arXiv:1306.4914v2 [hep-th] 1 Jul 2013

Reconciliation of High Energy Scale Models of Inflation with Planck

Amjad Ashoorioon^1, Konstantinos Dimopoulos^1, M. M. Sheikh-Jabbari^2 and Gary Shiu^{3,4} 1 Consortium for Fundamental Physics, Physics Department, Lancaster University, LA1 4YB, United Kingdom.

2 School of Physics, Institute for Research in Fundamental Sciences (IPM), P .O. Box 19395-5531, Tehran, Iran 3 Department of Physics, University of Wisconsin, Madison, WI 53706 and 4 Center for Fundamental Physics and Institute for Advanced Study, Hong Kong University of Science and Technology, Hong Kong

The inflationary cosmology paradigm is very successful in explaining the CMB anisotropy to the percent level. Besides the dependence on the inflationary model, the power spectra, spectral tilt and non-Gaussianity of the CMB temperature fluctuations also depend on the initial state of inflation. Here, we examine to what extent these observables are affected by our ignorance in the initial condition for inflationary perturbations, due to unknown new physics at a high scale M. For initial states that satisfy constraints from backreaction, we find that the amplitude of the power spectra could still be significantly altered, while the modification in bispectrum remains small. For such initial states, M has an upper bound of a few tens of H, with H being the Hubble parameter during inflation. We show that for M ∼ 20H, such initial states always (substantially) suppress the tensor to scalar ratio. In particular we show that a general choice of initial conditions can satisfactorily reconcile the simple^1_2 m^2ϕ^2 chaotic model with the Planck data [1].

The increasingly precise cosmic microwave background (CMB) measurements [1], in combination with other cosmological data, have ushered us into a precision early Universe cosmology era: The power spectrum of CMB temperature fluctuations is measured to have an amplitude of order 10^{−5}. The spectrum is almost flat, with a few-percent tilt toward larger scales (i.e., red spectrum) and is almost Gaussian. Moreover, the B-mode polarization in the CMB fluctuations, which is an indicative of primordial gravity waves, has not been observed with 10% accuracy or better. A part of this cosmic data, which we will discuss further below, is summarized in Fig. 1.

Inflation is by far the leading paradigm in explaining the CMB temperature anisotropy. This paradigm, that the early Universe has gone through a period of accelerated expansion, can be realized in concrete models formulated within effective (quantum) field theory coupled to gravity. Inflation thus provides an interesting link between short distance physics and cosmological observations. In the inflationary picture, the CMB fluctuations can be traced back to the quantum fluctuations during inflation [2]: quantum effects are stretched to cosmological size due to the quasi-exponential expansion of inflation. As the pattern of quantum fluctuations depends on the microphysics of inflation, precision data from the CMB and other cosmological measurements thus allow us to constrain or rule out inflationary models.

However, predictions of inflationary models for the CMB temperature anisotropy depend not only on details of the model itself, but also on the initial state of the quantum fluctuations. It is usually assumed that these fluctuations start in the Bunch-Davis (BD) vacuum, as they are expected to be in a minimum energy state when they are produced inside the horizon of an inflationary background. However, various well-motivated early universe physics, e.g. effects of high energy cutoff [3] and multi-field dynamics [4] can place these fluctuations in an excited state, i.e., a non-BD initial state.

In this Letter, we discuss how a non-BD initial state in a consistent theoretical setup can crucially affect the implications of cosmic data for inflationary models. In particular, we show that the simplest inflationary model, the quadratic chaotic inflation model [5] in BD vacuum, which is disfavored by the current Planck mission data [1], can still be a viable model of inflation with a very good agreement with the data if the fluctuation start in a non-BD state.

