arXiv:1108.5569v1 [astro-ph.CO] 29 Aug 2011

Scale-dependent bias from the primordial non-Gaussianity with a Gaussian-squared field

Shuichiro Yokoyama

shu@a.phys.nagoya-u.ac.jp

Department of Physics and Astrophysics, Nagoya University, Aichi 464-8602, Japan

Abstract

We investigate the halo bias in the case where the primordial curvature fluctuations, Φ, are sourced from both a Gaussian random field and a Gaussian-squared field, as Φ(x) = ϕ(x) + ψ(x)^2 − ⟨ψ(x)^2⟩, so-called ”ungaussiton model”. We employ the peak-background split formula and find a new scale-dependence in the halo bias induced from the Gaussian-squared field.

1 Introduction

Primordial non-Gaussianity has been attracting attention as a new probe of the physics of the early Universe, e.g., inflation models. There are a lot of theoretical models of predicting the primordial curvature fluctuations with the large non-Gaussian features and several types of the primordial non-Gaussianity have been predicted (For recent reviews, see e.g. Ref. [1]).

On the observational side, precise measurements of the cosmic microwave background (CMB) anisotropies are ones of the most powerful tools to hunt for the primordial non- Gaussianity (see e.g. Refs. [2, 3]). Current CMB data indicates that the primordial adiabatic fluctuations follow nearly perfect Gaussianity. However, there still remains the possibility of detecting the non-Gaussianity in the future experiments such as Planck [4]. In the CMB experiments, the non-Gaussianity could be detected by non-zero higher order correlation functions such as the three-point function (bispectrum) and the four-point one (trispectrum).

Recently, the observations of the large-scale structure (LSS) of the Universe have been also focused on as other powerful tools to detect the primordial non-Gaussianity just as the CMB observations (see e.g. Refs. [5,6]). In particular, it is known that the primordial non- Gaussianity induces the modification of the halo mass function for more massive objects at higher redshift (see e.g. Refs. [7–9]) and also a scale-dependence of the halo bias (see e.g. Refs. [10–12]). Since future surveys of the LSS will provide a large amount of samples of galaxies over a huge volume, it is expected that the LSS observations would give a tighter constraint on the primordial non-Gaussianity comparable to that obtained from the future CMB observations [12].

In accordance with the recent progress of observations, we are invited to consider the effect of the higher order non-Gaussianities, e.g., the non-zero four point correlation function of the primordial fluctuations [13–23], or that of the primordial non-Gaussianity in a multi-field inflationary model where the primordial fluctuations are sourced from multifield fluctuations [24,25]. Following these works, in this paper, we investigate the halo bias in the case where the primordial adiabatic curvature fluctuations are given by [26, 27]

Φ(x) = ϕ_G(x) + ψ_G(x)^2 − ⟨ψ_G(x)^2⟩ , (1)

where ⟨ϕψ⟩ = 0. In Ref. [27], such a model has been dubbed ”ungaussiton” model. This type of the non-Gaussianity can be realized in the case where the primordial fluctuations are sourced from both the inflaton and the curvaton fluctuations and the curvaton stays at the origin during inflation. In this case, due to the absence of the linear term of ψ the non-zero bispectrum and trispectrum of the curvature perturbations respectively come from the six- and eight-orders in ψ. Hence, this model predicts a specific consistency relation between the bispectrum and the trispectrum which would be confirmed in the CMB experiments and it should be interesting to examine the effect of such a primordial non-Gaussianity on the LSS surveys, in particular, the scale-dependence of the halo bias. In order to obtain an analytic expression for the halo bias, we employ the peak-background split formula [10, 12] which is a useful tool to calculate the halo bias with the local-type non-Gaussianity.

This paper is organized as follows. In the next section, we briefly review the so-called ”ungaussiton” model and show the expression for the bispectrum and the trispectrum of the primordial curvature fluctuations in this model and also the consistency relation between the bispectrum and the trispectrum. In section 3, we give an expression for the halo bias in this model by making use of the peak-background formula. Section 4 is devoted to the summary and discussion.

