arXiv:1301.5699v1 [hep-th] 24 Jan 2013

YITP-13-3, IPM/A-2012/21

A Single Field Inflation Model with Large Local Non-Gaussianity

Xingang Chen^1, Hassan Firouzjahi^2, Mohammad Hossein Namjoo^{3,4}, and Misao Sasaki^4 1Centre for Theoretical Cosmology, DAMTP, University of Cambridge, Cambridge CB3 0WA, UK 2School of Astronomy, Institute for Research in Fundamental Sciences (IPM), P. O. Box 19395-5531, Tehran, Iran 3School of Physics, Institute for Research in Fundamental Sciences (IPM), P. O. Box 19395-5531, Tehran, Iran and 4Yukawa Institute for theoretical Physics, Kyoto University, Kyoto 606-8502, Japan

A detection of large local form non-Gaussianity is considered to be able to rule out all single field inflation models. This statement is based on a single field consistency condition. Despite the awareness of some implicit assumptions in the derivation of this condition and the demonstration of corresponding examples that illustrate these caveats, to date there is still no explicit and selfconsistent model which can serve as a counterexample to this statement. We present such a model in this Letter.

Primordial non-Gaussianity is an important probe of the inflation models. Different properties of non- Gaussian correlation functions can reveal different physics of the underlying models [1–3]. In this Letter we concentrate on the so-called local type non-Gaussianity. There is an important statement on how the local non- Gaussianity can be used to distinguish inflation models:

0) A detection of a large local non-Gaussian component in the bispectrum can rule out all single field inflation models [4, 5].

The size of local non-Gaussianity which can be detected with high confidence level in the near future is f^{loc}_{NL} ≫ 1. By single field inflation models, we include not only the slow-roll single field models with Bunch- Davies (BD) vacuum, but also all other inflation models that have one field responsible for both the inflation and creation of curvature perturbation. The statement 0) is based on Maldacena’s consistency condition for the single field models [6, 4],

⟨R_{k1} R_{k2} R_{k3} ⟩

→ (1 − n_s)

(2π)^7 4k^3_1 k^3

P_R(k_1)P_R(k_3)δ^3( ∑ i k_i) , (1)

in which k_3 ≪ k_1 = k_2 and R is the curvature perturbation on comoving slices, n_s is the spectral index and P_R(k) is its power spectrum per unit logarithmic momentum interval. Since the momentum-dependence on the RHS of (1), ∼ 1/k^3_1k^3 , takes the scale-invariant local form, the size of the local non-Gaussianity in the squeezed limit (k_3 ≪ k_1 = k_2) is f^{loc}_{NL} ∼ 1 − n_s, which is of order the slow-variation parameter O(ϵ) ∼ O(0.01) at the leading and non-oscillatory order. Therefore these models predict very small local non-Gaussianity.

The derivation of this condition relies on a very general assumption: for single field, the only effect of a long wavelength mode on short wavelength modes is to provide a constant rescaling of the background scale factor. Nonetheless, despite of its generality, it has been noticed that there are a couple of implicit assumptions underlying the derivation of this condition [1, 7, 8]:

A) There is no large correlation between modes when all modes are sub-horizon. So we only need to consider starting from when the long wavelength mode is outside the horizon (Sec. 9.2 in [1]);

B) The amplitude of the superhorizon mode remains constant, namely, the attractor solution is reached [4, 7].

Although it may be highly unnatural that these assumptions are broken for infinitely squeezed configuration, or in the whole 60 e-folds range of inflation, one can consider to invalidate them in a smaller range so that the condition (1) is violated up to some finitely-squeezed limit. Such a violation is relevant for realistic experiments which can only measure finitely-squeezed limits.

So we emphasize that the statement 0) and the condition (1) are not equivalent. A simple fix is to supplement the extra conditions A) and B) to the statement 0). But more interestingly it has become an important question whether we can find counterexamples to 0) by exploring the caveats A) and B). Despite of many efforts, to date no explicit and self-consistent example is known that can invalidate the statement 0), although there do exist many examples that violate the consistency condition (1) through violating the assumptions A) and/or B). The following is a brief summary of this situation.

