arXiv:1108.2267v2 [astro-ph.CO] 8 Sep 2011

CERN-PH-TH/2011-199

Classical non-Gaussianity from non-linear evolution of curvature perturbations

Jinn-Ouk Gong^{∗1}, Jai-chan Hwang^{†,‡2} and Hyerim Noh^{§3}

∗ Theory Division, CERN CH-1211 Genève 23, Switzerland † Department of Astronomy and Atmospheric Sciences Kyungpook National University Daegu 702-701, Republic of Korea ‡ Korea Institute for Advanced Study Seoul 130-722, Republic of Korea § Korea Astronomy and Space Science Institute Daejeon 305-348, Republic of Korea

September 9, 2011

Abstract

We study the non-linear evolution of the curvature perturbations during matter dominated era. We show that regardless of the origin of the primordial perturbation, the Bardeen potential and curvature receive sizable contributions from the classical non-linear evolution effects, and quantify them exactly. On the super-horizon scales we have squeezed peak of the bispectrum with magnitude, in terms of the local non-linear parameters of Bardeen curvature, 1/6 ≤ f_{NL} ≲ 19/15, and of Bardeen potential, −1/4 ≤ f_{NL} ≲ 7/5, depending on the configuration of momenta. On the sub-horizon scales the bispectrum show equilateral shape, and can serve as a potential probe of general relativity.

1jinn-ouk.gong@cern.ch 2jchan@knu.ac.kr 3hr@kasi.re.kr

The ongoing observation programs have been bringing the era of precision cosmology. The combination of the Wilkinson Microwave Anisotropy Probe on the cosmic microwave background (CMB) and the Sloan Digital Sky Survey on large scale structure (LSS) results show that the primordial perturbation is characterized by a nearly flat power spectrum with almost perfect Gaussianity [1]. This is consistent with the predictions of the paradigm of inflation [2], which provide the most successful mechanism for the causal generation of the primordial perturbation on cosmologically relevant scales. The upcoming surveys on the CMB and LSS, such as Planck, BigBOSS, Large Synoptic Survey Telescope and Euclid, will provide data even more precise enough to detect small deviations, if there are any, from what the simplest single field inflation model predicts. They are especially important as we can gain more information crucial for the primordial perturbation and the generation mechanism, thereby constraining the early universe and high energy physics [3].

Among the possible deviations, non-Gaussianity has been receiving great interest for decades [4]. Usually, the simplest non-Gaussianity is parametrized by a dimensionless non-linear parameter f_{NL} of the Bardeen curvature Φ, the curvature perturbation in the zero-shear gauge (often termed the Newtonian gauge), as [1, 5]

Φ = Φ_L + f_{NL}Φ^2_L , (1)

where the subscript L denotes the dominant linear, Gaussian component. Since this expansion is local in the configuration space, this is called the “local” type non-Gaussianity. This parametrization is also widely used in the studies on the inflationary non-Gaussianity of the comoving curvature perturbation R as [6]

R = R_L + 3 5 f_{NL}R^2_L . (2)

This is based on the linear relation between Φ and R in the large scale limit during matter domination Φ = 3 5 R . (3)

This requires, however, a great caution. Primordial non-Gaussianity is one realization of non-linearity of the primordial perturbation. Hence, (2) being based on the linear relation (3) is not guaranteed to be valid. To estimate f_{NL} and in turn the degree of non-Gaussianity properly, we have to reconsider (2) to take into account the full second order evolution effects during matter domination. This is important to constrain the generation mechanism of the primordial perturbation. For example, it is believed that the detection of local type non-Gaussianity would rule out any single field inflation models [7, 8]. But this strong conclusion is based on the doubtful parametrization (2). This possibility has been anticipated and studied in a few literatures [4, 6, 7, 9, 10, 11, 12], but they are incomplete. As we will show, in the literature, the non-linear evolution effects in f_{NL} were derived often based on the linear Sachs-Wolfe relation. In order to estimate f_{NL} properly, the CMB temperature fluctuations should include secondary effects as well [11, 12]. Also, in the literature, the non-linear effects dominant on smaller scales have been neglected. With the upcoming observations, LSS provides another powerful probe to study non-linearities in cosmological perturbations. Thus, to constrain non-Gaussianity using LSS the non-linear effects on small scales are important.

