arXiv:astro-ph/0201511 v1 30 Jan 2002

Cosmological consequences of short distance physics

Jens C. Niemeyer

Max-Planck-Institut für Astrophysik Karl-Schwarzschild-Str. 1, D-85748 Garching, Germany

Inflation can act as a space-time microscope for Planck or string scale effects, leaving potentially observable traces in the primordial perturbation spectrum. I discuss two frameworks that were used recently to study this phenomenon: nonlinear dispersion and short distance uncertainty.

PRESENTED AT

COSMO-01 Rovaniemi, Finland, August 29 – September 4, 2001

1 Introduction

To the best of our current understanding, inflation – an epoch of accelerated cosmological expansion – may have taken place when the expansion rate of the universe was H ∼ 10^{14} GeV (but there exist models at lower values of H) [1, 2]. Quantum vacuum fluctuations at this energy scale are generally held responsible for producing adiabatic perturbations that are reflected in the CMBR anisotropies. It is possible that nature has provided us with a rare glimpse at physics far beyond any other means of experimental access.

The increasing precision of observations linked, directly or indirectly, to the physics of inflation presents us with two important challenges. First, we must probe the sensitivity of cosmological predictions derived in the framework of semiclassical QFT on curved or nonstationary space-times with respect to possible quantum gravitational modifications. This approach has a long and fruitful tradition in the context of the so-called trans-Planckian problem of Hawking radiation (reviewed in [3]) and was indeed inspired by it. Much of the work discussed in Sec. 2 is based on fluid analogies of black hole horizons introduced by Unruh [4] which study the effects of a nonlinear dispersion relation on outgoing Hawking quanta. Since these are often described as “sonic black holes” I will refer to this line of research as “sonic inflation” in Sec. 2.

Secondly, and perhaps even more importantly, it is possible that such modifications leave an unambiguous and detectable footprint in the cosmological data. Its concrete quantification could eventually be based on string/M theory models (or directly on the holographic principle [5]), but one can begin this ambitious task by exploring field theoretic models that mimic some general feature of short distance physics (as an analogy, think of starting with the Euler equations and add the transport terms without knowing the microscopic theory). For example, it is possible to implement a cutoff that effectively limits the resolution of short distances into the standard formalism, and re-analyze the predictions of inflation. I discuss the current status of this program in Sec. 3.

All of these studies break local Lorentz invariance in order to define the notion of a locally measurable short distance scale. So far, there is no experimental indication that Lorentz invariance might be violated in nature [6]. On the other hand, neither is there any experimental indication that it is unbroken at ∼ 10^{14} GeV, so one should remain open minded. As for physical motivation, there are speculations about broken Lorentz invariance in the contexts of string/D-brane interactions [7], brane cosmology [8], and quantum gravity phenomenology [9], to name a few. Violations or modifications of local Lorentz symmetry also play a vital role in varying speed of light (VSL) cosmologies, making it obvious to look at VSL from the viewpoint of short distance uncertainty; see Sec. 4 for a brief discussion.

2 Sonic inflation

The first thing an experimentalist notices as the wavelength of a fluid sound wave approaches the molecular scale is a change of the dispersion relation, typically dipping off from the linear behavior toward a slower growth of frequency ω with wavenumber κ. This fact, together with the observation that sound waves in a fluid with sonic horizon are mathematically equivalent to scalar fields in a black hole space-time, led Unruh [4] to introduce sonic black holes (or “dumb holes”) by replacing the linear dispersion relation in the mode equation of Hawking quanta with an artificial nonlinear one, chosen to mimic the fluid behavior. Interpreting the scale of the nonlinearity as the Planck scale, this framework has been used extensively to study the robustness of Hawking radiation with respect to trans-Planckian physics [10].

Similar to Hawking photons barely escaping to infinity, quantum fluctuations in an inflationary background undergo enormous redshifting before they reach super-horizon scales. Trans-Planckian effects in inflation can therefore be addressed in a nearly identical manner [11, 12]. Both scalar and tensor perturbation amplitudes are proportional to the solution of a harmonic oscillator equation,

χ^{′′}_k + ω^2χ_k = 0 , (1)

for the mode χ_k of the comoving wavenumber k as a function of conformal time η, evaluated at horizon crossing, k = aH (a is the scale factor of a flat FRW line element and H = a^′/a^2). Normally, ω^2 is given by

ω^2_0 (η) = k^2 − a^{′′}(η) a(η) , (2)

whereas it is written as

ω^2_F (η) = [a(η) F (k/a(η))]^2 − a^{′′}(η) a(η) , (3)

in the modified form. F (k/a) is a smooth function with the following properties:

1. F (k/a) converges to the usual physical wavenumber κ = k/a for κ ≪ κ_c. The critical wavenumber κ_c marks the scale of deviations from standard physics and is presumably of order the Planck scale. It is usually assumed that F (k/a) = κ at horizon crossing, but this need not be the case even if H < κ_c, depending on the shape of F [12].

