arXiv:hep-th/0203193 v2 15 Feb 2003

Identification of perturbation modes and controversies in ekpyrotic perturbations

Jai-chan Hwang^{(a)} and Hyerim Noh^{(b)} (a) Department of Astronomy and Atmospheric Sciences, Kyungpook National University, Taegu, Korea (b) Korea Astronomy Observatory, Taejon, Korea (February 15, 2003)

If the linear perturbation theory is valid through the bounce, the surviving fluctuations from the ekpyrotic scenario (cyclic one as well) should have very blue spectra with suppressed amplitude for the scalar-type structure. We derive the same (and consistent) result using the curvature perturbation in the uniform-field (comoving) gauge and in the zero-shear gauge. Previously, Khoury et al. interpreted results from the latter gauge condition incorrectly and claimed the scale-invariant spectrum, thus generating controversy in the literature. We also correct similar errors in the literature based on wrong mode identification and joining condition. No joining condition is needed for the derivation.

PACS numbers: 04.20.Dw, 98.80-k, 98.80.Cq, 98.80.Hw

I. INTRODUCTION

The issue of scalar-type structure generated in the recently proposed ekpyrotic scenario is shrouded with controversies by two opposing camps [1–3] and [4–10]; for an introduction to the scenario, see [11]. The main point of [1] is that the dominating solution viewed in the zeroshear hypersurface (gauge) in the collapsing phase happens to show a scale-invariant spectrum. However, this mode was identified in [5,6] as a transient mode in the subsequent expanding phase, thus uninteresting. In this work we wish to add some additional points to [6]. We will show that the same blue spectrum is generated even in the zero-shear gauge by identifying the mode relevant in the later expanding phase. Apparently, the same final observable spectrum should be derived independently of the gauge conditions used, and our result confirms it. We also point out that the possible scale-invariant spectra and others argued in [2,3,12] are errored by identifying wrong modes (often based on ad hoc joining conditions) which are transient in the expanding phase, thus irrelevant.

Before we embark on studying the evolution of structures through bounce using the linear perturbation theory, we would like to state clearly the provisions we need. In [7] Lyth has clearly shown that the linear perturbation theory breaksdown inevitably as the model approaches the singularity in a singular bounce (if such a bounce is possible at all, [13]), see also §VI of [8]. Somehow, this strong conclusion is unduely ignored by many authors [1,2]. If the bounce is singular we cannot rely on the linear perturbation theory. Thus, in the ekpyrotic scenario and other bouncing models considered in this paper we will explicitly assume that the bounce occurs before the linear theory breaks down, and this requires the bounce to be smooth and nonsingular. Although the authors of [1] claimed that the bounce in the ekpyrotic scenario to be singular, assuming a nonsingular bounce in such a scenario is legitimate, particularly if we consider the currently unknown physics near the bounce. Since the consequence of the singular bounce is clearly resolved in [7] (i.e., the linear theory fails!) investigating the remaining window with nonsingular bounce would be important to clearly resolve the remaining issue.

In a single component fluid or field, the scalar-type perturbation is described by a second-order differential equation with two solutions (modes). In the large-scale limit (to be defined later) we can often derive a general asymptotic solution with two modes, see eq. (7). In an expanding phase we can identify clearly which ones are relatively growing (C-mode) and decaying (d-mode). If the initial condition is imposed at some early expanding epoch the decaying mode is transient in time, and naturally we are only interested in the relatively growing mode. If we introduce a collapsing phase before the early big-bang phase, however, the conventional growing and decaying classification can be often reversed. Still, if the large-scale conditions are met (and, of course, if the linear theory as well as the classical gravity are intact), the general solutions in eq. (7) remain valid throughout the transition. Thus, in our observational perspective situated in expanding phase we are interested in the initial condition imposed on the C-mode, even if it was subdominating (relatively decaying) compared with the other mode when the initial condition was imposed. Although we made this point clear in [6], in this work we will reinforce it by deriving concretely the C-mode initial conditions coming from the quantum vacuum fluctuations in the two gauge conditions used previously. In this way, we hope we could clear some of the controversies concerning ekpyrotic scenario and others in the literature. §II and III are reviews. §IV contains our main results with consequences analysed in §V. We set c ≡ 1 ≡ h̄.

