arXiv:hep-th/0409082 v2 9 Sep 2004

On Open Inflation, the string theory landscape and the low CMB quadrupole

Michael Barnard^∗ and Andreas Albrecht^† Department of Physics One Shields Avenue University of California Davis, CA 95616 (Dated: September 9, 2004)

Cosmologists have embraced a particular ad hoc formula for the primordial power spectrum from inflation for universes with Ω0 < 1. However, the so-called “Open Inflation” models, which are attracting renewed interest in the context of the “string theory landscape” give a different result, and offer a more fully developed picture of the cosmology and fundamental physics basis for inflation with Ω0 < 1. The Open Inflation power spectrum depends not only on Ω0, but on the parameters of the effective fields that drive the universe before the Big Bang (in “another part of the landscape”). This paper considers the search for features in CMB temperature anisotropy data that might reflect a primordial spectrum of the Open Inflation form. We ask whether this search could teach us about high energy physics that described the universe before the onset of the Big Bang, and perhaps even account for the low CMB quadrupole. Unfortunately our conclusion is that the specific features we consider are unobservable even with future experiments although we note a possible loophole connected with our use of the thin wall approximation.

PACS numbers: Valid PACS appear here

Note Added: Since this paper was completed we became aware of a large body of existing literature which treats the problem of perturbations in Open Universe models with a much greater degree of sophistication than we do here (including working away from the thin wall limit). See [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] and references therein.

An up-to-date treatment of the important questions raised in this paper (about the possible universality of open inflation in the string theory landscaped and resulting observational signatures) requires the application of these more sophisticated methods and results, a process we are now undertaking. We apologies to the authors of this impressive earlier work for our ignorance about it in the first version of this paper posted on the archive. We also thank Jaume Garriga and Thomas Hertog for bringing this work to our attention.

Introduction

One of the great achievements of modern cosmology is the ability to calculate detailed predictions for the cosmological perturbations from specific models of the early universe. This, along with impressive new data such as the WMAP survey[11] has allowed significant constraints to be placed on early universe physics as well as on a number of cosmological parameters.

One of the key cosmological parameters is Ω_0, the ratio of the current cosmic density (including the dark energy) to the critical density. A well-known problem is that for

∗Electronic address: barnard@physics.ucdavis.edu †Electronic address: albrecht@physics.ucdavis.edu

cosmological models with Ω_0 < 1 the perturbation calculation is more problematic, particularly on large scales. This is because for typical models of cosmic inflation to make precise predictions for perturbations on all observed scales they must also predict Ω_0 = 1 to about one part in 10^5. In the context of these models, to calculate the large scale perturbations in the Ω_0 < 1 case one must answer the question “what physics other than inflation determined the perturbations on the largest observable scales?”. This issue has been recognized since the first papers on inflation with Ω_0 < 1[12, 13].

For the most part, the cosmology community has “resolved” this problem by simply assuming a particular formula for perturbations in cosmologies with Ω_0 < 1. This formula appears in all the main software packages (such as CMBfast) which determine the perturbation spectra for Ω_0 < 1 models. It is only because of this particular choice that it even seems possible to determine Ω_0 to high precision. One is left open to the possibility that a deeper understanding of early universe physics could shift our preference to different pictures of Ω_0 < 1 cosmology which could yield different formulas for the perturbation spectrum. For Ω_0 < 1 models with different spectra, the same data might well lead to a different preferred value of Ω_0 as well as other parameters.

In fact, we may be in the midst of such a shift right now. Recent work [14] suggests that string theory (our best hope for a realistic quantum gravity theory) predicts a landscape of different “vacua” which are highly stable, but which have some non-zero probability of tunneling into one another. This picture suggests a cosmology strikingly similar to the so-called “Open Inflation” models of Bucher et al. [15, 16])

The Open Inflation models were first invented to address the ambiguities of the perturbation spectra for Ω_0 < 1 cosmologies discussed above. Bucher et al. consider a cosmological model with an initial phase of inflation that defines the cosmological state on a range of length scales that spans many orders of magnitude and drives the global state of the universe toward Ω_0 = 1. Bucher et al. modeled this phase of inflation with a field trapped in false vacuum, in the manner of “old inflation”[17].

This initial period of inflation ends with a tunneling process that produces a bubble universe which is open from the point of view of observers within it. The field that tunnels can experience a shorter period of slow-roll inflation[18] after the tunneling event which can bring the bubble universe close to Ω = 1 and define the perturbation spectrum on smaller scales. Because of the early period of old inflation the pre-tunneling cosmic state is uniquely determined, and this allows the perturbations in the bubble universe to be well determined on all observable scales with no ambiguities.