2. At around κ_c, F veers off the linear path and increases, becomes constant, or decreases in what are usually called superluminous, Unruh, or subluminous dispersion relations [13].

With the exception of [14] where it is derived from κ-Poincaré algebra, F is simply chosen by hand to fit these criteria. On a side note, it is even possible to create forms of F that allow for an inflationary period without a scalar inflaton field [15].

As there are two dimensionful variables in this theory, H and κ_c, the solutions are controlled by the dimensionless quantity σ = H κ_c (4) which is usually a small number. Another important role is played by the adiabaticity parameter, C(η) = | | | ω^′ ω^2 | | | , (5)

describing the “smoothness” of F with respect to the oscillations of χ_k and hence the accuracy of the WKB approximation.

As shown in [16] and confirmed in [17], C ≤ σ for all regular, monotonically growing functions F , while changes in the power spectrum due to nonadiabatic particle production are at most of order C (but may be much smaller). Consequently, if the critical wavenumber is identified with the Planck scale, the CMBR fluctuation amplitude indicates that σ ≲ 10^{−5} and such changes are undetectable. However, in some string or M theory models σ may be several orders of magnitude larger [18].

Singular dispersion relations of the form F (κ) ∼ κ(1 − κ/κ_c)^{−n} with 0 < n < 1 and those with F (κ ≫ κ_c) < H exhibit nonadiabatic behavior [16]. In the latter case, each mode undergoes another “horizon crossing” on very small length scales below which it is frozen by cosmic expansion. Ref. [19] argues that this effect produces an effective dark energy contribution for a certain class of dispersion relations (but see [20] who reach a different conclusion based on the analysis of the stress-energy tensor). A string theoretic derivation of this type of dispersion relation is offered in Ref. [21].

In order to find the initial conditions of the mode equation (1) one must choose a vacuum for the field. The adiabatic vacuum, constructed from the WKB solution of Eq. (1), can be considered a natural ground state [22]. Backreaction of Planck scale particles forces the vacuum to be close to the adiabatic one in order to be consistent with slow-roll inflation [23]. In this case, deviations of the power spectrum can be caused by nonadiabatic processes on subhorizon scales (see above) or if ω_F ≠ ω_0 at horizon crossing. Alternative vacua were investigated in [11]. The authors of Ref. [24] gave the initial value problem a new twist by constructing a bouncing universe cosmology. They followed the mode evolution through the bounce where it picks up non-adiabatic corrections, showing that the spectrum may be affected even with adiabatic initial conditions.

A crucial question is whether the effects of nonlinear dispersion can be disentangled from features of the inflaton potential. As noted in [25] and further analyzed in [18], Planck scale effects might act differently on scalar and tensor perturbations and thereby violate the scalar-tensor consistency relation of slow-roll inflation. This violation could be the smoking gun for physics beyond the standard paradigm of inflation.

3 Short distance uncertainty

Instead of modifying the dispersion relation by hand one can use an observation made in various contexts in string theory and quantum gravity: on very general grounds, our experimental ability to probe short distances seems to be limited by the Planck or string scale [26]. The cutoff presumably arises from complicated dynamics of the underlying fundamental theory but it can also be modeled by a nonlinear correction to the canonical commutation relation:

[x, p] = iℏ(1 + βp^2) (6)

as discussed in [27]. The correction term results in a lower bound Δx_{min} ∼ β^{1/2} for distance measurements. Furthermore, Eq. (6) belongs to a class of only very few types of short-distance structures of space-time that are admitted under very general assumptions [28]. Hilbert space representations of Eq. 6 were employed, for instance, for regularizing field theory [29] and, more recently, for analyzing the impact of short distance uncertainty on the predictions of inflation.

In Ref. [30], Eq. (6) was implemented in a scalar field theory (representing, e.g., the inflaton) on an FRW background. The action decomposes into modes of conserved quasiwavenumber k̃ which converges to the usual comoving wavenumber k for k̃/a ≪ β^{−1/2}. Each k̃-mode is generated at the time η_c corresponding to its “Planck scale crossing”, defined by a(η_c) = k̃(eβ)^{1/2}, and obeys an oscillator equation with mass and damping terms that are singular at η_c.

Refs. [31, 32] analyzed the implications for the cosmic perturbation spectrum. As shown in Ref. [31] by transforming the k̃-mode equation to the form of Eq. (1), new effects assuming full adiabaticity shortly before horizon crossing are at most of order σ^2. However, the numerical evaluation of C indicates that C ∼ σ during most of the subhorizon evolution so that, following the arguments in Sec. 2, O(σ) effects on the spectrum cannot be strictly ruled out even if the mode is adiabatic immediately after its creation.