Â) For example, subhorizon modes can have large non- Gaussian correlations if the vacuum is non-BD and has a negative energy component [9–18]. An observational signature is enhanced 3pt correlation in folded triangle configurations, which include the squeezed configuration so could have overlap with the local form. However the non-BD vacuum component in [9–11, 13–18] is put in by hand and cut off at a specific time because it cannot be extended to infinite past. This procedure is not fully selfconsistent. Around the cutoff, the full set of equations of motion are not solved. It is the assumption of this cutoff procedure that the non-Gaussian correlation is integrated starting from the cutoff, but before and especially around the cutoff, the physics may be already important if done consistently and change the final non-Gaussian profile. Indeed, in a fully consistent toy example studied in [12], the non-Gaussianity still peaks at the folded limit, but at the same time acquires an overall scale-dependence oscillatory around zero. Therefore a scale-invariant local template is not able to pick up such signals even though they violate the consistency condition at some finitelysqueezed configurations. What should happen to other possible consistent examples remains an open question.

For another example, subhorizon correlation is also possible from feature models such as the resonant model [19, 20] or sharp feature model [21–24], which can violate the condition (1) for finitely-squeezed configurations from the leading BD component. In these examples, scaledependence oscillatory around zero also exists.

B̂) The possibility of non-attractor solutions has also been explored. There are examples such that a transient stage to inflation leads to non-Gaussianities with scale-dependence oscillatory around zero [19], or examples that generate non-oscillatory (yet still strongly scale-dependent) local non-Gaussianity but only in noninflationary and contracting background [25]. Recently, a non-attractor inflation model with scale-invariant power spectrum and bispectrum is presented [7], see also [26, 27], which clearly demonstrates the compatibility between the scale-invariance and the caveat B). But the model only produces a relatively small non-Gaussianity, f^{loc}_{NL} = 2.5. Hence the statement 0) still holds.

Therefore a continued search in both possibilities, or an investigation for other possibilities [28], become very important. Especially if such a local component were discovered in future observations, these studies would help us to understand its precise implications.

In the rest of this Letter, we present a self-consistent counterexample to the statement 0) by exploring the second caveat B) along the line of Ref. [7]. We emphasize that, for the purpose of this Letter we allow various finetunings to get the right amount of e-folds and the scaleinvariant power spectrum, and we do not address the UV completion aspects of the model, because these are not the concerns of either the statement 0) and the condition (1), or the assumptions A) and B). Possible improvement on such issues can be interesting subjects for future work.

We consider general single field inflation with noncanonical kinetic term [29, 9]. For reasons that will become clear, we seek a model in which the sound speed c_s ≪ 1 is constant but the slow-roll parameter ϵ = −Ḣ/H^2 decays rapidly with a constant rate, η = ϵ̇/Hϵ ∼ const. The Lagrangian of our model is

P = X + X^α M^{4α−4} − V (ϕ) , V (ϕ) = V_0 + v ( ϕ M_P )_β , (2)

in which X = −^1_2 ∂_μϕ∂^μϕ and M, α, v, V_0 and β are free constant parameters. We choose initial conditions such that the constant term in the potential dominates the total energy density and drives the inflation. We assume that in a non-attractor transient inflationary phase, the canonical kinetic term X is sub-dominant. We check the consistency of this assumption below. After sufficient decay of the kinetic energy, the linear term dominates which gives a second, conventional slow-roll inflationary phase.

Since the superhorizon modes are frozen during the second phase, taking care of their evolution in the first nonattractor phase is enough. The background equations of motion are

3M_P^2H^2 = 2XP_{,X} − P , M_P^2Ḣ = −XP_{,X} , (3) P_{,X} c^{−2}_s Ẋ + 6HXP_{,X} − P_{,ϕ}ϕ̇ = 0 . (4)

The sound speed is c^2_s = P_{,X} /(P_{,X} + 2XP_{,XX} ), and for future references, Σ = XP_{,X} + 2X^2P_{,XX} = H^2ϵ/c^2_s, λ = X^2P_{,XX} +^2_3 X^3P_{,XXX} . In the non-attractor phase where the non-linear kinetic term dominates, we have

c^2_s ≃ 1/(2α − 1) . (5)

For α ≫ 1, we have a constant c_s ≪ 1 as desired. The expression for λ also simplifies to λ/Σ = (1 − c^2_s)/(6c^2_s).