When first introduced the open inflation models seemed a bit artificial (although it really was a matter of taste whether one considered them more so than “typical” slow-roll inflation models). Today, the landscape picture that is emerging from string theory suggests that the cosmology for a universe in any one of the many metastable vacua universally starts with a tunneling event preceded by a long period of old inflation in the (false) vacuum of the previous landscape location. Although there still are a number of unresolved questions, this picture certainly suggests that the Open Inflation model of Bucher et al. may well be the universal cosmology seen by an observer in the string theory landscape.[35]

Our main motivation is the string theory landscape, but we also note that the puzzling low quadrupole and octopole (C_2 and C_3) in the WMAP first year data suggest that interesting information might be lurking in the cosmic perturbations on large scales[31, 32]. Since the open inflation perturbation spectrum depends not only on Ω_0, but on the curvature of the inflaton potential during the period of old inflation (before tunneling) in principle we could read information about the physics of the universe before the big bang from large scale cosmological data.

With these motivations, we have undertaken a calculation of the CMB temperature anisotropies in Open Inflation models. Unfortunately, our results show that the differences between the open inflation results and the generic formula used in most cosmology papers is immeasurably small for realistic cosmological parameters. Thus we have nothing new to add to the interpretation of cosmological data. In particular, at least as far as the Open Universe models go, the standard determination of the value of Ω_0 and other cosmological parameters is unaltered, and there is no opportunity to measure new parameters from other parts of the string theory landscape. Of course this also means that we cannot rule out open inflation models with realistic values of Ω_0. The one caveat is that our work assumes that the thin wall approximation gives a valid treatment of the tunneling event. It is possible that corrections to this approximation could lead to a more interesting result.

It is also possible that a deeper understanding of the string theory landscape could lead to other kinds of predictive power in connection with open inflation. For example, a “most likely” form for the inflaton driving the post-tunneling period of new inflation could emerge, which in turn could lead to specific signature in the CMB power. This is not the effect we consider in this paper, which is devoted to effects generic to all open inflation models.

I. THE PRIMORDIAL POWER SPECTRUM

The primordial power spectrum for Open Inflation presented in [16] is

P_χ(β) = 9 4π^2 ( H^3 V,_ϕ )_2 1 β(β^2 + 1) × e^{πβ} + e^{−πβ} +^{|C2|}_{C1} (_{β+i} β−i e^{iφ̄} +^{β−i}_{β+i} e^{−iφ̄} ) e^{πβ} − e^{−πβ} (1) where k is the co-moving wavenumber which is related to β and the curvature K by k^2 = β^2 − K. With the usual normalization, k^2 = β^2 + 1. The field variable that gives the density fluctuations is χ, and C_1 and C_2 are parameterized by

C_1 = 2π cosh^2[ξ̄(β)] (2)

C_2 = 2π cosh[ξ̄(β)] sinh[ξ̄(β)]e^{iφ̄} (3)

The definitions of C_1 and C_2 are

C_1 = 2π [ 1 + sin^2(πν^′) sinh^2(πβ) ] (4)

C_2 = 2π sin(πν^′)Γ(iβ − ν^′)Γ(1 − iβ) sinh^2(πβ)Γ(−iβ − ν^′)Γ(1 + iβ) × (cosh(πβ) sin(πν^′) − i sinh(πβ) cos(πν^′)) (5)

with ν^′ =

√_9

4 − m^2 −^1_2 . Here, m^2 is the false vacuum effective mass squared (the second derivative of the potential during the false vacuum inflation) in plank mass units. It is then more direct to express the power spectrum as

P_χ(β) = 9 4π^2 ( H^3 V,_ϕ )_2 1 β(β^2 + 1) × [ coth(πβ) +

(β^2 − 1)Re(C_2) − 2βIm(C_2) C_1(β^2 + 1) sinh(πβ) ]

(6)

In open inflation, rather than having k^2χ relating to the density fluctuations, we have (β^2 − 4K)χ so the primordial power spectrum with be

P (β) =

(β^2 + 4)^2 β(β^2 + 1) × [ coth(πβ) +

(β^2 − 1)Re(C_2) − 2βIm(C_2) C_1(β^2 + 1) sinh(πβ) ]

(7) compared to the standard [33]

P (β) =

(β^2 + 4)^2 β(β^2 + 1) (8) Thus, all that is necessary to compare Open Inflation predictions with the standard results is to insert the bracketed term into the initial power spectrum in the cmbopen subroutine of CMBfast[34]. The bracketed term quickly approaches unity for β > 1 (wavelengths smaller than the curvature scale), so it effects the very largest scales with out changing anything on small scales. For concreteness we take a tilt of unity (n_s = 1).