In this article, we present the proper second order relation between Φ and R generated by non-linear evolution during matter domination valid on all scales. With the correct prescription, f_{NL} in Φ induces a number of additional second order terms to (2). Further, starting from the primordial curvature perturbation generated during inflation, we show that the evolution effects give rise to sizable contributions to Φ. Also we make a clear distinction between the Bardeen curvature Φ and the Bardeen potential Ψ, which is important beyond linear perturbation theory.

Our starting point is the metric with scalar-type perturbations [13]

ds^2 = −(1 + 2α)dt^2 − 2aβ_{,i}dtdx^i + a^2 [(1 + 2φ) δ_{ij} + 2γ_{,ij}] dx^idx^j , (4)

where we have assumed flat background geometry and set c = 1. We take γ = 0 as the spatial gauge (threading) condition. The comoving curvature perturbation R and the Bardeen curvature Φ, both gauge invariant, correspond to φ − φ^2 in the comoving gauge condition v = 0 with v being the spatial component of the fluid four-vector u_i = −av_{,i}, and φ in the zero-shear gauge condition β = 0, respectively. The reason why we define R in such a way is because we want to separate the primordial non-linear component which is usually computed with the metric g_{ij} = a^2e^{2R}δ_{ij}. We further introduce Bardeen potential Ψ, which is α in the zero-shear gauge. To linear order we have Ψ = −Φ but as we go to non-linear order it is important to distinguish between the Bardeen curvature Φ and the Bardeen potential Ψ. Note that to linear order and in the sub-horizon limit to second order Ψ coincides with the Newtonian gravitational potential. We consider a pressureless fluid. Up to second order, assuming Λ = 0, the relatively growing mode exact solutions are [12, 14, 15] R =C − C^2 − 1 5(aH)^2 [ 1 2 C^{,i}C_{,i} + Δ^{−1} ( C^{,i}ΔC ) ,i ] , (5) Φ = 3 5 R + 3 25 R^2 + 6 25 Δ^{−1} [ −RΔR + 3Δ^{−1} ( RR^{,ij} ) ,ij ] + 9 175(aH)^2 [ 1 2 R^{,i}R_{,i} − Δ^{−1} ( R^{,i}ΔR ) ,i ] , (6) Ψ = − Φ + 3 25 R^2 + 3 5 Δ^{−1} [ −RΔR + 3Δ^{−1} ( RR^{,ij} ) ,ij ] , (7)

where C = C(x) is a constant coefficient of the relatively growing solution of φ in the comoving gauge in the large scale limit. Compared with (3), (6) is the correct relation between Φ and R valid to second order perturbation. It shows clearly that in the matter dominated era we have non-trivial contributions at second order.

In the large scale limit R is known to be conserved throughout the evolution even to second order [15, 16]: R is constant to second order for general time-varying equation of state or field potential. In the conventional scenario, R on the super-horizon scales is generated from the quantum fluctuations during inflation but it may be coming from other mechanism. For our current purpose, it is sufficient to note that the large scale constant of (5) represents the primordial component of the comoving curvature perturbation. From below we will write C − C^2 ≡ R_{prim}.

On the other hand, observations are often characterized by Φ or Ψ which, to linear order or to second order in the small scale limit, satisfy Ψ = −Φ with Ψ being the same as the perturbed Newtonian gravitational potential [17]. In the context of the CMB temperature fluctuations, the observation is sensitive to the non-Gaussianity of Ψ. In the matter dominated era and in the large scale limit, with Λ = 0 and flat geometry, we have [4] δT T | | | |_O = [ 1 3 Ψ − 5 18 Ψ^2 ]| | |_E , (8)

where the subscripts O and E indicate the observed and emitted epochs, respectively.