An excited initial state can in principle affect the background inflationary dynamics (through the backreaction of the perturbations) as well as the CMB temperature anisotropy. To this end we recall some results of cosmological perturbation theory, whose details may be found in [2]. Let us consider the simplest single scalar field inflationary model:

L = −

M^2_{pl} 2 R − 1 2 ∂_μϕ∂^μϕ − V (ϕ) (1) where M^{−2}_{pl} = 8πG_N is the reduced Planck mass. While true in more general cases, we will focus on the quadratic chaotic model, V (ϕ) =^1_2 m^2ϕ^2, in most of our analysis. The metric scalar and tensor perturbations can be parameterized as

ds^2 = a^2(τ) [ −(1 + 2Φ)dτ^2 + ((1 − 2Ψ)δ_{ij} + h_{ij} ) dy^idy^j ] , where Φ and Ψ are the scalar Bardeen potentials and h_{ij} is a symmetric divergence-free traceless tensor field, h^i = 0, ∂^ih_{ij} = 0. The inflaton field is also perturbed about its homogeneous background value

ϕ(τ) = ϕ_{hom.}(τ) + δϕ. (2) where ϕ_{hom.}(τ) is the homogeneous part of the inflation which satisfies δϕ ≪ ϕ_{hom.}(τ) and the perturbed Einstein equations imply Φ = Ψ. The equation of motion for the gauge-invariant scalar perturbations, the Mukhanov- Sasaki variable u(τ, y), u = −z ( a^′ a δϕ ϕ^′ + Ψ ) , z ≡ aϕ^′ H , H ≡ a^′ a , (3) is u^{′′}_k + ( k^2 − z^{′′} z ) u_k = 0 , (4)

where prime denotes derivative w.r.t. conformal time τ and u_k(τ) is the Fourier mode of u(τ, y). For a quasi-de- Sitter background a(τ) ≃ − 1 Hτ (5) where H is the Hubble constant and ϵ ≡ 1 − H^′ H^2 ≪ 1 , η ≡ ϵ − ϵ^′ 2Hϵ ≪ 1, (6)

the most generic solution to (4) in the leading order in slow-roll parameters ϵ, η is of the form of Bessel functions:

u_k(η) = α^S_k (−τ)^{1/2}H^{(1)}_{3/2}(−kτ) + β^S_k (−τ)^{1/2}H^{(2)}_{3/2}(−kτ). (7) H^{(1)}_{3/2} and H^{(2)}_{3/2} are respectively Hankel functions of the first and second kind. The terms proportional to α^S_k and β^S_k respectively behave like the positive and negative frequency modes. These Bogoliubov coefficients satisfy the Wrosnkian (or canonical normalization) constraint

|α^S_k |^2 − |β^S_k |^2 = 1. (8)

The standard BD vacuum corresponds to α^S_k = 1 and β^S_k = 0. As discussed, one may start with a generic non- BD excited initial state, i.e. a generic α_k, β_k.

In the BD vacuum the energy density and pressure carried away from the inflationary background by the frozen-out perturbations in an e-fold is δρ_0 ∼ H^4, where H is Hubble during inflation. The energy density and pressure of the background, on the other hand, as implied by Friedmann equation is ρ_0 = 3M^2_{pl}H^2. To make sure that the backreaction is small, δρ_0 should be smaller than the decrease in the background energy density due to expansion in an e-fold Δρ_0 ∼ ϵρ_0 ∼ ϵH^2M^2_{pl}. That is, δρ_0 ≪ Δρ_0 ∼ ϵρ_0. This condition is satisfied if H^2 ≪ M^2_{pl}ϵ which is expected to be satisfied for almost all single field inflationary models, recalling the COBE normalization.

For a generic initial state, however, the energy or pressure density carried by the perturbations is

δρ_{non-BD} ∼ 1 a(τ)^4 ∫_∞ H d^3k (2π)^3 1 2 (|α^S_k |^2 + |β^S_k |^2 − 1)k , (9) and δp_{non-BD} ∼ δρ_{non-BD}. One may see that δρ^′_{non-BD} ∼ δp^′_{non-BD} ∼ Hδρ_{non-BD} in the leading slow-roll approximation. The backreaction will not derail slow-roll inflationary background if

δρ_{non-BD} ≪ ϵρ_0 , δp^′_{non-BD} ≪ ηϵρ_0 . (10)