II. BASIC EQUATIONS AND GENERAL LARGE-SCALE SOLUTIONS

We consider the scalar-type perturbation in a flat Friedmann world model supported by a minimally coupled scalar field. Our metric convention follows Bardeen’s in [14]

ds^2 = −a^2(1 + 2α)dη^2 − 2a^2β_{,α}dηdx^α

+a^2 [ g^{(3)}_{αβ} (1 + 2φ) + 2γ_{,α|β} ] dx^αdx^β, (1) and χ ≡ a(β + aγ̇); an overdot and a prime indicate time derivatives based on t and η, respectively, with dt ≡ adη. The background is described by

H^2 = 8πG 3 ( 1 2 ϕ̇^2 + V ) , ϕ̈ + 3Hϕ̇ + V_{,ϕ} = 0, (2)

where H ≡^ȧ . The basic perturbation equations are [15,16]: u = − 4πGz k^2 ( v z )_′ , v = 1 4πGz (zu)^′ , (3) v^{′′} + [ k^2 − z^{′′} z ] v = 0, u^{′′} + [ k^2 − (1/z)^{′′} 1/z ] u = 0, (4)

where z ≡ aϕ̇/H, and v ≡ aδϕ_φ, φ_{δϕ} ≡ φ − (H/ϕ̇)δϕ ≡ −(H/ϕ̇)δϕ_φ, u ≡ −φ_χ/ϕ̇, φ_χ ≡ φ − Hχ. (5) φ_{δϕ} and φ_χ are gauge-invariant combinations which are equivalent to the curvature perturbation (φ) in the uniform-field gauge (δϕ ≡ 0, equivalently the comoving gauge) and in the zero-shear gauge (χ ≡ 0), respectively [14]. The perturbed action was derived in [16]

δ^2S = 1 2 ∫ ( v^{′2} − v^{|α}v_{,α} + z^{′′} z v^2 ) d^3xdη. (6) In the large-scale limit, meaning for negligible k^2 terms, eq. (4) has general solutions [15,16,8] φ_{δϕ}(k, η) = C(k) − d(k) k^2 4πG ∫_η dη z^2 , φ_χ(k, η) = 4πGC(k) H a ∫_η z^2dη + H a d(k). (7) To the higher-order in the large-scale expansion each of the four solutions have [1 + ∑ n=1,2,3,... c̃n(k|η|) 2n] factor with c̃_n differing for the four cases. We emphasize the general nature of these solutions in the large-scale limit. These are exact solutions of the spatial curvature perturbation (φ) in the respective hypersurfaces (gauges) valid as long as the k^2 terms in eq. (4) are negligible; thus valid for general (time-varying) potential V (ϕ). Similar general solutions exist for the fluid situation for general

(time-varying) equation of state P (μ), and even for the generalized gravity theories [17].

Schwarz has pointed out that as a smooth bounce has to violate the weak energy condition if space-time is flat, z^2 ∝ μ + P will have (at least two) zeros; this means that 1/z will be ill defined and the higher order corrections will have singular coefficients, thus the long wavelength expansion becomes inconsistent, [19]. To achieve a bounce, in §V.C of [8] we have used an additional presence of an exotic matter X with negative energy density. Thus, such an X-matter cannot dominate even during the bouncing phase. In [8] we have shown that if we concentrate on the evolution of curvature perturbation, assuming near adiabatic initial condition in the collapsing phase, eq. (4) for u, thus our solution for φ_χ in eq. (7) as well, remains valid. In this context, z^2 goes through vanishing points at least twice in the bouncing phase, and indeed, in that case the next order large-scale expansion includes ∫ (1/z^2)dη-order terms which are ill defined; one such term already appears in the d-mode of φ_{δϕ} in eq. (7) which is exactly the next order contribution.

As parts of the series solutions in eq. (7) are ill defined for z = 0, in such a case we should go back to our original equations (forms before we combine to make a second-order equation). One such original equation is conveniently available in the second equation of eq. (3) which shows that, for z = 0 we have (φ_χa/H)^′ = 0. Thus, for z = 0 we have an exact solution: φ_χ ∝ H/a. Notice that our eq. (7) includes the above solution as a case! Therefore, we conclude that throughout the bounce (including z = 0 points), our leading order aymptotic solution for φ_χ in eq. (7) remains valid. Thus, the ill defined higher order corrections in the series expansion do not cause any practical problem in the perturbations.