To translate f_{NL} given in terms of Φ in (1) into R, we use (1) and (6) to find, in the large scale limit,

R =R_L + 3 5 f_{NL}R^2_L − 1 5 R^2_L + 2 5 Δ^{−1} [ R_LΔR_L − 3Δ^{−1} ( R_LR^{,ij}_L ) ,ij ] . (9)

Thus, the conventional parametrization in (2) based on the linear relation misses substantial contributions. These terms describe the evolution effects after inflation up to matter dominated era.

With the proper non-linear relation between R and Φ, we now proceed to evaluate f_{NL} correctly. In the Fourier space, we introduce non-local f^{(Φ)}_{NL} and f^{(R)}_{NL} as

Φ(k) =Φ_L(k) + ∫ d^3q_1d^3q_2 (2π)^3 f^{(Φ)}_{NL} (q_1, q_2)Φ_L(q_1)Φ_L(q_2)δ^{(3)}(k − q_{12}) , (10)

R_{prim}(k) =R_L(k) + ∫ d^3q_1d^3q_2 (2π)^3 3 5 f^{(R)}_{NL} (q_1, q_2)R_L(q_1)R_L(q_2)δ^{(3)}(k − q_{12}) , (11)

where q_{12} ≡ q_1 + q_2. Here, f^{(R)}_{NL} denotes the primordial non-Gaussianity, generated from for example inflation in the conventional scenario. From (5) and (6), we can derive

f^{(Φ)}_{NL} (k_1, k_2) =f^{(R)}_{NL} (k_1, k_2) + 2 3 g(k_1, k_2) + ( k_{12} aH )_2 h(k_1, k_2) , (12)

g(k_1, k_2) ≡ 1 2 − k^2_1 + k^2 2k^2_{12} + 3 2 (k_1 · k_{12})^2 + (k_2 · k_{12})^2 k^4_{12}

, (13)

h(k_1, k_2) ≡ 1 21k^2_{12} ( 2k_1 · k_2 + 5 k^2_1 k^2_{12} k_2 · k_{12} + 5 k^2 k^2_{12} k_1 · k_{12} ) . (14)

Apparently, the two non-local parameters f^{(R)}_{NL} and f^{(Φ)}_{NL} are not the same. They are related in a non-trivial manner, with f^{(Φ)}_{NL} receiving non-linear evolution effects during matter domination. These effects are composed of two parts: one being independent of the horizon scale k_H = aH, and the other being dominant on sub-horizon scales. Both are shape dependent. If we introduce f^{(Ψ)}_{NL} similarly defined as in (10) with Φ replaced by Ψ, by using the relations between R and Ψ presented in (5) and (7), we can find

f^{(Ψ)}_{NL} (k_1, k_2) = −f^{(R)}_{NL} (k_1, k_2) + g(k_1, k_2) − 1 2 − ( k_{12} aH )_2

h(k_1, k_2) . (15)

In the large scale limit this relation is presented in Refs. [4, 9]. We will address this issue later. Both f^{(Φ)}_{NL} and f^{(Ψ)}_{NL} exhibit similar structure as we can see from (12) and (15), and in the following we will closely analyze f^{(Φ)}_{NL} .

Figure 1: Contour plot of the contribution to the shape function (k_1k_2k_3)^2B_Φ(k_1, k_2, k_3) of the horizon independent terms (upper-left), and the horizon dependent terms (upper-right). In the lower panel we show the corresponding shape function of Ψ. We can see that in the left panel the shape functions are peaked at the squeezed limit. This means some of the pure nonlinear evolution effects during matter dominated era take place over all scales, even outside the horizon. Meanwhile, in the right panel, the shape functions show their maximum amplitudes at the equilateral limit. Since these terms are heavily suppressed on super-horizon scales, the causal non-linear effects on the sub-horizon scales are maximized when the three momenta are of more or less the same size. As we can see from (12) and (15), on large scales the shape functions of Ψ and Φ are similar, and on small scales the magnitude is precisely the same but the sign is opposite. This reflects the second order relation Φ = −Ψ on small scales. We have set k_1 = 10k_H for the right panel.