Note that the normalization condition (8), assuming slow-roll, may be written in terms of β_k ∫_∞ H d^3k (2π)^3 k|β^S_k |^2 ≪ ϵηH^2M^2_{pl} . (11)

We now analyze the effects of the non-BD initial state on the scalar and tensor modes power spectra. The scalar power spectrum is defined as

P_S = k^3 2π^2 | | | u_k z | | |^2_{k/H→0} . (12)

which for simple chaotic models reduces to

P_S = P_{BD} γ_S , (13)

where

P_{BD} = 1 8π^2ϵ ( H M_{pl}

)_2

, γ_S = |α^S_k − β^S_k |^2_{k=H} . (14)

Note that the dependence of the power spectrum on α_k, β_k is different than that of the energy density of the modes (9). From (13) one also sees that the spectral tilt n_s − 1 ≡ d ln P_s/d ln k can in principle be affected by the choice of initial conditions. However, in our analysis here we restrict ourselves to cases where the spectral tilt is not affected.

Likewise, one may repeat a similar analysis for the tensor perturbations h_{ij} . The tensor mode perturbations are also given by Hankel functions:

h_k(τ) = α^T_k (−τ)^{1/2}H^{(1)}_{3/2}(−kτ) + β^T_k (−τ)^{1/2}H^{(2)}_{3/2}(−kτ), (15) where h_k(τ) is the Fourier mode of the amplitude of either of the gravity wave polarizations. The tensor power spectrum is then given by

P_T = P^T_{BD} γ_T , (16) and P^T_{BD} = 2 π^2 ( H M_{pl}

)_2

, γ_T = |α^T_k − β^T_k |^2_{k=H} , (17)

where α^T_k and β^T_k satisfy the normalization condition |α^T_k |^2 − |β^T_k |^2 = 1. The tensor-to-scalar ratio is then r ≡ P_T P_S = 16γϵ, γ = γ_T γ_S = | | | α^T_k − β^T_k α^S_k − β^S_k | | | 2 . (18)

Since in our analysis the tensor initial state parameters α^T , β^T and those of the scalars are taken to be independent, we should in principle also check the smallness of the backreaction, i.e. (9) and (10), for the tensor modes.

The factor γ which parameterizes the effects of initial states can in principle be bigger or smaller than one. The α_k, β_k parameters need not be the same for the scalar and tensor modes. This can be seen from the fact that they parameterize excitations in the initial state (e.g. caused by new physics at super-Hubble scale M). The new physics, which is assumed to have a description in terms of a generally covariant effective field theory, can affect scalar and tensor sectors differently. Therefore, γ is not necessarily one. If γ is smaller than one, it will help to suppress r in models with large H, like chaotic models. This leads to an “initial state modified” Lyth bound [6] on the inflaton field range Δϕ during inflation

r ≲ 2.5 × 10^{−3} ( Δϕ M_{pl}

)_2

γ , (19)

and also a modified consistency relation r = −8γn_T . The above indicates that super-Planckian field excursions does not necessarily allow for large r, if γ ≲ 1.

As a specific example, following [9, 14], let us consider a crude model with

β_k ∝ β_0 exp { −k^2/ [Ma(τ)]^2 } (20)

(or any smooth function in which |β_k|^2 falls off as k^{−(4+δ)}). The above form roughly implies that the non- BD state kicks in at scales above M which is the scale of new physics and τ_0 marks the moment the physical momentum of the mode becomes of order of the new physics scale, k/a(τ_0) ∼ M. This choice, hence leads to no extra k-dependence in power spectra and does not change the spectral tilt. Next, we note that

δρ_{non-BD} ∼ |β_0|^2 M^4 , δp^′_{non-BD}/H ∼ |β_0|^2 M^4. (21)

Thus one obtains the following upper bound on |β_0|,

β_0 ≲ √ ϵη HM_{Pl} M^2 ∼ ϵ HM_{Pl} M^2

. (22)

As we will discuss, β_0 is not necessarily very small. Moreover, the above indicates that the upper bound on the deviation from BD initial state, measured by β_0, is inversely proportional to the scale of new physics M. Hence, larger values of M require smaller β_0.