II. EVALUATION

To evaluate the CMB anisotropies from Open Inflation, the program CMBfast [34] was used to calculate CMB temperature power spectra, and an expression for the bracketed term was inserted into the subroutine cmbopen. As illustrated in Fig. 1, we explored the dependence of the bracketed term on the false vacuum mass and found that it controlled an oscillation in the bracketed term with respect to β. We found that m^2 = 4.5M^2_p yielded the strongest suppression of power at small wave number (of interest because of the WMAP anomalies).

An important feature to note is that the open power spectrum tends toward zero at very small wave numbers without the bracketed term, leaving only a limited window of wavenumbers for which the bracketed term has any effect. The bracketed term does diverge for most choices of m^2 as wavenumber goes to zero, but not fast enough to overcome the rest of the power spectrum. This limits the effect of increasing the curvature on the power spectrum. Also note that, for m^2 = 4.5M^2_p , the bracketed term does not appear to diverge, but rather tends toward zero with no oscillation.

A wide range of curvatures were tested, comparing power spectra obtained from identical parameters with and without the correction. A best fit for parameters with a prior on Ω_{tot} not being readily available[36], the choice of the parameters for these trials is a bit arbitrary. However, the effect of Open Inflation should be independent of all but the curvature scale, and we are comparing spectra that differ only by the inclusion or exclusion of

FIG. 1: Above is a plot of the bracketed term (top) and its effects on the open universe primordial power spectrum (bottom). As you can see, the different m^2 values give the bracketed term different oscillations. The m^2 = 4.5 plot is represented in each graph as the thick solid line; the thick dotted line is the power spectrum without the bracketed term.

the extra term that distinguishes Open Inflation. Given the small size of the difference the bracketed term generated, which are summarized in Table I, these concerns are largely unimportant.

Ωtot % decrease in C2 .99 ∼.01% .98 .02% .95 .08% .90 .20% .85 .25% .80 .27%

TABLE I: This table details the percent decrease in C2 , the l = 2 value of power, caused by including the open inflation corrections with false vacuum mass m^2 = 4.5 in plank units, as this value has the most effect on the primordial power spectrum. The first two entries were done using CMBfast with the best fit parameters given by the WMAP team, with the dark energy density reduced to achieve the stated total density. The rest were done simply using the CMBfast default settings with dark energy reduced. All had no re-ionization. We chose C2 to show here because the effect on the other multipoles was even less significant. The effect on the Cl’s is much less dramatic than on the quantities shown in the plots because the Cl ’s depend on the power at many values of β, not just at β ≈ 1 where the effect on the power is most pronounced. The effect of the correction should depend on curvature and mass alone, so the values given will at least approximate those for any model with that curvature.

III. CONCLUSIONS

The effects of Open Inflation on the CMB power spectrum are very small compared to the cosmic variance for the effected observables (Table 1 shows that the most effected observable, C_2, experiences less than a 1% change, while it has a cosmic variance O(50%)). We conclude that the generic form for perturbations from Open Inflation are not distinguishable in the CMB temperature anisotropy power spectrum from perturbations given by the standard formula used throughout the literature. Thus this data cannot be used to identify evidence for or against Open Inflation or measure parameters in other vacuua in the proposed string theory landscape that might be reflected in the Open Inflation primordial spectrum. Also, the general differences between the Open Inflation power spectrum and the standard version are so small that simply choosing between the two will not significantly impact constraints on cosmological parameters from CMB data. However, if our theoretical understanding evolves to the point where specific inflaton potentials are strongly preferred, a greater distinguishability between the two types of inflation might possibly emerge. We note that the power spectrum derived in [16] uses a thin wall approximation that may not be valid in many theories, and the effect of relaxing this assumption is unknown.

Acknowledgments

We acknowledge helpful discussions with M. Bucher, N. Kaloper, M. Kaplinghat, L. Knox and especially with L. Susskind who stimulated our interest in this topic. This work was supported in part by DOE grant DE- FG03-91ER40674.

[1] J. Garriga, Phys. Rev. D 54, 4764 (1996) [arXiv:gr-qc/9602025].

[2] M. Sasaki and T. Tanaka, Phys. Rev. D 54, 4705 (1996) [arXiv:astro-ph/9605104].

[3] J. Garcia-Bellido and A. R. Liddle, model,” Phys. Rev.