We can compute f^{(R)}_{NL} by adopting for example the cubic order action [6, 8, 18] or the δN formalism [19] to calculate the primordial bispectrum. It is known in the literature that for all inflation models where only one degree of freedom is important during seed generation, in the squeezed limit we have the consistency relation f^{(R)}_{NL} = 5(1 − n_s)/12 with n_s being the spectral index of the scalar power spectrum [6, 7]. Thus, it is often claimed that the detection of |f_{NL}| ≳ O(1) in the squeezed configuration will rule out all classes of single field inflationary models. But, as stressed before, this is based on ignoring the classical contribution we have studied: in (12) we have shown pure classical contributions in matter dominated era which have far larger magnitude, so that tiny primordial f^{(R)}_{NL} is completely subdominant compared with f^{(Φ)}_{NL} .

We can calculate the bispectrum of Φ as

B_Φ(k_1, k_2, k_3) = 2f^{(Φ)}_{NL} (−k_1, −k_2)P_Φ(k_1)P_Φ(k_2) + (2 perm) . (16)

Given Φ in (10) and f^{(Φ)}_{NL} in (12), we can estimate exactly the shape and the magnitude of the bispectrum. In Figure 1, we present the dimensionless shape function (k_1k_2k_3)^2B_Φ(k_1, k_2, k_3), normalized by the amplitude of the power spectrum A_Φ = P_Φ(k)/k^{ns−4}, and that of Ψ, apart from possibly negligible f^{(R)}_{NL} . We present two contributions separately: (left) the horizon independent terms, and (right) the horizon dependent terms. We can see that the former is peaked in the squeezed limit, while the latter in the equilateral limit. Since f^{(Φ)}_{NL} is explicitly momentum dependent, in fact the perfect local non-Gaussinity ansatz, i.e. f_{NL} is a constant, does not work. This suggests that f_{NL} is, despite of its popularity, not a good parameter to describe the bispectrum. Nevertheless, we can estimate f_{NL} by comparing (16) with the bispectrum we can find from the perfect local ansatz (1). Then we find the local f_{NL} in the large scale limit as, with f^{(R)}_{NL} being ignored, f_{NL} = f_{NL} (k_1, k_2, k_3) which depends on the shape of the triangle. It gives f_{NL} = 1 and 1/6 in the squeezed and equilateral limits, respectively. But in the folded limit f_{NL} is also dependent on n_s, and gives 19/15 for n_s = 1. Therefore, we have 1 6 ≤ f_{NL} ≲ 19 15 . (17)

In terms of f^{(Ψ)}_{NL} , in the same way we have f_{NL} = 1, −1/4 and 7/5 in the squeezed, equilateral and folded limits, respectively. Therefore, in terms of Ψ we have − 1 4 ≤ f_{NL} ≲ 7 5 . (18)

Thus, the detection of local f_{NL} with the amplitude of O(1) does not necessarily exclude single field inflation models. From another perspective, (12) and (15) predict that, unless primordial f^{(R)}_{NL} is bigger than O(1), we should find the classical contributions to f_{NL} as a consequence of general relativity in matter dominated era.

On smaller scales relevant for LSS observations the horizon dependent terms dominate and we have non-trivial behaviour of f^{(Φ)}_{NL} and f^{(Ψ)}_{NL} . In Figure 2, we present the total shape functions for (left) Φ and (right) Ψ with different size of k_1: (top) k_1 = 2k_H , (middle) k_1 = 10k_H and (bottom) k_1 = 15k_H , respectively. As one may expect, as we probe smaller scales, the horizon dependent contributions become more dominant, giving rise to a larger equilateral peak. This suggests that we have another probe of the general relativistic effects on smaller scales, where for example the scale dependent bias may serve as a powerful probe of the primordial non- Gaussianity [20].

Here, we compare our result with the previous studies. In Refs. [9, 10], on large scales the non-linear evolution effects contribute to f_{NL} as

f_{NL} = f^{(R)}_{NL} − g + 4 3 . (19)

This obviously leads to different shape of the bispectrum as well as magnitude. For example, in the squeezed limit from (19) we find f_{NL} = −1/6. This discrepancy arises because (19) is based on the linear Sachs-Wolfe relation. Indeed, if we assume that the linear component of (8) holds non-linearly as δT/T = −Φ/3 and apply the exact solutions (6) and (7) to find f_{NL}, we can obtain (19).

