arXiv:1303.3146v1 [astro-ph.CO] 13 Mar 2013

March 14, 2013 9:22 WSPC/INSTRUCTION FILE pbh

International Journal of Modern Physics D © World Scientific Publishing Company

PRIMORDIAL BLACK HOLE CONSTRAINTS FOR CURVATON MODELS WITH PREDICTED LARGE NON-GAUSSIANITY

E.V. BUGAEV^∗ and P.A. KLIMAI^† Institute for Nuclear Research, Russian Academy of Sciences, 60th October Anniversary Prospect 7a, 117312 Moscow, Russia

Received ... Revised ...

We consider the early Universe scenario which allows for production of non-Gaussian curvature perturbations at small scales. We study the peculiarities of a formation of primordial black holes (PBHs) connected with the non-Gaussianity. In particular, we show that PBH constraints on the values of curvature perturbation power spectrum amplitude are strongly dependent on the shape of perturbations and can significantly (by two orders of magnitude) deviate from the usual Gaussian limit P_ζ ≲ 10^{−2}. We give examples of PBH mass spectra calculations and PBH constraints for the particular case of the curvaton model.

Keywords: primordial black holes; inflation.

PACS numbers: 98.80.Cq

1. Introduction

As is well known, in models of slow-roll inflation with one scalar field the curvature perturbation originates from the vacuum fluctuations during inflationary expansion, and these fluctuations lead to practically Gaussian classical curvature perturbations with an almost flat power spectrum. However, it is well known also that both these features are not generic in the case of inflationary models with two (or more) scalar fields: such models can easily predict adiabatic perturbations with, e.g., a “blue” spectrum and these perturbations can be non-Gaussian.^1

Possibilities for appearing of non-Gaussian fluctuations in inflationary models with multiple scalar fields had been discussed long ago.^{2–4} The time evolution of the curvature perturbation on superhorizon scales (which is allowed in multiplefield scenarios^5) implies that, in principle, a rather large non-Gaussian signal can be generated during inflation. According to the observational data,^6 the primordial curvature perturbation is Gaussian with an almost scale-independent power spectrum. So far there is only a weak indication of possible primordial non-Gaussianity

∗bugaev@pcbai10.inr.ruhep.ru †pklimai@gmail.com 1

2 E.V. Bugaev, P.A. Klimai

[at (2 − 3)σ level] from the cosmic microwave background (CMB) temperature information data (see, e.g., Ref. 7). However, non-Gaussianity is expected to become an important probe of both the early and the late Universe in the coming years.^8 The second important feature of predictions of two-field models is that these models can lead to primordial curvature perturbations with blue spectrum (for scales which are smaller than cosmological ones) and, correspondingly, can predict the primordial black hole (PBH) production at some time after inflation. In this case, PBHs become a probe for the non-Gaussianity of cosmological perturbations.^{9–12} The results of PBH searches can be used to constrain the ranges of early Universe model parameters.

There are several types of two-field inflation scenarios in which detectable non- Gaussianity of the curvature perturbation can be generated: curvaton models,^{1, 13–16} models with a non-inflaton field causing inhomogeneous reheating,^{17, 18} curvatontype models of preheating (see, e.g., Ref. 19 and references therein), models of waterfall transition that ends the hybrid inflation.^{20–23} In these two-field models the primordial curvature perturbation ζ has two components: a contribution of the inflaton (almost Gaussian) and a contribution of the extra field. This second component is parameterized by the following way^{24}

ζ_χ(x) = aχ(x) + χ^2(x) − ⟨χ^2⟩. (1)

If a = 0, one has a χ^2-model. Obviously, the quadratic term can’t dominate in ζ on cosmological scales where CMB data are available. It can, however, be important on smaller scales.

In the present work we study the predictions of the PBH production and corresponding PBH constraints for the curvaton model. The potentially large non- Gaussianity in this model is connected with the fact that the predicted magnitude of the curvature perturbation is proportional to a square of the non-inflaton (curvaton) field. The blue spectrum in the curvaton model is due to, e.g., supergravity effects leading to the large effective mass of the curvaton.^1

The main attention in the present paper is paid to a study of probability distribution function (PDF) of the curvature perturbation and the shape of the black hole mass function, with taking into account of the non-Gaussianity. The first general study of PDF of the curvature perturbation in curvaton model was carried out in Ref. 25.