2 Non-Gaussianity in the primordial bi- and tri-spectrum in the ”ungaussiton” model

Here, we briefly review the so-called ”ungaussiton” model [26, 27] and show some interesting consequence of this model by considering the bispectrum and the trispectrum of the primordial curvature perturbations. This model can be realized in the case where the primordial fluctuations are sourced from both the inflaton and the curvaton fluctuations and the curvaton stays at the origin during inflation. In this model where the primordial curvature fluctuations are given by Eq. (1), the power spectrum, the bispectrum and the trispectrum of the primordial curvature fluctuations are respectively given by [26, 27]

⟨Φ(k)Φ(k^′)⟩ = (2π)^3P_Φ(k)δ^{(3)}(k + k^′) , P_Φ(k) = P_ϕ(k) [ 1 + 4R^2P_ϕ ln (k_{max}L) ] , (2)

⟨Φ(k_1)Φ(k_2)Φ(k_3)⟩ = (2π)^3B_Φ(k_1, k_2, k_3)δ^{(3)}(k_1 + k_2 + k_3) , B_Φ(k_1, k_2, k_3) = 8R^3P_ϕ ln (k_bL) [ P_ϕ(k_1)P_ϕ(k_2) +P_ϕ(k_2)P_ϕ(k_3) + P_ϕ(k_3)P_ϕ(k_1) ] , (3) and ⟨Φ(k_1)Φ(k_2)Φ(k_3)Φ(k_4)⟩_c = (2π)^3T_Φ(k_1, k_2, k_3, k_4)δ^{(3)}(k_1 + k_2 + k_3 + k_4) , T_Φ(k_1, k_2, k_3, k_4) = 16R^4P_ϕ ln (k_tL) × [ P_ϕ(k_1)P_ϕ(k_2)P_ϕ(k_{13}) + 11 perms. ] , (4)

where L is the size of the box in which the fluctuations are observed, P_ϕ = k^3P_ϕ(k)/(2π^2), R = P_ψ(k)/P_ϕ(k), k_b = min{k_i}, k_t = min{k_{ij}, k_ℓ}, k_{ij} = |k_i + k_j | and a subscript, c, denotes the connected part.

Since the current observations indicate that the primordial curvature fluctuations are almost Gaussian, the power spectrum of Φ should not be dominated by the second term in the bracket of the right hand side in Eq. (2) as

4R^2P_ϕ ln (k_{max}L) < 1 . (5)

By making use of the non-linearity parameters defined as [26, 28, 29]

B_Φ(k_1, k_2, k_3) = 2f_{NL} [ P_ϕ(k_1)P_ϕ(k_2) + +P_ϕ(k_2)P_ϕ(k_3) + P_ϕ(k_3)P_ϕ(k_1) ] T_Φ(k_1, k_2, k_3, k_4) = 25 9 τ_{NL} [ P_ϕ(k_1)P_ϕ(k_2)P_ϕ(k_{13}) + 11 perms. ] , (6)

we have f_{NL} = 4R^3P_ϕ ln(k_bL) , 25 9 τ_{NL} = 16R^4P_ϕ ln(k_tL) . (7)

From these expressions, we find that the large non-linearity parameters can be realized even under the condition given by Eq. (5) and we can obtain a relation between the non-linearity parameters in this model, which is given by

τ_{NL} = α ( 6 5 f_{NL}

)_{4/3} ( 3 5 )_{2/3} P^{−1/3}_ϕ ∼ 0.8 × 10^3 × α ( 6 5 f_{NL} )_{4/3} , (8)

where α ≡ ln (k_tL) / (ln (k_bL))^{4/3} is a coefficient of order unity and we have used P_ϕ ∼ P_Φ ≃ 7.2 × 10^{−10}. By using this relations, we can distinguish this model from the others which predict the large non-Gaussianity and the other relations between the non-linearity parameters f_{NL} and τ_{NL}, in particular, the models which give the standard consistency relation given by τ_{NL} = (6f_{NL}/5)^2 for local-type non-Gaussianity.

3 Halo bias in peak-background split formalism

Here, following Refs. [10,12], we calculate the halo bias for the ”ungaussiton” model where the primordial curvature perturbations are given by Eq. (1) in the context of the peakbackground split formalism.