To study this more closely, we note that the energy and the power spectra (and also the bi-spectrum) expressions only depend on relative phase of α, β. Hence, they may be parameterized as

α^S_k = cosh χ_S e^{iφS} , β^S_k = sinh χ_S e^{−iφS} ,

α^T_k = cosh χ_T e^{iφT} , β^T_k = sinh χ_T e^{−iφT} ,

(23)

With this parametrization, χ_S ≃ sinh^{−1} β_0, e^{−2χ}S ≤ γ_S ≤ e^{2χ}S , and e^{−2χ}T ≤ γ_T ≤ e^{2χ}T . Using the COBE normalization, assuming ϵ ∼ η ∼ 0.01 we learn that H M_{pl} = 1 √ γ_S 3.78 × 10^{−5} , (24)

and the backreaction condition (22) reads

M^2 H^2

≲ 220 √ γ_S sinh χ_S

. (25)

A similar analysis can be carried out for the tensor modes, assuming the same form as (20) for the β^T . While one may choose the scale of new physics M to be different for tensor or scalar modes, for simplicity we choose to work with the same M for both modes. The backreaction for tensor modes is small if

M^2 H^2

≲ 220 √ γ_S sinh χ_T

. (26)

Let us first consider a specific, but illuminating case: χ_T = χ_S = χ, φ_S = π/2 and φ_T = 0. In this case, the scalar and tensor backreaction conditions reduce to

M^2 H^2

≲ 440 1 1 − √ γ , γ = e^{−4χ} ≤ 1. (27)

Demanding γ < 0.5 leads to M ≲ 39H. Note also that one can decrease γ to arbitrary small values and that for this case H = 3.8 × 10^{−5}γ^{1/4}M_{pl}.

For a more general analysis it is convenient to distinguish two different cases:

• Quasi-BD case:, χ_S ≪ 1 and generic φ_S . In this case γ_S ∼ 1 and as physically expected, M can be arbitrarily large and H is very close to its BD value.

• Typical or large χ_S : χ_S ≳ 1. For generic values of φ_S , √γ_S ∼ e^χS sin φ_S and sinh χ_S ∼ e^χS /2. We see from (25) that M ≲ 21H. Also from (24) we note that H can be made (much) smaller than 3.78×10^{−5}M_{pl} which is its corresponding BD value. Physically, we need to ensure that M ≳ H and hence φ_S ≳ 10^{−3}. The desirable larger values of M, e.g. M ≃ 20H, is obtained if φ_S ≃ π/2, i.e. when α and β have opposite phase. For M ∼ 20H, (28) is satisfied if

2 sinh χ_T ≲ √ γ_S ≃ e^{χS} sin φ_S . (28)

From (28) we learn that χ_T can be in quasi-BD, or typical or large χ_T regions. The tensor to scalar ratio suppression factor γ is then

γ ≃

e^{−2χ}S sin^2 φ_S , χ^T ≪ 1,

e^{2(χ}T^{−χ}S^{) sin2 φT}_{sin2 φS} , χ_T ≳ 1, generic φ_T ,

e^{−2(χ}T^{+χ}S^{) 1}_{sin2 φS} , χ_T ≳ 1, tan φ_T ≲ e^{−2χ}T . (29)

That is as long as (25) and (28) hold, for any value of χ_T , γ ≲ 1.

Notice that regardless of φ-values, for large M, M ≳ H, suppression of backreaction of scalar and tensor non- BD excitation results in suppression of tensor-to-scalar ratio compared to its BD value, i.e. γ ≲ 1. We also note that the backreaction considerations only impose an upper bound on the the value of H: H/M_{pl} ≲ 3.78×10^{−5} which is its BD value for the quadratic chaotic model.

The results of the^1_2 m^2ϕ^2 model may be brought to 1σ contour of the Planck results (Fig. 1), if γ < 0.5. The above discussions show that this cannot happen for the quasi-BD χ_S case. However, typical χ’s values can do the job. For example, for M ≃ 20H, φ_S = π/2 and generic values of φ_T , γ ≃ e^{2(χ}T^{−χ}S^) sin^2 φ_T which can be made of order 0.5 or lower. Smaller values of φ_T can reduce r to much smaller values. Also in this case, if χ_T < χ_S the ratio can lowered further. As depicted in Fig. 1, non-BD initial states can bring this model back to a favorable region with the recent Planck satellite data.