A numerical analysis of the k̃-mode evolution was performed in Refs. [32]. The authors used initial conditions obtained from an analytical solution of the linearized mode equation near η_c (also proposed in [31]) and found new features in the power spectrum whose amplitudes are linear in σ. These are apparently related to deviations from adiabaticity. Ref. [18], on the other hand, argues on the basis of low energy locality that the leading order effect must be O(σ^2).

Obviously, finding the leading order correction in σ is of utmost importance for the observability of cutoff effects in the CMBR, given that σ is probably ≲ 10^{−3}. A linear signal would make the detection of Planck scale physics in cosmological data a realistic goal for the intermediate future. But even O(σ^2) effects are potentially observable in certain classes of M theoretic models [18]. Much of the remaining uncertainty stems from the ambiguity in the initial conditions of the k̃-mode equation. However, in contrast with the sonic inflation approach, we now have a specific prescription for the generation of individual k̃-modes, so there is hope that the model itself picks out a preferred vacuum.

For completeness, note also that the generation of modes from a quantum gravitational “soup” plays a central role in Brout’s two-fluid model of inflation [33].

4 Varying speed of light cosmology

Varying speed of light (VSL) cosmology is one of the few serious competitors of inflation [34]. It solves the horizon problem by postulating an early cosmological epoch where, roughly speaking, information propagates faster than the current speed of light c. This involves some modification or violation of Lorentz symmetry whose form and implementation has been addressed in different ways (e.g., [35]). A number of possible explanations for a varying speed of light have been offered, motivated, e.g., by noncritical string theory [36], brane cosmology [37], and non-commutative geometry [38].

The framework of short distance uncertainty described in Sec. 3 provides a well-defined platform for searching for VSL effects. As shown in Ref. [39] (see also [40]), the reduction of the available phase space volume per quantum mode at short wavelengths causes the equation of state of ultrarelativistic particles to stiffen at very high densities. This leads to a stronger than usual deceleration of the scale factor which competes with a higher than usual propagation speed of the particles. The definition of the latter, however, is ambiguous: possibilities include the group and phase velocity in the high energy tail, the thermal average of the group and phase velocity, and the speed of sound. Of these three groups, only the first provides a possible solution to the cosmological horizon problem. Perhaps more worrisome is the fact that this solution involves applying Eq. (6) at super- Planckian densities where it is unlikely to fully represent the relevant physics.

To conclude, the field of short distance physics in the very early universe has opened a number of new ways to think about old problems, including the tantalizing (but still highly speculative) prospect of detecting Planck scale effects in cosmological observations. We can hope for interesting new developments by the time of Cosmo-02.

ACKNOWLEDGEMENTS

I thank Achim Kempf for helpful comments and suggestions.

References

[1] A. D. Linde, Particle physics and inflationary cosmology (Harwood, Chur, Switzerland, 1990); A. R. Liddle and D. H. Lyth, Cosmological inflation and large-scale structure (Univ. Pr., Cambridge, UK, 2000).

[2] A. R. Liddle, in these Proceedings (2001), astro-ph/0111556.

[3] T. Jacobson, Prog. Theor. Phys. Suppl. 136, 1 (2000), hep-th/0001085. [4] W. G. Unruh, Phys. Rev. D51, 2827 (1995). [5] C. J. Hogan (2002), astro-ph/0201020.

[6] S. Liberati, T. A. Jacobson, and D. Mattingly (2001), hep-ph/0110094. [7] J. R. Ellis, N. E. Mavromatos, and D. V. Nanopoulos (2000), gr-qc/0005100. [8] C. Csaki, J. Erlich, and C. Grojean, Nucl. Phys. B604, 312 (2001), hep-th/0012143. [9] G. Amelino-Camelia, Nature 410, 1065 (2001), gr-qc/0104086.

[10] R. Brout, S. Massar, R. Parentani, and P. Spindel, Phys. Rev. D52, 4559 (1995), hep-th/9506121; T. Jacobson, Phys. Rev. D53, 7082 (1996), hep-th/9601064; S. Corley and T. Jacobson, Phys. Rev. D57, 6269 (1998), hep-th/9709166; H. Saida and M. Sakagami, Phys. Rev. D61, 084023 (2000), gr-qc/9905034; Y. Himemoto and T. Tanaka, Phys. Rev. D61, 064004 (2000), gr-qc/9904076; T. Jacobson and D. Mattingly, Phys. Rev. D61, 024017 (2000), hep-th/9908099.