III. POWER-LAW EXPANSION

A field with an exponential potential supports powerlaw expansion/contraction of the scale factor [18] a ∝ |t|^p ∝ |η|^{p/(1−p)}, V = − p(1 − 3p) 8πG e^− √_{16πG/pϕ} , H/ϕ̇ = √ 4πGp. (8) In the power-law case eq. (4) leads to Bessel equations for v and u with different orders. Using the quantization based on the action formulation in eq. (6), we have the exact mode function solutions (p ≠ 1) [20,6] φ_{δϕk}(η) = | | | | H ϕ̇ | | | | √ π|η| 2a [ c_1(k)H^{(1)}_{νv} (x) + c_2(k)H^{(2)}_{νv} (x) ] , φ_{χk}(η) = |H| √ π^2G|η| k √ p [ c_1(k)H^{(1)}_{νu} (x) + c_2(k)H^{(2)}_{νu} (x) ] , ν_v ≡ 3p − 1 2(p − 1) , ν_u ≡ p + 1 2(p − 1)

, (9) where x ≡ k|η|. The quantization condition implies |c_2|^2 − |c_1|^2 = ±1 depending on the sign of η, [6].

IV. MODE IDENTIFICATION

The Hankel functions can be expanded as [21]

H^{(1,2)}_ν (x) = ∞∑ n=0 1 n! ( − x^2 4 )_n 1 sin νπ [ (x 2 )_ν ±ie∓iνπ Γ(ν + n + 1) + ( x 2 )_{−ν} ∓i Γ(−ν + n + 1) ] . (10)

Notice that, in the small x limit, the first (second) term in the parenthesis dominates for ν < 0 (ν > 0). In eq. (7) the leading orders of the C-modes are time independent whereas the leading orders of the d-modes behave as φ_{δϕ} ∝ |η|^{2νv} and φ_χ ∝ |η|^{2νu}. Since φ_{δϕk} ∝ |η|^{νv} H^{(1,2)}_{νv} (k|η|), φ_{χk} ∝ k^{−1}|η|^{νu}H^{(1,2)}_{νu} (k|η|), (11)

we can easily identify the first and the second terms in the parenthesis of eq. (10) as the d-mode and the C-mode, respectively.

The lower-bounds of integrations in eq. (7) give rise to terms which can be absorbed to the other modes. Such an ambiguity is removed, for example, by identifying the C-mode of φ_{δϕ} in expanding phase in the large-scale limit when the time-dependent part of the d-mode has asymptotically decayed away. The authors of [22] have shown that the d-mode does not necessarily decay away immediately after the horizon crossing; in some inflationary models we have the d-mode effect not negligible near the horizon-crossing, and the final result can be interpreted as an amplification of the spectrum. Such an amplification occurs because, in expanding phase, it takes some time to have the time-dependent part of d-mode be negligible. The point is that there is no such an effect from the d-mode while in the asymptotically super-horizon scale. In our case of the bounce the relevant scale remains in the asymptotically super-horizon scale during the bounce, thus the solutions in eq. (7) are well valid, and we do not anticipate any ambiguity arising while in the asymptotically super-horizon scale. Accordingly, later in §IV, we will identify the C- and d-modes ignoring the contributions from lower-bounds of integrations of eq. (7).

The power spectrum and the spectral index are defined as P_φ =^{k3}_{2π2} |φ_k|^2 and n_S − 1 ≡ d ln P_φ/d ln k. The spectral indices for the C-modes of φ_{δϕ} and φ_χ can be read as (in the following, we assume the simplest vacuum state choice)

(n_S − 1)_{φδϕ,C} = (n_S − 1)_{φχ,C} = 2 1 − p . (12)

Although not interesting (because it becomes transient in an expanding phase) the spectral indices for the d-modes are (n_S − 1)_{φδϕ,d} = 4 − 6p 1 − p , (n_S − 1)_{φχ,d} = − 2p 1 − p . (13)

Notice that the spectral indices of the C-mode coincide in both gauge conditions, whereas the ones for the dmode show strong gauge dependence. This is easily understandable from the general solutions in eq. (7): in the power-law expansion case we have φ_{δϕ}/φ_χ = 1+p for the C-mode; the C-mode of φ_{δϕ} remains constant even under the changing potential whereas φ_χ changes it value. Similarly, for the d-mode we have φ_{δϕ}/φ_χ =^{(p−1)2}_{3p−1} (k|η|)^2, thus we have (n_S − 1)_{φχ,d} = (n_S − 1)_{φδϕ,d} − 4.