In the non-Gaussian case, the large and small scale density fluctuations are not independent. Let us decompose the primordial curvature perturbations into the long- and short-wavelength parts as Φ(x) = ϕ_l(x) + ϕ_s(x) + [ (ψ_l(x) + ψ_s(x))^2 − ⟨ψ_l(x)^2⟩ − ⟨ψ_s(x)^2⟩ ] = ϕ_l(x) + ψ_l(x)^2 − ⟨ψ_l(x)^2⟩ +ϕ_s(x) + 2ψ_l(x)ψ_s(x) + ψ_s(x)^2 − ⟨ψ_s(x)^2⟩ , (9) where we have assumed ⟨ϕ(x)ψ(x)⟩ = 0 and the long- and short-wavelength parts are uncorrelated. From this equation, we can obtain expressions for the long- and shortwavelength modes of the density fields in Fourier space as

δ_l(k) = M(k) [ ϕ_l(k) + ∫ d^3p (2π)^3 ψ_l(p)ψ_l(k − p) − (2π)^3δ^{(3)}(k)⟨ψ_l(x)^2⟩ ] , (10) and δ_s(k, x) = M(k) [ϕ_s(k) + 2ψ_l(x)ψ_s(k)] , (11)

with M(k) = 2T (k) 3Ω_{m0}H^2_0

, (12)

where we have neglected the contribution from the ψ_s(x)^2 term because it is known that such a quadratic term does not affect the halo bias [12]. Here, T (k) is the matter transfer function, Ω_{m0} is the present matter density parameter and H_0 is the present Hubble parameter. From this equation, we can find that the non-Gaussianity affects the rescaling of the amplitude of the density fluctuations on small scales as

P_{δs} (x) = M(k)^2 [ P_{ϕs} + 4ψ_l(x)^2P_{ψs} ]

= M(k)^2 [ 1 + 4Rψ_l(x)^2 ] P_{ϕs} , (13)

and hence a standard cosmological parameter, σ_8, which denotes the rms of the linear density field with 8h^{−1}Mpc smoothing, depends on the position x as

σ_8(x) ≈ [ 1 + 2R ( ψ_l(x)^2 − ⟨ψ_l(x)^2⟩ )] σ_8 . (14)

where we have introduced the ⟨ψ_l(x)^2⟩ term in order to achieve ⟨σ_8(x)⟩ = σ_8. Due to the long-wavelength modes of the density fluctuations and also the above effect of the primordial non-Gaussianity, the density of halos n(x) in a large box at position x deviates from the mean density n̄. Following Refs. [12, 24, 25], n(x) is given by

n(x) = n̄ (1 + δ_l(x)) ( 1 + δ_l(x)

∂ log n̄ ∂δ_l + 2R ( ψ_l(x)^2 − ⟨ψ_l(x)^2⟩ ) ∂ log n̄ ∂ log σ_8 ) , (15)

where the (1 + δ_l) comes from transforming Lagrangian to Eulerian space. From this equation, we can obtain the density fluctuations of halos, δ_h(x) ≡ (n(x) − n̄)/n̄, as

δ_h(x) ≈ ( 1 + ∂ log n̄ ∂δ_l ) δ_l(x) + 2R

∂ log n̄ ∂ log σ_8 ( ψ_l(x)^2 − ⟨ψ_l(x)^2⟩ ) , (16)

where we have drop the second order terms of δ_l. In the Fourier space, we have

δ_h(k) = b_0δ(k) + 2Rδ_c (b_0 − 1) [∫ d^3p (2π)^3 ψ(p)ψ(k − p) − (2π)^3δ^{(3)}(k)⟨ψ(x)^2⟩ ] , (17)

where [12, 25]

b_0 ≡ 1 +

∂ log n̄ ∂δ_l , (18) and we have used ∂ log n̄ ∂ log σ_8 = δ_c ∂ log n̄ ∂δ_l , (19)

with δ_c being a critical density. The equation (17) is one of the main result of this paper. However, defining the halo bias from this equation is somewhat ambiguous. Hence, let us consider the cross power spectrum of the density fluctuations of halos and matter fluctuations and also the power spectrum of the density fluctuations of halos. The cross power spectrum is given by

⟨δ_h(k)δ(k^′)⟩ = (2π)^3P_{hδ}(k)δ^{(3)}(k + k^′) , P_{hδ}(k) = [ b_0 + 8δ_c(b_0 − 1)R^3P_ϕ ln(k_{max}L) ] P_δ(k) = [ b_0 +

2βf_{NL}δ_c(b_0 − 1) M(k) ] P_δ(k) , (20)

where we have used Eq. (7) and β ≡ ln(k_{max}L)/ ln(k_bL). Once the halo bias is defined as b_h(k) ≡ P_{hδ}(k)/P_δ(k), we can obtain the halo bias in the ”ungaussiton” model as

b_h(k, z) = b_0 +

2βf_{NL}δ_c(b_0 − 1) M(k)D(z) , (21)

where we have introduced the linear growth function, D(z). Since a parameter β is order of unity, this expression is just corresponding to the one in the standard local-type primordial non-Gaussianity case [12].

