arXiv:1304.3648v1 [hep-th] 12 Apr 2013

Super-Inflation, Non-Singular Bounce, and Low Multipoles

Tirthabir Biswas^1 and Anupam Mazumdar^2 1Physics Department, Loyola University, Campus Box 92, New Orleans, LA 70118 2Consortium for fundamental physics, Lancaster University, Lancaster, LA1 4YB, United Kingdom

In this paper we present a simple argument that shows a non-singular bouncing cosmology naturally yields an era of super-inflation which can precede the phase of normal potential driven inflation. One of the consequences of a super-inflation phase is that it might be able to account for suppressing the low multipole in the amplitude of the cosmic microwave background radiation. We are able to constrain the number of e-folds of super-inflation from the current Planck data to be roughly 3 e-folds in a model independent way.

The recent results from WMAP [1] and Planck [2] on cosmic microwave background (CMB) radiation suggest lack of power at large angular scales or at very low multipoles, i.e. l ≤ 40. Although these data points are well within our cosmic variance and statistically their significance is still low, the power deficit is not insignificant, around 5 − 10% at 2.5 − 3 σ as compared to the 6 parameter fit of ΛCDM model [2]. This lack of amplitude of power spectrum on very large angular scales is intriguing and perhaps it might be shedding some light on yet to be understood physics at the earliest epochs.

Since the temperature anisotropy is typically given by the fluctuations in the scalar field whose energy density is dominating the early universe. In the simplest scenario of a slow roll inflation,

P^{1/2}_Φ ∼ δT T ∼ δρ ρ ∼ 10^{−5} , (1)

Naively, one might expect to increase ρ while keeping the fluctuations δρ nearly constant in order to suppress the power spectrum. However this procedure fails. Typically, increasing ρ during inflation would be a daunting task. In an absence of any other degrees of freedom, the energy density of the inflaton cannot in general increase unless we are willing to violate the coveted energy conditions^1.

The aim of this paper is to provide a very simple mechanism for suppressing the low multipoles by an era of super-inflaion, with dH(t)/dt > 0. The concept of superinflation contradicts the common intuition. One cannot increase the value of H(t) as it would mean an increase in ρ(t) in an expanding universe. A rapid acceleration

1 Some exceptions have been noted. In principle on can try to play with both δρ and ρ to make the power spectrum blue shifted and then red shifted. This can be arranged in multi field scenarios, such as [3], or in stochastic inflation [4], where some Hubble patches increase their energy density while some lower, or via fast roll inflation which precedes the slow-roll inflation [5]. The latter scenario suppresses the power spectrum during the fast roll phase by keeping the Hubble parameter constant while increasing the velocity of the scalar field which suppresses the amplitude, see [6]. The inflection point inflation models [7] can also lead to modify the spectral tilt at low multipoles from blue-to-red tilt as shown in Ref. [8].

can only dilute the energy density or the number density, even a cosmological constant is only able to retain it’s constancy of vacuum energy density. The challenge is to pump even more energy into the universe, but from where?

Such a scenario cannot be achieved within Einstein’s theory of general relativity (GR). One needs to modify GR in the ultraviolet (UV) in order to yield a phase of super-inflation. At low energies, or in the infrared (IR), then one would naturally obtain GR with all its success, which will also keep a subsequent phase of inflation within the realm of GR.

One advantage of super-inflation will be that it can modify the spectral tilt at low l by making it towards blue-tilt before the conventional slow roll inflation kicks in with a decreasing H(t), which is known to yield a red-tilted spectrum. The prediction for a super-inflating phase arises in any non-singular bouncing cosmology which we will discuss below.

Any mechanism which attempts to explain the cosmological singularity problem within a semi-classical spacetime description will naturally yield an era of super inflation where H(t) is increasing with time. By semi-classical we simply mean that we are able to approximately formulate the dynamics of quantum gravity in terms of a metric theory of space-time, possibly with higher derivative corrections. If such a description remains valid at energy scales we are interested in, then there are only two ways to avoid the singularity to prevent the scale factor of the universe approaching 0, i.e. a(t) → 0^2:

• Non-singular bounce: where we can have a bounce where the universe transits from a contracting to an expanding phase at some finite cosmological time.