In order to correctly incorporate the full second order evolution effects we must also take into account other secondary effects, such as the integrated Sachs-Wolfe (ISW) effects, weak lensing, and so on. If f_{NL} is confirmed to be O(1) so that the primordial contribution f^{(R)}_{NL} is very small, it is very important to correctly identify the non-linear, second order effects. We would like to stress that apart from the second order transfer function, ISW, lensing etc, the correct relation between R and Φ or between R and Ψ should be the starting point.

There is another issue we should comment. As we mentioned before, at linear order and in the sub-horizon limit at second order, we have Φ = −Ψ, and Ψ coincides with perturbed Newtonian gravitational potential. Thus, in these two cases, up to sign convention, practically it does not matter which variable we choose to define the non-linear parameter f_{NL}. In general, however, at proper second order this is no longer the case, as we have shown in (6) and (7). On small scales, where LSS serves as a powerful probe of non-Gaussianity, we use the Poisson-like relation between the matter density perturbation δ and the Bardeen curvature Φ,

δ(k) = M(k)Φ(k) , (20)

where M(k) is a combination of matter transfer function, window function and so on. To study the effects of non-Gaussianity, we substitute the local ansatz (1) into Φ in (20). In Newtonian context, Φ should be in fact −Ψ, the gravitational potential, but even in the context of general relativity (20) is also valid in the two cases mentioned above. However, at second order where we can properly consider non-linearity and thus estimate non-Gaussianity, especially in the large scale, this is no longer the case as we have shown in this work.

In this article, we have reconsidered the relation between R, Φ and Ψ. The widely used relation (2) is properly extended to second order as (6) and (7). Using the correct second order relation between R, Φ and Ψ, we have explicitly clarified the relation between the non-linear parameters in (12) and (15): R is generated, in the conventional scenario, during inflation and the the Bardeen potential Ψ is directly related to the temperature fluctuations as (8) and the Newtonian gravitational potential. The observationally relevant f_{NL} contains substantial non-linear evolution effects during matter dominated era besides the primordial contribution. While the one effective on super-horizon scales gives the maximum amplitude of the bispectrum at the squeezed limit, the one dominant on sub-horizon scales gives an equilateral peak. This suggests, in addition to our main findings in this article, another interesting way of probing general relativistic effects using non-Gaussianity on different scales.

Acknowledgements

We thank Nicola Bartolo, Eiichiro Komatsu, Antonio Riotto and Takahiro Tanaka for useful conversations and correspondences. We acknowledge the workshop “WKYC 2011 – Future of Large Scale Structure Formation” at Korea Institute for Advanced Study where this work was initiated. JG was supported in part by a Korean-CERN fellowship. JH was supported by Korea Research Foundation Grant funded by the Korean Government (KRF-2008-341-C00022). HN was supported by Mid-career Research Program through National Research Foundation funded by the MEST (No. 2011-0000054).

References

[1] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192, 18 (2011) [arXiv:1001.4538 [astro-ph.CO]].

[2] A. H. Guth, Phys. Rev. D 23, 347 (1981).

[3] See e.g. D. H. Lyth and A. R. Liddle, “The primordial density perturbation: Cosmology, inflation and the origin of structure,” Cambridge, UK: Cambridge Univ. Pr. (2009) 497 p.

[4] N. Bartolo, E. Komatsu, S. Matarrese and A. Riotto, Phys. Rept. 402, 103 (2004) [arXiv:astro-ph/0406398].