D 55, 4603 (1997) [arXiv:astro-ph/9610183].

[4] models,” Phys. Rev. D 56, 616 (1997) [arXiv:astro-ph/9702174].

[5] J. Garcia-Bellido, CMB,” Phys. Rev. D 56, 3225 (1997) [arXiv:astro-ph/9702211].

[6] J. Garriga, X. Montes, M. Sasaki and T. Tanaka, bubble open Nucl. Phys. B 513, 343 (1998) [arXiv:astro-ph/9706229].

[7] J. Garcia-Bellido, J. Garriga and X. Montes, Phys. Rev.

D 57, 4669 (1998) [arXiv:hep-ph/9711214].

[8] J. Garriga, X. Montes, M. Sasaki and T. Tanaka, universe,” Nucl. Phys. B 551, 317 (1999) [arXiv:astro-ph/9811257].

[9] J. Garcia-Bellido, J. Garriga and X. Montes, Phys. Rev.

D 60, 083501 (1999) [arXiv:hep-ph/9812533].

[10] A. D. Linde, M. Sasaki and T. Tanaka, Phys. Rev. D 59, 123522 (1999) [arXiv:astro-ph/9901135].

[11] C. L. Bennett et al., Astrophys. J. Suppl. 148, 1 (2003) [arXiv:astro-ph/0302207].

[12] D. H. Lyth and E. D. Stewart, Phys. Lett. B 252, 336 (1990).

[13] B. Ratra and P. J. E. Peebles, Astrophys. J. 432, L5 (1994).

[14] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, Phys.

Rev. D 68, 046005 (2003) [arXiv:hep-th/0301240]. [15] M. Bucher, A Goldhaber, and N. Turok, Open universe from inflation, Phys. Rev. D 52 3314 (1995) [16] M. Bucher, and N. Turok, Open inflation with an arbitrary false vacuum mass, Phys. Rev. D 52 5538 (1995) [17] A. H. Guth, Phys. Rev. D 23, 347 (1981). [18] A. Linde, Phys. Lett. B 108, 389 (1982); A. Albrecht and P. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982).

[19] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, JCAP 0310, 013 (2003) [arXiv:hep-th/0308055].

[20] G. Dvali and S. Kachru, arXiv:hep-th/0309095. [21] J. P. Hsu, R. Kallosh and S. Prokushkin, JCAP 0312, 009 (2003) [arXiv:hep-th/0311077].

[22] A. Buchel and R. Roiban, Phys. Lett. B 590, 284 (2004) [arXiv:hep-th/0311154].

[23] H. Firouzjahi and S. H. H. Tye, Phys. Lett. B 584, 147 (2004) [arXiv:hep-th/0312020].

[24] L. Pilo, A. Riotto and A. Zaffaroni, arXiv:hep-th/0401004.

[25] A. Linde, arXiv:hep-th/0402051.

[26] M. R. Garousi, M. Sami and S. Tsujikawa, massive scalar field on the arXiv:hep-th/0402075.

[27] C. P. Burgess, J. M. Cline, H. Stoica and F. Quevedo, arXiv:hep-th/0403119.

[28] M. Berg, M. Haack and B. Kors, in string theory,” arXiv:hep-th/0404087.

[29] A. Buchel and A. Ghodsi, arXiv:hep-th/0404151. [30] K. Dasgupta, J. P. Hsu, R. Kallosh, A. Linde and M. Zagermann, arXiv:hep-th/0405247.

[31] G. Hinshaw et. all, astro-ph/0302217. [32] D. N. Spergel et. all, astro-ph/0302209 [33] M. Zaldarriaga, U. Seljak, E. Bertshinger, astro-ph/9704265 Data available at http://lambda.gsfc.nasa.gov [34] M. Zaldarriaga, U. Seljak, CMBFast4.5.1 [35] Others have considered inflation in the string theory landscape (see for example [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]). Linde gives a nice review in sections 11 and 12 of [25]. For the most part these authors have sought a sufficiently large amount of new inflation at the onset of the big bang to make the issues raised here unimportant (that is, to make Ω0 very close to unity). We have no argument against that approach, although in general it seems no easier to arrange potentials for long periods new inflation in the landscape picture than in other frameworks. The motivation for this paper is that models with slightly smaller values of Ω0 might be considerably more interesting. In fact, any argument that the generic instance of inflation would tend to be short (as some have made in the landscape context) would favor a large effect of the sort we discuss here.

[36] Given the overall disappointing nature of our results, it was not worth the effort to undertake a full-scale optimization in a large parameter space