• Emergent universe: we can have an emergent universe [9] where as t → −∞, a(t) → non-zero constant.

2 In Ref. [13] it was argued that in loop-quantum gravity one can also yield super-inflation.

In either case there exists a phase when Ḣ > 0. For a bouncing case this can be seen very easily – H(t) is precisely zero at the bounce, and then it becomes more and more positive after the bounce:

ȧ = 0 , ä > 0 ⇒ Ḣ = ä a − ȧ^2 a^2

> 0 at the bounce , (2)

where^′a^′ is the scale factor and dot denotes time derivative w.r,t the physical time,^′t^′.

Since a non-singular bounce arises from the modification of GR, hence this trend in increasing H(t) continues till the modifications of GR fades away gradually in the IR (ȧ, ä,

...a . . . becoming small compared to the scale of quantum gravity, which could be presumably one or two orders of magnitude smaller than the Planck scale), thus leaving only GR in IR. Once this happens there is a turn-over in the expansion rate of the universe, H(t) starts to decrease, entering the usual slow-roll phase of inflation due to the slowly rolling inflaton, for a review see [10], which must be embedded within the visible sector [7, 11, 12] in order to match the success of thermal history of the universe.

We are aware of one particular non-singular bouncing scenario that can be constructed analytically within a string-theory inspired nonlocal higher derivative extension of Einstein’s GR which is covariant and ghost free construction, see [14–18], which we will briefly mention below.

In order to understand intuitively how a superinflationary phase can explain the deficit in the primordial power spectrum seen by both WMAP [1] and Planck [2], let us first consider perturbations of a canonical scalar field which obeys the Klein-Gordon equation:

δ̈ϕ_k + 3Hδ̇ϕ_k + [( k a )_2 + V^{′′}(ϕ) ] δϕ_k = 0 , (3)

Here ’dot’ denotes derivative w.r.t. time and ’prime’ denotes derivative w.r.t. ϕ. We emphasize that this equation does not rely on GR and therefore remains valid even if we modify GR in the UV. It is well known that approximately the amplitude of any given comoving mode freezes once it crosses the Hubble radius at a value given by δϕ_k ∝ H k^{3/2} (4) provided that these perturbations were seeded by the quantum Bunch-Davis vacuum fluctuations of the scalar field deep in the UV/sub-Hubble regime. The above Eq. (4) leads to a slightly red-tilted power spectrum, P_ϕ, which is given by:

P^{1/2}_ϕ ∝ H_k M_p , (5)

in the standard slow-roll inflationary models. The red tilt (n_s < 1) arises from the fact that the Hubble parameter slowly decreases with time as the scalar field gently rolls downwards to its potential, and H ∝ √ V . H_k, refers to the Hubble parameter when a given mode crosses the Hubble radius. This yields a well-known form of the power-spectrum:

P_ϕ = A ( k k_p )_{ns−1} (6) where k_p denotes the pivot scale, and the spectral tilt n_s is given in terms of the slow roll parameters:

n_s = 1 + 2η − 6ϵ , ϵ ≡ ( M_pV^′ V )_2 , η ≡ M^2_p V^{′′} V . (7)

From Eqs. (4, 7), it is clear that if we have a phase of super-inflation where H(t) increases with time for a certain period, the tilt of the spectrum would be mostly blue (n_s > 1). Let us consider a simple illustrative example with a scale factor which is geodesically complete:

a(t) = cosh λt , (8)

which is a solution arises within nonlocal theories of gravity, first pointed out in Ref. [14]. For Eq. (8) the Hubble parameter becomes:

H(t) = λ tanh λt (9)

So, for large times the space-time asymptotes to a de- Sitter universe, a(t) ∼ e^{λt}, and H approaches λ from below., increasing with time. To reiterate, one would definitely need to modify GR in the ultraviolet (UV) in order to realize such a solution, but as soon as GR becomes the dominant theory in the infrared (IR), the Hubble parameter would reach a maximum value and then it will start to decrease according to the GR dynamics.