FIG. 1. ns vs. r 1σ and 2σ contours, Planck results [1]. The grey shaded trapezoid region shows the acceptable region for the m^2ϕ^2 model. The upper oblique line corresponds to the BD vacuum and the Left and Right sides correspond to Ne = 50 and Ne = 60 respectively.

In view of the Planck results for non-Gaussianity [1] one should also make sure that possible enhancement of the three point function of curvature perturbation due to non-BD initial conditions is not large. The computations may be carried out following [7]. Similar analysis with non-BD initial state has appeared in [8–13]. Here, we follow the conventions in [11] where it was shown that B ≡ ⟨ζ−→_{k1} ζ−→_{k2} ζ−→_{k3} ⟩ = π^3H^4 M^2_{pl}ϵk^3_1 k^3_2 k^3

A (30)

A = ( ∑ i<j k^2_i k^2_j ) [ (1 − cos(k_tτ_0)) k_t C_1 − sin(k_tτ_0) k_t C_2

+C_3 3∑ j=1 (1 − cos(k̃_j τ_0)) k̃_j − C^4 3∑ j=1 sin (k̃_j τ_0) k̃_j ] , (31)

Here, ζ−→_{ki} are the curvature perturbations and k_t = k_1 + k_2 + k_3 and

C_1 = Re[(α^S_k − β^S_k )^3(α^S_k^{∗3} + β^S_k^{∗3})] ≃ − 3 2 cos 2φ_S sin^2 φ_S e^{4χS} ,

C_2 = Im[(α^S_k^∗ − β^S_k^∗)^3(α^S_k^3 − β^S_k^3)] ≃ − 3 2 sin 2φ_S sin^2 φ_S e^{4χS} ,

C_3 = Re[(β^S_k − α^S_k )^3(α^S_k^∗β^S_k^{∗2} + α^S_k^{∗2}β^S_k^∗)] ≃ − 1 2 cos 2φ_S cos^2 φ_S e^{4χS} ,

C_4 = Im[(α^S_k − β^S_k )^3(α^S_k^{∗2}β^S_k^∗ − α^S_k^∗β^S_k^{∗2})] ≃ − 2 3 C_2,

In the second equalities, we have given the leading contribution for typical or large χ_S ≳ 1. Recalling that H^4/ϵ ∝ P^2_S ϵγ^{−2}_S ∝ P^2_S ϵe^{−4χ}S / sin^4 φ_S and f_{NL} ≃ B/P^2_S [7, 11] the powers of e^χS cancel out in the leading contribution. Since we are interested in cases where φ_S ≃ π/2 we do not get any enhancement due to the sin φ_S factors in the denominator of the expression for f_{NL}.

For excited states two types of enhancement can occur: (i) “flattened configurations” [8] (and subsequent work [9–11]) in which k_1 + k_2 ≃ k_3 and two of the vectors are almost collinear. The enhancement for this configuration is lost for slow-roll inflation after taking into account the effect of two dimensional projection of the bispectrum to the CMB surface [9]. (ii) “local configuration” [12, 13] in which k_1 ≪ k_2 ≈ k_3. In this case there is a possibility of enhancement from the slow-roll results by a factor of k_2/k_1 [12]. We take k_2 to be the smallest wavelength probed by Planck, ℓ ≃ 2500 and k_1 the largest scale at which the cosmic variance is negligible, ℓ ≃ 10. For χ_S ≳ 1 and φ_S ≳ π/10, one obtains an amount of non- Gaussianity which is below the 2σ limit set by Planck on local f_{NL}. For example, if M is taken to be close to its maximal value, M ≃ 20H, i.e. χ_S ≳ 1 and assume that φ_S =^π_2 , one obtains

f^{local}_{NL} ≃ 0.43 (32)

which is well within 1σ viable region of the Planck results for local non-Gaussianity. For the same values of χ_S ≳ 1, only when φ_S ≲^π_{10} , the local non-Gaussianity goes beyond the 2σ limit on the local f_{NL}. However, this range of φ_S is already ruled out from the backreaction bound, eq.(25).

