arXiv:1106.4240v1 [astro-ph.CO] 21 Jun 2011

Stimulated creation of quanta during inflation and the observable universe^1

Ivan Agullo^2

Institute for Gravitation and the Cosmos, Physics Department, Penn State, University Park, PA 16802-6300, USA.

Leonard Parker^3

Physics Department, University of Wisconsin-Milwaukee, P.O. Box 413, Milwaukee, WI 53201, USA

March 21, 2011

Abstract Inflation provides a natural mechanism to account for the origin of cosmic structures. The generation of primordial inhomogeneities during inflation can be understood via the spontaneous creation of quanta from the vacuum. We show that when the corresponding stimulated creation of quanta is considered, the characteristics of the state of the universe at the onset of inflation are not diluted by the inflationary expansion and can be imprinted in the spectrum of primordial inhomogeneities. The non-gaussianities (particularly in the so-called squeezed configuration) in the cosmic microwave background and galaxy distribution can then tell us about the state of the universe that existed at the time when quantum field theory in curved spacetime first emerged as a plausible effective theory.

1Awarded with the First Prize in the Gravity Research Foundation Essay Competition 2011_2

agullo@gravity.psu.edu 3leonard@uwm.edu

One of the deepest problems of current research concerns the formulation and experimental confirmation of a comprehensive theory from which our present knowledge of gravitation and particle physics will emerge. The progress of physics has long been guided by experimental and observational results; and these are very difficult to come by at the energy scales of such a comprehensive theory.

Our gap in knowledge has partly been illuminated by the quantum theory of fields in curved spacetime (QFT in CST). In this framework, one studies quantum field theory in spacetimes described by classical metrics, as in general relativity, in a regime where we are confident about the validity of both theories. One of the most remarkable physical outcomes of QFT in CST is the phenomenon of gravitationally-induced spontaneous creation of quanta in curved spacetimes, as first pointed out and analyzed by one of us [1, 2, 3] in the cosmological context of an expanding universe.

In the following two decades, fundamental implications of this phenomenon were obtained. Hawking [4] showed that black holes produced by gravitational collapse would emit thermal radiation. In the cosmological context, when the idea of inflation was investigated [5], it was proposed [6] that the inflationary expansion of the universe leads to a spectrum of perturbations that can seed the cosmic inhomogeneities we observe today.

Black hole thermal radiance has not been detected yet. However, the high degree of precision in measurements of the temperature fluctuations of the cosmic microwave background (CMB) and the large scale structure (LSS) achieved during the last decade, together with the new generation of observational missions, has opened a fascinating window to measure the predictions of QFT in CST.

The computation of the spectrum of non-uniformities created during inflation requires a basic assumption regarding the quantum state describing scalar and tensor metric perturbations at the onset of inflation. Such a state, in the context of slow-roll inflation, is chosen as a natural extension of the Bunch-Davies vacuum [7]. The election of the vacuum can seem unnatural due to our ignorance of the physics in the early universe before inflation. It has been argued that the exponential expansion during inflation will dilute any possible quanta present in the initial state and will drive any arbitrary state to the vacuum. That justifies the vacuum state as the most natural choice. However, as first pointed out in [1, 2] (see Eq. (53) in [2]), the gravitationally-induced spontaneous creation of quanta in a general expanding universe is accompanied by the corresponding stimulated process if there are quanta already present in the initial state. The stimulated creation process during inflation is governed by the same quantum amplification factor as is responsible for the spontaneous creation of quanta of the perturbation field from the vacuum. This amplification factor grows enormously during inflation and compensates for the dilution of the quanta initially present, keeping their average number density constant during inflation. The objective of this essay is to study the effects in the observable universe of the stimulated creation of quanta when a general initial state is considered. Our detailed results are given in [8].

We focus our computation in scalar perturbations in single-field inflation. Scalar perturbations are conveniently characterized by the gauge-invariant comoving curvature perturbations R(⃗x, t) (see, for instance, [9]). The most general initial state for scalar perturbations can be described as a mixed state characterized by a statistical density operator ρ. Such a mixed state is natural within the context of inflation in which the observable universe results from the enormous expansion of a small patch of a much larger universe. The state of such a patch would naturally be a mixed state even if the global state of the larger universe were a pure state because many features of the global state would not be accessible to our observable universe [10].

We consider an isotropic density operator ρ formed from a mixture of pure states having definite numbers of initial quanta (for the explicit form, see [8]). A more general density operator would leave our main conclusions unchanged. The extension to anisotropic initial states as a potential source for anisotropies and other related anomalies that may be present in the CMB and LSS would be straightforward. As shown in [11, 12, 13], by imposing renormalizability of ρ and negligible back reaction on the inflationary expansion, the average number of initial quanta, Tr[ρN_{⃗k}], in a mode with coordinate momentum ⃗k, is constrained to be not much larger than 1.