Now we wish to discuss the transition from a blue (n_s > 1) to a red-tilted (n_s < 1) spectrum expected in any bouncing scenarios. To simplify our discussion let us first note that in most modified gravity scenarios, one can capture the effects of the “quantum gravity terms” as additional contributions in the energy momentum tensor (see, for instance Ref. [18]):

Ḣ = − 1 2M^2_p

(ρ_ϕ + p_ϕ + ρ_q + p_q) , (10)

where we have now included the higher derivative terms of the scale factors contained in the modified Einstein tensor as an effective energy density, ρ_q, and its corresponding pressure, p_q, along with the usual energy density and pressure contributions from the inflaton field ϕ. The modification in GR in the UV, ρ_q, p_q, is mainly responsible for driving a super-inflationary phase where Ḣ > 0.

For a hyperbolic cosine bounce such as Eq. (8), this can be directly computed from the behaviour of the bouncing scale factor:

|ρ_q + p_q| ≈ 2M^2_p λ^2sech^2λt (11)

One expects a transition from the UV regime to slow-roll inflationary GR regime to occur once the driving force from the inflation field, controlled by

|ρ_ϕ + p_ϕ| = ϕ̇^2 , (12)

overwhelms the UV regime:

ϕ̇^2 ≈ 2M^2_p λ^2sech^2λt (13)

Now, one can express the left hand side in terms of the slow roll parameter and the potential energy, V ≈ 3M^2_p λ^2:

ϕ̇^2 = ( V^′ 3H )_2 = ( V^{′2}M^2_p 3V )_2 = 2 3 ϵV = 2ϵM^2_p λ^2 , (14)

so that the epoch of transition is given by an implicit relation^3

ϵ = sech^2λt = 1 1 + (k_{max}/λ)^2

. (15)

As we can see during the super-inflation phase H(t) increases, which would indicate an increase in the power as larger k modes exit the Hubble patch till k = k_{max}, after which we would get the usual red-tilted power-law spectrum.

There is however one subtle point in going over from P_ϕ given by Eq. (5) to the power spectrum for metric fluctuations P_Φ, where Φ being the metric potential. In the standard inflationary cosmology one has to use GR equations for this purpose. This relation can become modified if one goes beyond the GR paradigm, which one must in order to obtain a bounce. However, as already argued, the modes which are of phenomenological interest, exit the Hubble radius just before the commencement of the GR regime and therefore is expected to have minimal modifications.

Moreover, in many bounce models, such as based on non local modifications to GR [14, 15], the perturbation equations remains unchanged for the regimes in question [16], as a consequence of the fact that these theories do not introduce any new degrees of freedom [16]. With the above caveat in mind we will in this paper continue to use Eq. (5), a more detailed study would need the specifics of the different bounce mechanisms in question, which we leave for future investigation.

Let us now estimate the expected spectrum for the hyperbolic cosine bounce. Although for definiteness we use Eq. (8), the same algorithm can be used to obtain the spectrum for any other type of bounce. In order to

3 According to our convention, k, has a physical meaning, it is the physical wave number for a given mode at the bounce point.

obtain the spectral form of P_Φ, one needs to express H(t) as a function of k. This can be done by using the Hubble crossing condition:

k = aH ⇒ k = λ sinh λt (16)

Using the above, the power spectrum can be written as

P_Φ ∝ k/λ √ 1 + (k/λ)^2

(17)

Matching the super-inflationary power spectrum with the inflationary power spectrum at k = k_{max} we have the following form:

P_Φ = A (_k k_{max}

) √_{1+(kmax/λ)2}

1+(k/λ)^2 for k < kmax A (_k k_{max} )_{ηs−1} for k > k_{max}

(18)

So, we have introduced two new parameters, k_{max} and k_{max}/λ.

