is known at present.

In any case, what these models do provide is explicit evidence of the fact that one must be extremely careful with one’s prior assumptions when using cosmological datasets, and that one must keep looking for efficient and unambiguous ways to test the main paradigms of cosmology. We shall return to this topic in a future publication.

ACKNOWLEDGMENTS

We thank Paul Shellard for useful discussions and comments. C.M. is funded by FCT (Portugal) under ‘Programa PRAXIS XXI’, grant no. PRAXIS XXI/BPD/11769/97. We thank Centro de Astrofísica da Universidade do Porto (CAUP) for the facilities provided.

[1] P. de Bernardis et al., Nature 404, 955 (2000);

A. Balbi et al., astro-ph/0005124 (2000).

[2] E. W. Kolb & M. S. Turner, The Early Universe, Addison-Wesley (1994). [3] A. E. Lange et al., astro-ph/0005004 (2000);

S. Hanany et al., Astroph. J. Lett. 545, 5 (2000).

[4] A. Vilenkin & E. P. S. Shellard, Cosmic Strings and other Topological Defects, (Cambridge University Press: Cambridge, 1994).

[5] A.D. Linde, Particle Physics and Inflationary Cosmology (Harwood, Chur, Switzerland, 1990). [6] A. Liddle, Phys. Rev. 51, 5347 (1995). [7] A. Liddle, astro-ph/9910110 (1999);

J. Barrow and A. Liddle, Gen. Rel. Grav. 29, 1501 (1997). [8] A. Albrecht et al., Phys. Rev. Lett. 76, 1413 (1996);

J. Magueijo et al., Phys. Rev. Lett. 76, 2617 (1996); W. Hu and M. White, Phys. Rev. Lett. 77, 1687 (1996).

[9] N. Turok, Phys. Rev. D54, 3686 (1996);

N. Turok, Phys. Rev. Lett. 77, 4138 (1996).

[10] P. P. Avelino, R. R. Caldwell and C. J. A. P. Martins, Phys. Rev. D59, 123509, (1999). [11] C. Contaldi, M. Hindmarsh and J. Magueijo, Phys. Rev. Lett. 82, 2034 (1999);

R. A. Battye and J. Weller, phys. Rev. D61, 043501 (2000). [12] P. P. Avelino and C. J. A. P. Martins, Phys. Rev. Lett. 85, 1370 (2000). [13] J. W. Moffat, Int. J. Mod. Phys. D2, 351 (1992);

M. A. Clayton and J. W. Moffat, Phys. Lett. B460, 263 (1999). [14] I. T. Drummond, gr-qc/9908058 (1999).

[15] B. A. Bassett, S. Liberati, C. Molina-Paris and M. Visser, Phys. Rev. D62, 103518 (2000). [16] G. Vincent, N. D. Antunes and M. Hindmarsh, Phys. Rev. Lett. 80, 2277 (1998).

[17] J. N. Moore and E. P. S. Shellard, hep-ph/9808336 (1998); J. N. Moore, E. P. Shellard and C. J. A. P. Martins, in preparation (2000).

[18] C. Contaldi, M. Hindmarsh and J. Magueijo, Phys. Rev. Lett. 82, 679 (1999). [19] A. Riazuelo, N. Deruelle and P. Peter, Phys. Rev D61, 123504 (2000). [20] C.J.A.P. Martins and E.P.S. Shellard, Phys. Rev. D53, 575 (1996). [21] C.J.A.P. Martins and E.P.S. Shellard, Phys. Rev. D54, 2535 (1996).

[22] C.J.A.P. Martins, Quantitative String Evolution, Ph.D. Thesis, University of Cambridge (1997). [23] C. J. A. P. Martins and E. P. S. Shellard, hep-ph/0003298 (2000);

C. J. A. P. Martins, E. P. S. Shellard and B. Allen, ‘Testing the Velocity-dependent One-scale String Evolution Model’, in preparation (2000).

[24] S. Veeraraghavan and A. Stebbins, Ap. J. 365, 37 (1990) [25] J.-H. P. Wu, P. P. Avelino, E. P. S. Shellard and B. Allen, astro-ph/9812156 (1998). [26] A. Albrecht and A. Stebbins, Phys. Rev. Lett. 68, 2121 (1992).

[27] P. P. Avelino, E. P. S. Shellard, J.-H. P. Wu and B. Allen, Phys. Rev. Lett. 81, 2008 (1998). [28] P. P. Avelino and C. J. A. P. Martins, Phys. Lett. B459, 468 (1999).

[29] P. P. Avelino, C. J. A. P. Martins and G. Rocha, Phys. Lett. B483, 210 (2000). [30] P. P. Avelino and C. J. A. P. Martins, in preparation.

[31] D. Salopek, J. R. Bond and J. M. Bardeen, Phys. Rev. D40, 1753 (1989).