We note again that the d-modes show strong gauge dependence: the d-mode of φ_{δϕ} shows more blue spectrum compared with φ_χ. Near singularity, the d-mode of φ_χ diverges more strongly compared with the ones in the other gauge conditions [17]; see §III of [8] for a summary. The strong divergence in the zero-shear gauge is known to be due to the strong curvature of the hypersurface (temporal gauge condition) [23]. According to Bardeen the behavior of φ_χ “overstates the physical strength of the singularity”, [23]. Thus, even in the collapsing phase where d-mode is the proper growing solution, we should not attach more meaning to the d-mode of φ_χ than to the one of φ_{δϕ}.

V. CONSEQUENCES

In an ekpyrotic scenario with 0 < p ≪ 1 we have a very blue n_S −1 ≃ 2 spectrum for the C-mode. Although n_S − 1 ≃ 0 for the d-mode of φ_χ, we are not interested in the d-mode. Incidentally, we have n_S − 1 ≃ 4 for the d-mode of φ_{δϕ} which better characterizes the physical strength of the growing perturbation during the collapsing phase than φ_χ. Our point is that, although the d-mode is the relatively growing solution in the collapsing phase, our classification of the C- and d-modes is based on the general large-scale solutions in eq. (7). The largescale conditions used to get these solutions are well met during the transition phase in the ekpyrotic scenario. In [8] we have shown analytically that, as long as the linear perturbation is valid, the solutions in eq. (7) remain valid throughout a (smooth and nonsingular) bounce, thus there occurs no mixing for the eventual growing solution in the later expanding phase. Thus, claiming the scale-invariant spectrum based on the d-mode of φ_χ is incorrect; see the next paragraph for some technical details. The C-modes of both φ_{δϕ} and φ_χ show the same blue spectra, and the complete spectrum of the C-mode and the one for the tensor-type perturbation can be found in [6].

We would like to comment on several minor complications made in [1]. Firstly, the authors of [1] claimed that by combining the scale-invariance of the d-mode of φ_χ before the bounce and the new joining condition introduced by the authors they can derive a scale-invariant final spectrum. This implies that mixing occurs so that the d-mode before the bounce sources and dominates the C-mode in the subsequent expanding phase. This contradicts with our result based on the general large-scale solutions in eq. (7). It was shown in [5,6] that the well known joining condition based on equations of motion [24] in fact confirms our result: i.e., in the large-scale limit the C-mode is affected only by the C-mode of the previous era. The new joining condition used in [1] is ad hoc and is not based on proper physical or mathematical arguments, see [6,9]. As we have shown in this paper, and more properly in [8], in order to trace the large-scale evolution of the eventual C-mode in expanding phase, we can use the analytic solutions in eq. (7), thus we do not need the joining condition at all. Secondly, in [1] it was emphasized that before the bounce the potential is restored to zero so that expansion rate changes to p ≃^1_3 . As the perturbation still remains in superhorizon scale during the bounce such a change in the field potential does not affect the already generated perturbation spectrum. We have emphasized that the large-scale general solution in eq. (7) remains valid even under such a changing potential. We are interested only in the C-mode and the solution shows that the C-mode is not affected by the changing potential. Thirdly, the authors of [1] also stressed that radiation is present after the bounce. In §V.C of [8] we have shown that the evolution of adiabatic (curvature) perturbation is not affected by the changing background equation of state or the presence of multiple component while in the superhorizon scale. Thus, the presence of radiation component after the bounce adds only a minor complication which does not affect the curvature perturbation in the superhorizon scale.

In a similar context, for p =^2_3 we have n_S − 1 = 0 for the d-mode of φ_{δϕ} (in this case we have n_S − 1 = −4 for the d-mode of φ_χ). Identifying this as another possibility for generating a scale-invariant spectrum attempted in [12] is incorrect for the same reason as in the ekpyrotic case; this was pointed out in [6]. For the C-mode we have n_S − 1 = 6, thus too blue.

Another similar error was made in [3], now in the case of p =^1_2 . In this case we have n_S − 1 = 4 for the Cmodes, and 2 for φ_{δϕ} and −2 for φ_χ for the d-modes. Based on the zero-shear gauge authors of [3] claimed that the generated spectrum has n_S = −1 for p =^1_2 and n_S = 1 for p ≃ 0 (ekpyrotic!), both of which are the ones for the d-mode of φ_χ, thus irrelevant for the final surviving (observationally relevant) spectrum. Although [3] used a bounce model which differs slightly from the one used in [8], as we have argued, while in the superhorizon scale the final surviving spectrum is independent of the changing background expansion rate. The authors of [3] also considered a radiation dominated era during the quantum generation stage whereas we considered a scalar field dominated era with p =^1_2 . It is well known that the scalar field with an exponential potential can be effectively identified as an ideal fluid with constant w(≡ P/μ), thus the two systems coincide for p =^1_2 .