[11] J. Martin and R. H. Brandenberger, Phys. Rev. D63, 123501 (2001), hepth/0005209; R. H. Brandenberger and J. Martin, Mod. Phys. Lett. A16, 999 (2001), astro-ph/0005432.

[12] J. C. Niemeyer, Phys. Rev. D63, 123502 (2001), astro-ph/0005533. [13] S. Corley and T. Jacobson, Phys. Rev. D54, 1568 (1996), hep-th/9601073. [14] J. Kowalski-Glikman, Phys. Lett. B499, 1 (2001), astro-ph/0006250. [15] S. Alexander, R. Brandenberger, and J. Magueijo (2001), hep-th/0108190. [16] J. C. Niemeyer and R. Parentani, Phys. Rev. D64, 101301 (2001), astro-ph/0101451. [17] A. A. Starobinsky, Pisma Zh. Eksp. Teor. Fiz. 73, 415 (2001), astro-ph/0104043. [18] N. Kaloper, M. Kleban, A. Lawrence, and S. Shenker (2002), hep-th/0201158. [19] L. Mersini, M. Bastero-Gil, and P. Kanti, Phys. Rev. D64, 043508 (2001), hepph/0101210.

[20] M. Lemoine, M. Lubo, J. Martin, and J.-P. Uzan, Phys. Rev. D65, 023510 (2002), hep-th/0109128.

[21] M. Bastero-Gil, P. H. Frampton, and L. Mersini (2001), hep-th/0110167.

[22] N. D. Birrell and P. C. W. Davies, Quantum Fields in Curved Space (Univ. Pr., Cambridge, UK, 1984).

[23] A. R. Liddle and D. H. Lyth, Phys. Rept. 231, 1 (1993), astro-ph/9303019. [24] R. H. Brandenberger, S. E. Joras, and J. Martin (2001), hep-th/0112122. [25] L. Hui and W. H. Kinney (2001), astro-ph/0109107.

[26] D. J. Gross and P. F. Mende, Nucl. Phys. B303, 407 (1988); D. Amati, M. Ciafaloni, and G. Veneziano, Phys. Lett. B216, 41 (1989); L. J. Garay, Int. J. Mod. Phys. A10, 145 (1995), gr-qc/9403008; E. Witten, Phys. Today 49 (4), 24 (1996).

[27] A. Kempf, J. Math. Phys. 35, 4483 (1994), hep-th/9311147.

[28] A. Kempf, in 36th Course: From the Planck Length to the Hubble Radius, Erice, Italy, 29 Aug - 7 Sep 1998, edited by A. Zichichi (2000), p. 613, hep-th/9810215.

[29] A. Kempf and G. Mangano, Phys. Rev. D55, 7909 (1997), hep-th/9612084. [30] A. Kempf, Phys. Rev. D 63, 083514 (2001), astro-ph/0009209. [31] A. Kempf and J. C. Niemeyer, Phys. Rev. D64, 103501 (2001), astro-ph/0103225. [32] R. Easther, B. R. Greene, W. H. Kinney, and G. Shiu, Phys. Rev. D64, 103502 (2001), hep-th/0104102; R. Easther, B. R. Greene, W. H. Kinney, and G. Shiu (2001), hep-th/0110226.

[33] R. Brout (2001), gr-qc/0103097; R. Brout (2002), gr-qc/0201060. [34] J. W. Moffat, Int. J. Mod. Phys. D2, 351 (1993), gr-qc/9211020; J. W. Moffat, Found. Phys. 23, 411 (1993), gr-qc/9209001; A. Albrecht and J. Magueijo, Phys. Rev. D59, 043516 (1999), astro-ph/9811018.

[35] B. A. Bassett, S. Liberati, C. Molina-Paris, and M. Visser, Phys. Rev. D62, 103518 (2000), astro-ph/0001441; J. Magueijo, Phys. Rev. D62, 103521 (2000), gr-qc/0007036; T. Jacobson and D. Mattingly, Phys. Rev. D63, 041502 (2001), hep-th/0009052.

[36] J. R. Ellis, N. E. Mavromatos, and D. V. Nanopoulos (1993), hep-th/9311148. [37] E. Kiritsis, JHEP 10, 010 (1999), hep-th/9906206; A. Kehagias and E. Kiritsis, JHEP 11, 022 (1999), hep-th/9910174; S. H. S. Alexander, JHEP 11, 017 (2000), hep-th/9912037.

[38] S. Alexander and J. Magueijo (2001), hep-th/0104093.

[39] J. Niemeyer, Phys. Rev. D(accepted) (2001), astro-ph/0111479. [40] M. Lubo (2000), hep-th/0009162; S. Kalyana Rama, Phys. Lett. B519, 103 (2001), hep-th/0107255.