[5] E. Komatsu and D. N. Spergel, Phys. Rev. D 63, 063002 (2001) [arXiv:astro-ph/0005036]. [6] J. M. Maldacena, JHEP 0305, 013 (2003). [arXiv:astro-ph/0210603]. [7] P. Creminelli and M. Zaldarriaga, JCAP 0410, 006 (2004) [arXiv:astro-ph/0407059]. [8] D. Babich, P. Creminelli and M. Zaldarriaga, JCAP 0408, 009 (2004) [arXiv:astro-ph/0405356] ; D. Seery and J. E. Lidsey, JCAP 0506, 003 (2005) [arXiv:astro-ph/0503692] ; X. Chen, M. x. Huang, S. Kachru and G. Shiu, JCAP 0701, 002 (2007) [arXiv:hep-th/0605045] ; J. Ganc and E. Komatsu, JCAP 1012, 009 (2010) [arXiv:1006.5457 [astro-ph.CO]].

[9] N. Bartolo, S. Matarrese and A. Riotto, JHEP 0404, 006 (2004) [arXiv:astro-ph/0308088] ;

N. Bartolo, S. Matarrese and A. Riotto, Phys. Rev. Lett. 93, 231301 (2004) [arXiv:astro-ph/0407505] ; N. Bartolo, S. Matarrese and A. Riotto, JCAP 0508 (2005) 010 [arXiv:astro-ph/0506410] ; N. Bartolo, S. Matarrese and A. Riotto, Adv. Astron. 2010, 157079 (2010) [arXiv:1001.3957 [astro-ph.CO]].

[10] X. Gao, Phys. Rev. D 82, 103004 (2010) [arXiv:1005.1219 [astro-ph.CO]]. [11] P. Creminelli and M. Zaldarriaga, Phys. Rev. D 70, 083532 (2004) [arXiv:astro-ph/0405428] ; C. Pitrou, J. P. Uzan and F. Bernardeau, JCAP 1007, 003 (2010) [arXiv:1003.0481 [astro-ph.CO].

[12] L. Boubekeur, P. Creminelli, G. D’Amico, J. Norena and F. Vernizzi, JCAP 0908, 029 (2009) [arXiv:0906.0980 [astro-ph.CO]].

[13] J. M. Bardeen, “Particle Physics and Cosmology”, edited by L. Fang and A. Zee, Gordon and Breach, London, 1988, p1.

[14] H. Noh and J. Hwang, Phys. Rev. D 69, 104011 (2004) [arXiv:astro-ph/0305123]. [15] J. Hwang and H. Noh, Phys. Rev. D 76, 103527 (2007) [arXiv:0704.1927 [astro-ph]]. [16] D. H. Lyth, K. A. Malik and M. Sasaki, JCAP 0505, 004 (2005) [arXiv:astro-ph/0411220]. [17] J. M. Bardeen, Phys. Rev. D 22, 1882 (1980).

[18] For a recent approach, see e.g. J. O. Gong and T. Tanaka, JCAP 1103, 015 (2011) [arXiv:1101.4809 [astro-ph.CO]].

[19] D. H. Lyth and Y. Rodriguez, Phys. Rev. Lett. 95, 121302 (2005) [arXiv:astro-ph/0504045].

[20] N. Dalal, O. Dore, D. Huterer and A. Shirokov, Phys. Rev. D 77, 123514 (2008) [arXiv:0710.4560 [astro-ph]] ; S. Matarrese and L. Verde, Astrophys. J. 677, L77 (2008) [arXiv:0801.4826 [astro-ph]] ; D. Jeong and E. Komatsu, Astrophys. J. 703, 1230 (2009) [arXiv:0904.0497 [astro-ph.CO]] ; V. Desjacques and U. Seljak, Phys. Rev. D 81, 023006 (2010) [arXiv:0907.2257 [astro-ph.CO]] ; V. Desjacques, D. Jeong and F. Schmidt, arXiv:1105.3628 [astro-ph.CO] ; J. O. Gong and S. Yokoyama, arXiv:1106.4404 [astroph.CO].

Figure 2: Contour plot of the full shape functions for (left) Φ and (right) Ψ with (top) k_1 = 2k_H , (middle) k_1 = 10k_H and (bottom) k_1 = 15k_H . Depending on the scale we probe, we may have a mixed shape of the squeezed and equilateral limits. On smaller scales, the causal, subhorizon gravitational interactions become important and as a result we find a larger peak at the equilateral limit. The contour scaling is the same as Figure 1.