Yet another similar errors were recently added in the literature, [2]. The authors of [2] argued that one cannot ignore the entropy generation near the bounce of the ekpyrotic scenario; if the bounce is singular, we already have stated that the problem cannot be handled using the linear theory. Based on this argument the authors claimed that the conventional joining conditions should be changed. Unless we use the proper joining conditions derived in [24], we can show that the growing (and dominating) d-mode in the collapsing phase can easily dominate and source the C-mode in the subsequent expanding phase while in the large-scale. In this way, the authors claimed n_S = 1 spectrum for the ekpyrotic scenario which comes from the d-mode of φ_χ. However, we can see that the entropy generation anticipated near bounce would not affect the superhorizon evolution of (the C-mode) perturbation. The joining conditions known in the literature give the same result as our present one based on analytic solutions, [5,6]. Perhaps the entropy generation would be important for the background evolution so that we could achieve a smooth and nonsingular bounce as we have investigated using toy models in [8].

The authors of [2] also have claimed, that even for the pre-big bang scenario the final spectrum should pick up the d-mode of φ_χ generated in the collapsing phase. For the pre-big bang scenario based on a conformally transformed Einstein frame we have eq. (8) with p =^1_3 ; thus we have a vanishing potential. In such a case we have n_S − 1 = 3 for the C-mode, and 3 for φ_{δϕ} and −1 for φ_χ for the d-modes. Based on the same logic as their ekpyrotic case, the authors claimed that the final spectrum should be n_S = 0 which is the one for d-mode of φ_χ. We already have explained what is wrong with such analysis and result. The correct n_S = 4 spectrum in Einstein frame was derived in [25]. In the original frame based on the low-energy effective action of string theory the pre-big bang scenario shows a pole-like inflation with a ∝ |t−t_0|^{−1/√3}. The perturbation spectrum was derived by us in the original frame with n_S − 1 = 3, [26]. We also have shown that φ_{δϕ} is conformally invariant [27]. Thus, it is natural for the final spectra from the two frames (despite their very different descriptions of the background evolutions) to coincide. We note that in the orignal frame the pre-big bang scenario does not involve a contracting phase, and is just another inflation. In such a case, as in the case of ordinary inflation, the calculation does not require any joining condition.

If the linear perturbation theory is valid throughout, and the bounce is smooth and non-singular (see [8] for several examples) we could rely on solutions in eq. (7) as long as the large-scale conditions are met. In such a case, as emphasized in [6], we do not need to use joining condition which, if we use the ones derived properly, also gives the same result [5,6,8,9]. Several possibilities to have (smooth and non-singular) bounce models were studied in [8]. In [8], using a toy bounce model based on an exotic matter with a negative energy density we have shown analytically that the pre- and post-bounce results of the C-modes of φ_{δϕ} and φ_χ show the same behaviors as the ones we studied in this work (which ignores the precise physics of the bounce), independently of the presence of the exotic matter (and the bounce itself) introduced to connect the collapsing and the expanding phases, see §V.C in [8].

Equation (12) shows that the only way to get a n_S −1 ≃ 0 spectrum from the power-law expansion based on an exponential potential is to have p ≫ 1 which is the ordinary power-law expansion or a damped collapsing phase. As pointed out in [6], in the latter case as the model approaches the bouncing phase the comoving scales shrink faster than the Hubble (dynamical) horizon. Thus, the large-scale condition can be violated near the bounce, and we cannot simply trace the perturbation through the bounce, see [8]. Therefore, the only remaining possibility to get an observationally viable spectrum is the former case which is just a well known version of inflation.

Acknowledgments

We thank Robert Brandenberger, Patrick Peter, Nelson Pinto-Neto, and Dominik Schwarz for useful correspondences. This work was supported by Korea Research Foundation grants (KRF-2001-041-D00269).

[1] J. Khoury, B. A. Ovrut, P. J. Steinhardt, and N. Turok, Phys. Rev. D 64, 123522 (2001), hep-th/0103239; hepth/0109050; P. J. Steinhardt, and N. Turok, Phys. Rev. D 65, 126003 (2002), hep-th/0111098.