Let us make an estimate to see whether such a power spectrum can explain the low multipole moments. The observed reduction of power, around 10%, is over l = 2 to l = 40 range, so that approximately over k_{max}/k ∼ 10. Using the power-spectrum Eq. (18), we have the constraint

0.9 ≈ ( 1 10 ) 1 + (_{kmax} λ )_2

1 +^1_{100}

(_{kmax} λ )_2 . (19)

There indeed exists a solution and the corresponding value of the slow roll parameter: ( k_{max} λ )_2

∼ 400 ⇒ ϵ ∼ 2.5 × 10^{−3} , (20)

This is completely consistent with an inflationary cosmology. What the above numbers also tell us is that the transition happens in the near de-Sitter phase away from the bounce. If t_0 is the transition time, then from Eq. (16), we find the number of e-foldings, N , during the super-inflation

e^N ∼ sinh λt_0 ≈ 20 ⇒ a_0 ∼ a_0 = cosh λt_0 ≈ 20 (21)

In other words, by the time the l ∼ 40 mode exits, the universe has grown by a factor of 20 ( N ∼ 3 e-folds) from it’s minimal bounce size. One can also calculate λ from the observed amplitude of spectrum:

10^{−5} = λ √ ϵM_p ⇒ λ ∼ 10^{−6}M_p ∼ 10^{12} GeV . (22)

This scale will be relevant for building any visible sector model of inflation which will be a case for future investigation.

To complete the story, let us briefly discuss a particular higher derivative gravitational theory that is known to produce a hyperbolic cosine bounce considered here. Any resolution to the cosmological singularity problem must give rise to a covariant and ghost free theory of gravity in the UV, a general criteria for constructing such theories was obtained in [19]. These typically contain an infinite series of higher derivative terms (and hence the association with nonlocality) often in the form of an exponential, which are rather ubiquitous in string theory [20]. Both cosmological background solutions and their perturbations have been studied in great details for a particular sub-class of these theories in Refs. [14–16], whose actions have the form S = ∫ d^4x √ −g ( M^2_P 2 R + RF(□/M^2_∗ )R − Λ + L_M ) , (23) where Λ is the cosmological constant which is rather straight forwardly related to the λ parameter: λ = √ Λ/3M^2_p . M_∗ is the mass scale at which the higher derivative terms in the action become important and typically M_∗ ∼ Λ^{1/4}. L_M is the matter Lagrangian. F is an analytic function:

F(□/M^2_∗ ) = ∑ n⩾0 f_n□^n , (24)

where: □ ≡ g^{μν} ∇_μ∇_ν =g^{μν} ∇_μ∂_ν =^{1√}_{−g} ∂_μ ( √ −g g^{μν} ∂_ν ), and ∇_μ is the covariant derivative. For energy scale below the UV cut-off M_∗, the higher derivative theory of gravity asymptotes to the standard GR, and all the higher derivative terms become irrelevant at the infra red (IR) limit. What is particularly relevant for us is that in Ref. [16] it was shown that the perturbations behaved exactly like the metric fluctuations in GR as space-time approached the deSitter limit, which is where most of our relevant modes will be exiting the Hubble-radius. Another intriguing feature of this model was that we found that the “effective” stress energy tensor coming from the higher derivative terms have a non-vanishing anisotropic stress at the perturbative level.

To summarise, we have argued that an era of superinflation preceding normal inflation can possibly render the blue spectrum (n_s > 1) for the cosmological perturbations which might help to explain the low multipoles of the CMB observed in WMAP [1] and Planck [2]. However the concept of super-inflation cannot be realized in the context of GR, one requires an UV modification of GR, which leads to a non-singular bouncing cosmology. Therefore super-inflation is a generic prediction, or, a signature of a non-singular bouncing cosmology, which can help us to understand the very early epochs of the universe just at the time when scalar potential driven inflation has kicked in.

Acknowledgements: TBs research has been supported by the LEQSF(2011-13)-RD-A21 grant from the Louisiana Board of Regents. AM is supported by the Lancaster-Manchester-Sheffield Consortium for Fundamental Physics under STFC grant ST/J000418/1.