We solve the background equations by proposing the ansatz, ϕ = ϕ_0a^κ, in which κ is a constant. Physically this corresponds to a fine-tuning of the inflationary potential and the background initial conditions. Plugging this ansatz in (4) and noting that H is nearly constant, we constrain some parameters in the potential, β = 2α , v = − M^4 c^2_s ( V_0κ^2 6M^4 )_α (1 + 3c^2_sκ^{−1}) . (6)

Besides that we have ϵ = XP_{,X} /M_P^2H^2 ∝ a^{2ακ}. So the constant κ also yields a constant η,

η = 2ακ (7)

as we desired. As we will see later, the scale-invariance of the power spectrum requires η ≃ −6.

Using these results one can easily check that X^α/M^{4α−4} ≃ −c^2_s(1 + 3c^2_sκ^{−1})^{−1}v (ϕ/M_P)^β ≪ −v (ϕ/M_P)^β ≪ V_0. That is, the total energy density is dominated by the potential.

In the above, we assumed the canonical kinetic term is negligible, X ≪ X^α/M^{4α−4}, or X/M^4 > 1 for α ≫ 1. Using the above ansatz this condition translates into ϕ √ V_0κ^2/6M_P^2M^4 > 1 . This condition breaks down at ϕ_∗ given by ϕ_∗/M_P ∼ M^2 √ 6/V_0κ^2. After ϕ_∗, we can have a slow-roll phase, by suitable initial conditions. If this does not happen, we lose our analytic control on the full solution.

The picture we present here is that the inflaton rolls up the potential at the first non-attractor inflation phase. This is in contrast to the usual picture that the inflaton rolls down the potential in the attractor phase. Depending on initial conditions the inflaton can have different trajectories. One possibility is that it stops somewhere before crossing the origin, and then starts to roll down on the same side of the potential (i.e. undershoot). Another possibility is to cross the top of the potential and then roll down on the other side (i.e. overshoot). The

FIG. 1: Inflaton ϕ versus inflationary e-fold n. The upper solid black curve and the lower solid blue curve represent the undershoot and overshoot case, respectively. The dashed lines are the analytic ansatz for the non-attractor phase. Parameters are V0 ≃ 6 × 10^{−4} , M = 5 × 10^{−5}, α = 10 and η = −6, (MP ≡ 1). non-attractor inflationary phase when the inflaton rolls up the potential is the one we concentrate in this study. This picture is numerically simulated in Figs. 1 and 2.

Now, let us look at the perturbation. The quadratic perturbative Lagrangian for the comoving curvature perturbation is [29]

L_2 = a^3 ϵ c^2_s

Ṙ^2 − aϵ(∂R)^2 . (8)

Using ϵ ∝ a^η and assuming the Bunch-Davies vacuum deep inside the horizon, the mode function is given by

R_k = C_kx^ν H^{(1)}_ν (x) , (9)

where we defined x ≡ −c_skτ, ν ≡ (3 + η)/2, and |C_k|^2 = k^{−2ν} πc^{2−2ν}_s H^2(−τ_i)^{3−2ν} /(8ϵ_iM^2_P ). Here the subscript i indicates some initial time during the non-attractor phase. Expanding the Hankel function with rank ν < 0 for small x, one obtains the power spectrum in terms of the physical variables at the end of the non-attractor phase (indicated by the subscript e), P_R(k) ≃ Γ(|ν|)^2 π^32^{2ν+4} ( H_e M_P

)_2 1 c_sϵ_e ( c_sk H_ea_e )_{3+2ν} . (10)

Note that during the non-attractor phase the curvature perturbation grows very rapidly on super-sound-horizon scales due to the fast decay of ϵ. This phase terminates once the slow-roll phase starts and the curvature perturbation on super horizon scales freezes afterwards.