[2] R. Durrer, hep-th/0112026; R. Durrer and F. Vernizzi, hep-ph/0203275.

[3] P. Peter, and N. Pinto-Neto, hep-th/0203013. [4] D. H. Lyth, Phys. Lett. B 524, 1 (2002), hep-th/0106153. [5] R. Brandenberger, and F. Finelli, JHEP 0111, 056 (2001), hep-th/0109004.

[6] J. Hwang, Phys. Rev. D 65, 063514 (2002), astroph/0109045.

[7] D. H. Lyth, Phys. Lett. B 526, 173 (2002), hepth/0110007.

[8] J. Hwang, and H. Noh, Phys. Rev. D, 65, 124010 (2002), astro-ph/0112079.

[9] J. Martin, P. Peter, N. Pinto-Neto, D. J. Schwarz, Phys. Rev. D 65, 123513 (2002), hep-th/0112128; hepth/0204222.

[10] S. Tsujikawa, Phys. Lett. B 526, 179 (2002), hepth/0110124; S. Tsujikawa, R. Brandenberger, F. Finelli, hep-th/0207228.

[11] S. Rasanen, astro-ph/0208282.

[12] F. Finelli, and R. Brandenberger, Phys. Rev. D 65, 103522 (2002), hep-th/0112249.

[13] J. Khoury, B. A. Ovrut, N. Seiberg, P. J. Steinhardt, and N. Turok, Phys. Rev. D 65 086007 (2002), hepth/0108187; G. Felder, A. Frolov, L. Kofman, and A. Linde, Phys. Rev. D, 66, 023507 (2002), hep-th/0202017.

[14] J. M. Bardeen, in: Cosmology and particle physics, eds., L. Fang and A. Zee, (Gordon and Breach, London, 1988), 1; J. Hwang, Astrophys. J. 375, 443 (1991); J. Hwang, and H. Noh, Phys. Rev. D 65, 023512 (2002), astroph/0102005.

[15] G. B. Field, and L. C. Shepley, Astrophys. Space. Sci. 1, 309 (1968); G. V. Chibisov, and V. F. Mukhanov, Mon. Not. R. Astron. Soc. 200, 535 (1982); V. F. Mukhanov, Sov. Phys. JETP Lett. 41, 493 (1985); J. Hwang, and E. T. Vishniac, Astrophys. J., 353, 1 (1990).

[16] V. N. Lukash, Sov. Phys. JETP 52, 807 (1980); Sov.

Phys. JETP Lett. 31, 596 (1980); V. F. Mukhanov, Sov. Phys. JETP 68, 1297 (1988); V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, Phys. Rep. 215, 203 (1992).

[17] J. Hwang, Astrophys. J. 415, 486 (1993); ib id. 427, 542 (1994); J. Hwang and H. Noh, Phys. Rev. D 54, 1460 (1996).

[18] F. Lucchin, and S. Matarrese, Phys. Rev. D 32, 1316 (1985).

[19] D. J. Schwarz, private communication (2002). [20] E. D. Stewart, and D. H. Lyth, Phys. Lett. B 302, 171 (1993), gr-qc/9302019; J. Hwang, Phys. Rev. D 48, 3544 (1993).

[21] M. Abramowitz, and I. A. Stegun, edited, Handbook of mathematical functions, (Dover Publications, New York, 1972).

[22] S. M. Leach, M. Sasaki, D. Wands and A. R. Liddle, Phys. Rev. D 64, 023512 (2001), astro-ph/0101409.

[23] J. M. Bardeen, Phys. Rev. D 22, 1882 (1980). [24] J. Hwang, and E. T. Vishniac, Astrophys. J. 382, 363 (1991); N. Deruelle and V. F. Mukhanov, Phys. Rev. D 52, 5549 (1995), gr-qc/9503050; J. Martin and D.J. Schwarz, Phys. Rev. D 57, 3302 (1998), gr-qc/9704049.

[25] R. Brustein, M. Gasperini, M. Giovannini, V. Mukhanov, and G. Veneziano, Phys. Rev. D 51, 6744 (1995), hepth/9501066.

[26] J. Hwang, Astropart. Phys. 8, 201 (1998), hepth/9608041.

[27] J. Hwang, Class. Quant. Grav. 14, 1981 (1997), grqc/9605024.