Let us consider the power spectrum of the density fluctuations of halos and it is given by ⟨δ_h(k)δ_h(k^′)⟩ = (2π)^3P_h(k)δ^{(3)}(k + k^′) ,

P_h(k) = [ b^2_0 + 2b_0

2βf_{NL}δ_c(b_0 − 1) M(k) + γ(25τ_{NL}/9)δ^2_c (b_0 − 1)^2

M(k)^2 ] P_δ(k) , (22)

where we have used Eq. (7) and γ ≡ ln(k_{max}L)/ ln(k_tL). If the consistency relation between f_{NL} and τ_{NL} is given by τ_{NL} = 36f^2_{NL}/25 with the assumption that β = γ = 1, then P_h(k)/P_δ(k) = b_h(k)^2 is realized. It is well known that this result should be realized in the standard local-type primordial non-Gaussianity case. However, since in the ”ungaussiton” model the relation between f_{NL} and τ_{NL} is given by Eq. (8), P_h(k)/P_δ(k) = b_h(k)^2 can not be realized any more. Instead, we find that in the ”ungaussiton” model we have P_h(k)/P_δ(k) = [ b^2_0 + 4 βf_{NL}b_0(b_0 − 1)δ_c M(k)D(z) + 25 9 × 0.8 × 10^3 γ(6f_{NL}/5)^{4/3}δ^2_c (b_0 − 1)^2

M(k)^2D(z)^2 ] ,(23)

where we have used the relation given by Eq. (8). Hence, it could be also possible to distinguish the ”ungaussiton” model from the other models by making use of LSS surveys.

Figure 1: P_h(k)/P_δ(k) as a function of k with b_0 = 3.0 and f_{NL} = 100 at z = 1.0. The solid line is for the ”ungaussiton” model and the dashed line for the case where τ_{NL} = (6f_{NL}/5)^2.

In Fig. 1, we plot P_h(k)/P_δ(k) as a function of k with fixing b_0 = 3.0, f_{NL} = 100 and z = 1.0. The solid line is for the ”ungaussiton” model and the dashed line for the case where the consistency relation between f_{NL} and τ_{NL} is given by τ_{NL} = (6f_{NL}/5)^2. From this figure, we can find the enhancement of P_h(k)/P_δ(k) on large scales (k ∼ 0.01hMpc^{−1}) in the ”ungaussiton” model compared with the case with τ_{NL} = (6f_{NL}/5)^2.

4 Summary and discussion

The scale-dependence of the bias of halos has been recently focused on as a powerful tool to give a constraint on the primordial non-Gaussianity from the LSS surveys. In this paper, we investigate the halo bias in the ungaussiton model, which predicts the large primordial non-Gaussianity induced from a Gaussian-squared field, by employing the peakbackground split formalism. This model can be realized in the case where the primordial fluctuations are sourced from both the inflaton and the curvaton fluctuations and the curvaton stays at the origin during inflation, and predicts the large non-Gaussianity and the specific relation between the non-linearity parameters f_{NL} and τ_{NL}.

We calculate not only the power spectrum of the density fluctuations of halos but also the cross power spectrum of the matter density fluctuations and halo density fluctuations. Then, we find that in the ungaussiton model the effect of the non-Gaussianity on the halo bias, which appears in the power spectrum of the halo density fluctuations, differs from that in the standard local-type non-Gaussianity case due to the different consistency relation between f_{NL} and τ_{NL}. As it is for the CMB observations, it is expected that the future LSS surveys will make us distinguish the model from the other models where the large primordial non-Gaussianity can be predicted. It is also interesting work to check our formula by performing the N-body numerical simulation.