To leading order, the spectrum of perturbations created in the mixed state ρ during inflation is characterized by the two-point function in momentum space or, equivalently, the power spectrum P^ρ_R(k), where k ≡ |⃗k|. A straightforward computation gives the following expression (see [8] for details)

P^ρ_R(k) = P^0_R(k)(1 + 2 Tr[ρN_{⃗k}]) , (1)

where P^0_R(k) is the power spectrum resulting from a pure vacuum state at the onset of inflation.

The observation [14] of the amplitude of the power spectrum and spectral index, n_s, characterizing its dependence on k can be used to constrain the average number of initial quanta Tr[ρN_{⃗k}]. However, the power spectrum alone has limited potential in revealing detailed information about the initial state, as it only constraints the quantity | | |^{d ln (1+2Tr[ρN⃗k])} d ln k | | | to be not much bigger than the slow-roll parameters ϵ ∼ |δ| ∼ 1/100, defined in terms of the Hubble rate, H(t), as ϵ ≡ −Ḣ/H^2 and δ ≡ Ḧ/(2ḢH).

On the other hand, it has been shown (see, for instance, [15]) that nongaussianities in the distribution of the perturbations give a sharp tool to probe many aspects of inflation that are not uniquely determined by their power spectrum alone. These non-gaussianities are characterized by their three-point function in momentum space, or equivalently the bispectrum B_R(⃗k_1, ⃗k_2, ⃗k_3). We compute the bispectrum to leading order in the perturbations, when their initial state is given by a density operator ρ, by generalizing the pioneering computation by Maldacena [16], where the vacuum state was considered. The complete expression for our calculated bispectrum can be found in [8]. The presence of initial perturbations introduces new interesting features. Our results show that when particles are present in the initial state, there are new contributions to B^ρ_R that come from perturbative interactions among the quanta produced by stimulated creation resulting from the presence of initial particles. As a consequence, we find an enhancement of B^ρ_R for certain configurations of the momenta ⃗k_1, ⃗k_2, and ⃗k_3. Remarkably, the largest enhancement appears for configurations in which two of the momenta are much bigger than the third one, for instance k_1 ≈ k_2 ≫ k_3, the socalled squeezed configuration. The bispectrum in the squeezed configuration is generally parametrized as [17]

B_R(⃗k_1, ⃗k_2, ⃗k_3) = P_R(k_1)P_R(k_3) 12 5 f_{NL} . (2)

In the case of single-field inflation with no particles in the initial state we obtain f^0_{NL} =^5_{12} (1 − n^0_s) =^5_{12} (4ϵ + 2δ), in agreement with [16]. Therefore, for the vacuum state f^0_{NL} ≈ O(ϵ, δ) ≪ 1 for single-field slow-roll inflation.

In the case when the density operator ρ involves initial quanta with average numbers Tr[ρN_{⃗ki} ] of order or greater than 1, we find

f^ρ_{NL} ≈ 5 3 ϵ k_1 k_3 ( 2 Tr[ρN_{⃗k1} N_{⃗k2} ] + Tr[ρN_{⃗k1} ] + Tr[ρN_{⃗k2} ] Tr[ρ(2N_{⃗k1} + 1)]Tr[ρ(2N_{⃗k2} + 1)] ) . (3)

In obtaining (3), we have taken into account that ⃗k_3 cannot be arbitrarily small. This is because ⃗k_1, ⃗k_2 and ⃗k_3 are modes that we want to observe in the CMB and LSS, so their wavelengths today cannot be much larger than the observable universe. If there are no significant correlations between initial particles with different momenta, the factor in parenthesis in (3) takes the value ∼ 1/2, independently of the exact values of the Tr[ρN_{⃗ki} ]. Then f^ρ_{NL} ≈^5_6 ϵ^{k1}_{k3} , and the relative enhancement of the non-gaussianities by the presence of initial quanta is given by f^ρ_{NL} f^0_{NL} ≈ k_1 k_3 2ϵ 4ϵ + 2δ

. (4)

Because in the squeezed configuration we have k_1 ≫ k_3, it follows that f^ρ_{NL}/f^0_{NL} ≫ 1. The range of k’s for which we have some confidence about the measurements of the temperature fluctuations of the CMB (i.e., for which uncertainities coming from cosmic variance, Sunyaev-Zeldovich effect, etc., can be neglected) is approximately two orders of magnitude. Therefore, the ratio^{k1}_{k3} , and hence the relative enhancement in f_{NL}, can be as large as O(100). Finally, we note that in the case that the average number of initial quanta Tr[ρN_{⃗ki} ] is considerably smaller than 1, additional terms not explicitly shown in (3) become relevant and the vacuum result is smoothly recovered.