[1] C. L. Bennett, D. Larson, J. L. Weiland, N. Jarosik, G. Hinshaw, N. Odegard, K. M. Smith and R. S. Hill et al., arXiv:1212.5225 [astro-ph.CO].

[2] P. A. R. Ade et al. [ Planck Collaboration], arXiv:1303.5075 [astro-ph.CO].

[3] A. R. Liddle, A. Mazumdar and F. E. Schunck, Phys.

Rev. D 58, 061301 (1998) [astro-ph/9804177]. A. Mazumdar, S. Panda and A. Perez-Lorenzana, Nucl. Phys. B 614, 101 (2001) [hep-ph/0107058].

[4] M. Liguori, S. Matarrese, M. Musso, A. Riotto, JCAP 0408, 011 (2004) [astro-ph/0405544].

[5] C. R. Contaldi, M. Peloso, L. Kofman, A. D. Linde, JCAP 0307, 002 (2003) [astro-ph/0303636].

[6] A. D. Linde, JHEP 0111, 052 (2001) [hep-th/0110195]. [7] R. Allahverdi, K. Enqvist, J. Garcia-Bellido, A. Jokinen and A. Mazumdar, JCAP 0706, 019 (2007) [hepph/0610134]. K. Enqvist, A. Mazumdar and P. Stephens, JCAP 1006, 020 (2010) [arXiv:1004.3724 [hep-ph]].

[8] R. K. Jain, P. Chingangbam, J. -O. Gong, L. Sriramkumar and T. Souradeep, JCAP 0901, 009 (2009) [arXiv:0809.3915 [astro-ph]].

[9] G. F. R. Ellis, R. Maartens and , Class. Quant. Grav. 21, 223 (2004) [gr- qc/0211082]. G. F. R. Ellis, J. Murugan, C. G. Tsagas and , Class. Quant. Grav. 21, 233 (2004) [gr-qc/0307112].

[10] A. Mazumdar and J. Rocher, Phys. Rept. 497, 85 (2011) [arXiv:1001.0993 [hep-ph]].

[11] R. Allahverdi, K. Enqvist, J. Garcia-Bellido and A. Mazumdar, Phys. Rev. Lett. 97, 191304 (2006) [hepph/0605035]. R. Allahverdi, A. Kusenko and A. Mazumdar, JCAP 0707, 018 (2007) [hep-ph/0608138].

[12] L. Wang, E. Pukartas arXiv:1303.5351 [hep-ph]. [13] E. J. Copeland, D. J. Mulryne, N. J. Nunes and M. Shaeri, Phys. Rev. D 77, 023510 (2008) [arXiv:0708.1261 [gr-qc]].

[14] T. Biswas, A. Mazumdar, W. Siegel, JCAP 0603, 009 (2006) [hep-th/0508194].

[15] T. Biswas, T. Koivisto, A. Mazumdar, JCAP 1011, 008 (2010) [arXiv:1005.0590 [hep-th]].

[16] T. Biswas, A. S. Koshelev, A. Mazumdar, S. Y. .Vernov, JCAP 1208, 024 (2012) [arXiv:1206.6374 [astro-ph.CO]].

[17] A. S. Koshelev and S. Y. .Vernov, Phys. Part. Nucl. 43, 666 (2012) [arXiv:1202.1289 [hep-th]].

[18] A. S. Koshelev, arXiv:1302.2140 [astro-ph.CO].

A. S. Koshelev, Rom. J. Phys. 57, 894 (2012) [arXiv:1112.6410 [hep-th]].

[19] T. Biswas, E. Gerwick, T. Koivisto, A. Mazumdar Phys.

Rev. Lett. 108, 031101 (2012) [arXiv:1110.5249 [gr-qc]]. [20] E. Witten, Nucl. Phys. B 268 (186) 253; A. Sen, JHEP 0204 (2002) 048 [hep-th/0203211]; A. Sen, JHEP 0207 (2002) 065 [hep-th/0203265]; W. Taylor and B. Zwiebach, [hep-th/0311017].