Acknowledgments: The author would like to thank Olivier Doré for useful comments. This work is partially supported by the Grant-in-Aid for Scientific research from the Ministry of Education, Science, Sports, and Culture, Japan, No. 22340056. The author also acknowledges support from the Grant-in-Aid for the Global COE Program “Quest for Fundamental Principles in the Universe: from Particles to the Solar System and the Cosmos” from MEXT, Japan.

References

[1] M. Sasaki and D. Wands, Class. Quant. Grav. 27, 12, 120301 (2010)

[2] E. Komatsu, Class. Quant. Grav. 27, 124010 (2010) [arXiv:1003.6097 [astro-ph.CO]].

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

[4] [Planck Collaboration], arXiv:astro-ph/0604069.

[5] L. Verde, arXiv:1001.5217 [astro-ph.CO].

[6] V. Desjacques and U. Seljak, arXiv:1006.4763 [astro-ph.CO].

[7] S. Matarrese, L. Verde and R. Jimenez, Astrophys. J. 541, 10 (2000) [arXiv:astro-ph/0001366].

[8] M. LoVerde, A. Miller, S. Shandera and L. Verde, JCAP 0804, 014 (2008) [arXiv:0711.4126 [astro-ph]].

[9] A. De Simone, M. Maggiore and A. Riotto, Mon. Not. Roy. Astron. Soc. 412, 2587 (2011) [arXiv:1007.1903 [astro-ph.CO]].

[10] N. Dalal, O. Dore, D. Huterer and A. Shirokov, Phys. Rev. D 77, 123514 (2008) [arXiv:0710.4560 [astro-ph]].

[11] S. Matarrese and L. Verde, Astrophys. J. 677, L77 (2008) [arXiv:0801.4826 [astroph]].

[12] A. Slosar, C. Hirata, U. Seljak, S. Ho and N. Padmanabhan, JCAP 0808, 031 (2008) [arXiv:0805.3580 [astro-ph]].

[13] V. Desjacques and U. Seljak, Phys. Rev. D 81, 023006 (2010) [arXiv:0907.2257 [astro-ph.CO]].

[14] M. Maggiore and A. Riotto, Mon. Not. Roy. Astron. Soc. Lett. 405, 1244 (2010) [arXiv:0910.5125 [astro-ph.CO]].

[15] S. Chongchitnan and J. Silk, Astrophys. J. 724, 285 (2010) [arXiv:1007.1230 [astroph.CO]].

[16] S. Chongchitnan and J. Silk, Phys. Rev. D 83, 083504 (2011) [arXiv:1012.1859 [astro-ph.CO]].

[17] K. Enqvist, S. Hotchkiss and O. Taanila, JCAP 1104, 017 (2011) [arXiv:1012.2732 [astro-ph.CO]].

[18] M. LoVerde and K. M. Smith, JCAP 1108, 003 (2011) [arXiv:1102.1439 [astroph.CO]].

[19] S. Yokoyama, N. Sugiyama, S. Zaroubi and J. Silk, arXiv:1103.2586 [astro-ph.CO]. [20] V. Desjacques, D. Jeong and F. Schmidt, arXiv:1105.3476 [astro-ph.CO]. [21] V. Desjacques, D. Jeong and F. Schmidt, arXiv:1105.3628 [astro-ph.CO]. [22] K. M. Smith, S. Ferraro and M. LoVerde, arXiv:1106.0503 [astro-ph.CO]. [23] J. O. Gong and S. Yokoyama, arXiv:1106.4404 [astro-ph.CO]. [24] D. Tseliakhovich, C. Hirata and A. Slosar, Phys. Rev. D 82, 043531 (2010) [arXiv:1004.3302 [astro-ph.CO]].

[25] K. M. Smith and M. LoVerde, arXiv:1010.0055 [astro-ph.CO]. [26] L. Boubekeur and D. H. Lyth, Phys. Rev. D 73, 021301 (2006) [arXiv:astro-ph/0504046].

[27] T. Suyama and F. Takahashi, JCAP 0809, 007 (2008) [arXiv:0804.0425 [astro-ph]]. [28] E. Komatsu and D. N. Spergel, Phys. Rev. D 63, 063002 (2001) [arXiv:astro-ph/0005036].

[29] C. T. Byrnes, M. Sasaki and D. Wands, Phys. Rev. D 74, 123519 (2006) [arXiv:astro-ph/0611075].