A.A. and K.D. (in part) are supported by the Lancaster-Manchester-Sheffield Consortium for Fundamental Physics under STFC grant ST/J000418/1. GS is supported in part by DOE grant DE-FG-02-95ER40896. M.M.Sh.-J. would like to thank the Izmir Institute of Technology (IZTECH) where a part of this work was carried out.

[1] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5082 [astro-ph.CO]; arXiv:1303.5084 [astroph.CO]; arXiv:1303.5076 [astro-ph.CO].

[2] See e.g. V. F. Mukhanov, “Physical Foundations of Cosmology”, Cambridge University Press, 2005.

[3] J. Martin and R. H. Brandenberger, Phys. Rev. D 63 (2001) 123501; A. Kempf, Phys. Rev. D 63, 083514 (2001); R. Easther, B. R. Greene, W. H. Kinney, G. Shiu, Phys. Rev. D 64, 103502 (2001); Phys. Rev. D 67, 063508 (2003); Phys. Rev. D 66, 023518 (2002); N. Kaloper, M. Kleban, A. E. Lawrence, S. Shenker, Phys. Rev. D 66, 123510 (2002); U. H. Danielsson, Phys. Rev. D 66, 023511 (2002); K. Schalm, G. Shiu, J. P. van der Schaar, JHEP 0404, 076 (2004); AIP Conf. Proc. 743, 362 (2005); A. Ashoorioon, R. B. Mann, Nucl.

Phys. B 716, 261 (2005); B. R. Greene, K. Schalm, G. Shiu, J. P. van der Schaar, JCAP 0502, 001 (2005); eConf C 041213, 0001 (2004); A. Ashoorioon, A. Kempf, R. B. Mann, Phys. Rev. D 71, 023503 (2005); A. Ashoorioon, J. L. Hovdebo, R. B. Mann, Nucl. Phys. B 727, 63 (2005); L. Hui and W. H. Kinney, Phys. Rev. D 65, 103507 (2002).

[4] G. Shiu and J. Xu, Phys. Rev. D 84, 103509 (2011);

A. Ashoorioon, A. Krause and K. Turzynski, JCAP 0902, 014 (2009); A. Ashoorioon and A. Krause, hepth/0607001.

[5] A. D. Linde, Phys. Lett. B 129, 177 (1983). [6] D. H. Lyth, Phys. Rev. Lett. 78, 1861 (1997). [7] J. M. Maldacena, JHEP 0305, 013 (2003). [8] X. Chen, M. -x. Huang, S. Kachru and G. Shiu, JCAP 0701, 002 (2007).

[9] R. Holman and A. J. Tolley, JCAP 0805, 001 (2008). [10] P. D. Meerburg, J. P. van der Schaar and P. S. Corasaniti, JCAP 0905, 018 (2009); P. D. Meerburg, J. P. van der Schaar and M. G. Jackson, JCAP 1002, 001 (2010).

[11] A. Ashoorioon and G. Shiu, JCAP 1103, 025 (2011). [12] I. Agullo and L. Parker, Phys. Rev. D 83, 063526 (2011). [13] J. Ganc, Phys. Rev. D 84, 063514 (2011); J.O. Gong, M. Sasaki, Class. Quant. Grav. 30, 095005 (2013); A. Aravind, D. Lorshbough, S. Paban, arXiv:1303.1440 [hepth]; R. Flauger, D. Green, R.A. Porto, arXiv:1303.1430 [hep-th]; M. G. Jackson, G. Shiu, arXiv:1303.4973 [hepth]; S. Kundu, JCAP 1202, 005 (2012); D. Chialva, JCAP 1210, 037 (2012).

[14] D. Boyanovsky, H. J. de Vega, N. G. Sanchez, Phys. Rev.

D74, 123006 (2006).