The spectral index is given by n_s − 1 ≃ 3 + 2ν = 6 + η. Very interestingly, we simply need η ≃ −6 to have a near scale invariant power spectrum. In the following we focus on this case with its simplified mode function

R_k = C_k √ 2 π e^{−icskτ} (−c_skτ)^3 (−1 − ic_skτ) . (11)

FIG. 2: Phase diagram for the same model as in Fig. 1. Dashed blue and dashed-dotted red curves represent the undershoot and overshoot case, respectively. The black solid curve is the separator of different types of trajectories.

It is also instructive to consider the reason for the scale-invariance in terms of the scalar field perturbation in the spatially flat gauge, where the scalar fluctuation is defined in terms of ϕ = ϕ_0 + δϕ. At the leading order, R = −Hδϕ/ϕ̇_0. For both the conventional attractor slow-roll case and the previous non-attractor example [7], the scale-invariance comes from the fact that δϕ is approximately constant on superhorizon scales. In our model, the background H and ϕ̇ are slowly varying, while δϕ grows as a^3 both at sub-sound-horizon and super-sound-horizon scales relative to the conventional case. Alternatively however, if one rewrites everything by introducing a redefined scalar field σ ∝ ϕ^α, one finds that δσ behaves like a canonical scalar field with the effective mass-squared m^2_σ = H^2η(η + 6)/4, provided that the background evolves as σ ∝ a^{η/2}. The only difference from the canonical case is the sound velocity. Thus for η ≃ −6, both the background σ and the perturbation δσ behave like those in the non-attractor model discussed in [7], and the scale-invariance is recovered. This analysis also suggests that the background trajectory is fine-tuned as noted. As in the previous case [7], because of the relation R = −Hδσ/σ̇ ∝ a^{−η/2}δσ, the amplitude of δσ at the sound-horizon crossing must be small enough. This condition can be satisfied by choosing a low scale H, resulting in a negligible tensor-to-scalar ratio.

The cubic perturbative Lagrangian for general single field inflation is [9, 30]

L_3 = −a^3(Σ(1 − 1 c^2_s

) + 2λ) Ṙ3_n H^3 + a^3ϵ c^4_s

(−3 + 3c^2_s)R_nṘ^2_n + aϵ c^2_s

(1 − c^2_s)R_n(∂R_n)^2 + . . . , (12) with the field redefinition,

R = R_n + η 4c^2_s

R^2_n + 1 c^2_sH

R_nṘ_n + . . . . (13)

Terms not listed in Eqs. (12) and (13) are suppressed by either O(ϵ^2) or spatial derivatives.

If non-Gaussianity is sourced by large interaction terms in the inflaton sector, the interaction introduced by gravity becomes negligible. It is often convenient to go to the spatially flat gauge, where one can simply perturb P (X, ϕ) with respect to δϕ and get

L_3 = a^3 2λ ϕ̇3_0 δ ϕ̇^3 − a Σ(1 − c^{2s}) ϕ̇3_0 δ ϕ̇(∂δϕ)^2 , (14)

where the derivatives of P with respect to ϕ is ignored since they are not enhanced by c^{−2}_s . Integrating by part one can check that, for H, ϕ̇, η, c_s ∼ const. and λ/Σ, c^{−2}_s ≫ 1, the above two descriptions (terms listed in spatially flat gauge vs. comoving gauge) are equivalent at the leading order.

The two terms in the field redefinition give local shape non-Gaussianity as usual. In the familiar attractor single field case [9], the terms in (12) or (14) are responsible for two independent leading order equilateral-like shapes. Interestingly, the physical consequence of these terms becomes very different here. The last term in either (12) or (14) is now subdominant due to the spatial derivative. The rest of the terms still contribute to large non- Gaussianity but the shape is no longer equilateral. In [9], the super-sound-horizon mode is constant and cannot generate large correlations with sub-sound-horizon modes; so a large bispectrum comes from when all three modes exit the sound horizon at about the same time, resulting in equilateral shapes. In contrast, here both the modes (11) and their correlations are still growing after sound-horizon exit, so we expect the non-Gaussianity to carry a significant local component. Detailed calculation (see [1] for method) reveals that all these leading shapes are exactly of the local form, and scale invariant. For η ≃ −6 and c^2_s ≪ 1, the final result, summing over the four terms in the comoving gauge or equivalently only one term in the spatially flat gauge, is

f^{loc}_{NL} ≃ 5 4c^2_s

. (15)

This is our main result. The size of the local non- Gaussianity is enhanced by 1/c^2_s which for sufficiently small c_s can be detectable in near future observations. As a result, a detection of large local non-Gaussianity alone will not rule out all single field inflation models.