Non-vacuum states have been considered in previous works [18, 13]. However, the large enhancement of non-gaussianities in the squeezed momentum configuration has not been considered.

The forthcoming observations of the CMB by Planck and the LSS by a variety of galaxy surveys will strongly constrain aspects (including amplitude, scale dependence, and sign) of the non-gaussianities produced during inflation. Recent studies show that the contribution to the non-gaussianities relevant in the squeezed limit (k_1 ≈ k_2 ≫ k_3) will be particularly well constrained by LSS observations [19]. The momentum dependence of f^ρ_{NL}, given by the ratio k_1/k_3, will offer a clear observational signature for identifying the effects of scalar perturbations present at the onset of inflation.

Our results indicate that if non-gaussianities are observed in the squeezed momentum configuration, then single-field inflation is not necessarily ruled out, as widely accepted [20]. Instead, such an observation could be interpreted as a consequence of a non-vacuum initial state. This will allow us to learn about the state of the universe that existed at the time when QFT in CST first emerged as a plausible effective theory, and in turn may give valuable information about a more comprehensive theory beyond the range of validity of QFT in CST.

Acknowledgements. This work has been supported by the NSF grant PHY-0854743 and Eberly research funds of Penn State University, by the University of Wisconsin-Milwaukee RGI funds and NSF grant PHY-0503366, and by the Spanish grant FIS2008-06078-C03-02 and EXPLORA funds FIS2010- 09399-E. The authors thank A. Ashtekar, J. Navarro-Salas, W. Nelson, and G. J. Olmo for many stimulating discussions.

References

[1] Parker L., The creation of particles in an expanding universe, Ph.D.

thesis, Harvard University (1966).

[2] Parker L., Phys. Rev. 183, 1057 (1969).

[3] Parker L., Phys. Rev. Lett. 21 562 (1968); Phys. Rev. D 3, 346 (1971).

[4] Hawking S.W. , Comm. Math. Phys. 43, 199 (1975).

[5] Guth A., Phys. Rev. D23, 347 (1981). Starobinsky A.A., Phys. Lett.

B91, 99 (1980). Linde A.D., Phys. Lett. B108, 389 (1982); Phys. Lett. B129, 177 (1983). Albrecht A. and Steinhardt P. J., Phys. Rev. Lett. 48,1220 (1982). Sato K., Mon. Not. Roy. Astron. Soc. 195, 467 (1981).

[6] Mukhanov V.F. and Chibisov G.V., JETP Letters 33, 532(1981). Hawking S. W., Phys. Lett. B115, 295 (1982). Guth A. and Pi S.-Y., Phys. Rev. Lett. 49, 1110 (1982). Starobinsky A. A., Phys. Lett. B117, 175

(1982). Bardeen J.M., Steinhardt P.J. and Turner M.S., Phys. Rev. D 28, 679 (1983).

[7] Bunch T.S. and Davies P.C.W., Proc. Roy. Soc. A360, 117 (1978). [8] Agullo I. and Parker L., Phys. Rev. D 83 063526 (2011). [9] Weinberg S., Cosmology, Oxford University Press, (2008). [10] von Neuman J., Mathematical foundations of quantum mechanics, Princeton University Press, Princeton, New Jersey (1955).

[11] A. R. Liddle and D. H. Lyth, Phys. Rept. 231, 1 (1993). [12] Boyanovsky D., de Vega H. J., and Sanchez N. G., Phys. Rev. D 78 123006 (2006).

[13] Holman R. and Tolley A., JCAP 05 (2008) 001. [14] Komatsu E. et al., Astrophys. J. Suppl. Ser. 192, 18 (2011). [15] Komatsu E. et al., Non-gaussianity as a probe of the physics of the primordial universe and the astrophysics of the low redshift universe, arXiv:0902.4759.

[16] Maldacena J., JHEP 05 (2003) 013.

[17] Komatsu E. and Spergel D.N., Phys. Rev. D 63 063002 (2001). Komatsu E., The pursuit of non-gaussianities fluctuations in the cosmic microwave background, astro-ph/020639.

[18] Gasperini M., Giovannini M., and Veneziano G., Phys. Rev. D 48, R439 (1993). Bhattacharya K., Mohanty S., and Rangarajan R., Phys. Rev. Lett. 96 121302 (2006). Ferreira P. G. and Magueijo J., Phys. Rev. D 78 R061301 (2008).

[19] Dalal N, Dore O, Huterer D., and Shirokov A., Phys. Rev. D 77 123514 (2008). Shandera S., Dala N., and Huterer D. JCAP 1103 (2010) 017.

[20] Creminelli P. and Zaldarriaga M., JCAP 10 (2004) 006.