Acknowledgment We would like to thank A. A. Abolhasani, M. Noorbala and M. Yamaguchi for discussions. X.C, H.F. and M.H.N. would like to thank the Max Planck Institute for Astrophysics and the Yukawa Institute for Theoretical Physics at Kyoto University for their hospitality where this work was in progress during the workshop “Critical tests of inflation using non- Gaussianity” and “Gravity and Cosmology 2012”, No. YITP-T-12-03. X.C. is a Stephen Hawking Advanced Fellow. This work was also supported in part by JSPS Grant-in-Aid for Scientific Research (A) No. 21244033.

[1] X. Chen, Adv. Astron. 2010, 638979 (2010) [2] M. Liguori, E. Sefusatti, J. R. Fergusson and E. P. S. Shellard, Adv. Astron. 2010, 980523 (2010) [3] N. Bartolo, E. Komatsu, S. Matarrese and A. Riotto, Phys. Rept. 402, 103 (2004) [4] P. Creminelli and M. Zaldarriaga, JCAP 0410, 006 (2004) [5] E. Komatsu et al., arXiv:0902.4759 [astro-ph.CO]. [6] J. M. Maldacena, JHEP 0305, 013 (2003) [7] M. H. Namjoo, H. Firouzjahi and M. Sasaki, arXiv:1210.3692 [astro-ph.CO].

[8] “Critical tests of inflation using non-Gaussinianity”, Munich, Nov 2012, workshop summaries: http://www.mpa-garching.mpg.de/∼komatsu/meetings/ng2012/ [9] X. Chen, M. -x. Huang, S. Kachru and G. Shiu, JCAP 0701, 002 (2007).

[10] R. Holman and A. J. Tolley, JCAP 0805, 001 (2008). [11] P. D. Meerburg, J. P. van der Schaar and P. S. Corasaniti, JCAP 0905, 018 (2009).

[12] X. Chen, JCAP 1012, 003 (2010).

[13] I. Agullo and L. Parker, Phys. Rev. D 83, 063526 (2011). [14] J. Ganc, Phys. Rev. D 84, 063514 (2011). [15] D. Chialva, JCAP 1210, 037 (2012).

[16] J. Ganc and E. Komatsu, Phys. Rev. D 86, 023518 (2012).

[17] I. Agullo and S. Shandera, JCAP 1209, 007 (2012). [18] N. Agarwal, R. Holman, A. J. Tolley and J. Lin, arXiv:1212.1172 [hep-th].

[19] X. Chen, R. Easther and E. A. Lim, JCAP 0804, 010 (2008).

[20] R. Flauger and E. Pajer, JCAP 1101, 017 (2011). [21] X. Chen, R. Easther and E. A. Lim, JCAP 0706, 023 (2007).

[22] F. Arroja, A. E. Romano and M. Sasaki, Phys. Rev. D 84, 123503 (2011).

[23] F. Arroja and M. Sasaki, JCAP 1208, 012 (2012). [24] P. Adshead, C. Dvorkin, W. Hu and E. A. Lim, Phys.

Rev. D 85, 023531 (2012).

[25] J. Khoury and F. Piazza, JCAP 0907, 026 (2009). [26] W. H. Kinney, Phys. Rev. D 72, 023515 (2005) [gr-qc/0503017].

[27] J. Martin, H. Motohashi and T. Suyama, arXiv:1211.0083 [astro-ph.CO].

[28] Another possibility (Sec.9.2 in [1]) has to do with higher k3/k1 order corrections to the condition instead of its implicit assumptions in the derivation. These non-local corrections contribute ∼ f^{non−loc}_{NL} (k3/k1)^2 in the squeezed limit. The assumption is that all such non-local shapes have been properly constrained.

[29] J. Garriga and V. F. Mukhanov, Phys. Lett. B 458, 219 (1999).

[30] D. Seery and J. E. Lidsey, JCAP 0506, 003 (2005).