PBH production in curvaton scenario was studied in recent works 26, 27 (without considering the non-Gaussian effects). The approximate PBH constraints on the curvature perturbation power spectrum in the curvaton model were obtained in Ref. 28.

The plan of the paper is as follows. In Sec. 2 we study the process of PBH production in the case when the primordial curvature perturbations are strongly non-Gaussian. We calculate the PDF function for the χ^2-model and use it for a calculation of PBH mass spectrum via Press-Schechter mechanism. In Sec. 3 we discuss the possible production of PBHs in the curvaton model and the correspond-

Primordial black hole constraints for curvaton models 3

ing cosmological constraints that can be obtained. Our conclusions are given in Sec. 4.

2. PBH mass spectrum in the case of non-Gaussian curvature perturbations 2.1. PDFs for χ^2-model Generally, in χ^2-model the connection between curvature perturbation ζ and the square of the (non-inflaton) scalar field perturbation value χ^2 is

ζ = ±A(χ^2 − ⟨χ^2⟩), A > 0. (2)

The distribution of χ is assumed to be Gaussian, i.e.,

p_χ(χ) = 1 σ_χ √ 2π e^− χ2 2σ2χ , σ2 χ ≡ ⟨χ^2⟩. (3) The form of the PDF depends on the sign in front of the right-hand side of Eq. (2). If the sign is negative, i.e.,

ζ = −A(χ^2 − ⟨χ^2⟩), (4)

it is convenient to introduce the notation ζ_{max} ≡ A⟨χ^2⟩, ζ ≤ ζ_{max}, (5) and the PDF is given by the formula^{29}

p_ζ (ζ) = p_χ | | | dχ dζ | | | = 1 √ 2πζ_{max}(ζ_{max} − ζ) e^{ζ−ζmax} 2ζmax , (6) which is just a χ^2-distribution with one degree of freedom, with an opposite sign of the argument, shifted to a value of ζ_{max}.

In a case of the positive sign in Eq. (2) one has, correspondingly,

ζ = A(χ^2 − ⟨χ^2⟩), (7)

and, introducing the notation ζ_{min} ≡ −A⟨χ^2⟩, ζ ≥ ζ_{min}, (8) one obtains for the PDF the expression

p_ζ (ζ) = 1 √ 2πζ_{min}(ζ_{min} − ζ) e^{ζ−ζmin} 2ζmin . (9) The case when the sign is negative is realized in the model of hybrid inflation waterfall^{30, 31} and was studied in detail in Ref. 29. In this case, χ is the perturbation of the waterfall field.

4 E.V. Bugaev, P.A. Klimai

In our present case, when χ is the perturbation of the curvaton field, the sign is positive. The variance of the PDF of the ζ field distribution is

⟨ζ^2⟩ = ∞∫ ζ_{min} ζ^2p_ζ (ζ)dζ = 2ζ^2_{min}. (10)

This variance is connected with the curvature perturbation spectrum P_ζ through the expression

⟨ζ^2⟩ = σ^2_ζ = ∫ P_ζ (k) dk k . (11)

The distribution function (9) can be written in the form

p_ζ (ζ) = 1 σ_ζ p ( ζ σ_ζ ) ≡ 1 σ_ζ p(ν), p(ν) = 1 √ 1 + √ 2ν e^{− 12 (1+√2ν)}. (12)

Here, the ratio ν ≡ ζ/σ_ζ is introduced. The first central moments of the PDF of the ζ field are given by

⟨ζ⟩ = 0; ⟨ζ^2⟩ = 2A^2⟨χ^2⟩^2; ⟨ζ^3⟩ = 8A^3⟨χ^2⟩^3; ⟨ζ^4⟩ = 60A^4⟨χ^2⟩^4, (13)

where ⟨χ^2⟩ is a variance of the χ-field power spectrum,

⟨χ^2⟩ = ∫ P_χ(k) dk k . (14)

We will use also the central moments of p(ν) distribution (“reduced central moments”). They are given by the expression ⟨ζ^n⟩/σ^n_ζ . In particular, for the skewness and kurtosis one has, respectively, S = ⟨ζ^3⟩ σ^3_ζ = ⟨ζ^3⟩ ⟨ζ^2⟩^{3/2}

; D = ⟨ζ^4⟩ ⟨ζ^2⟩^{4/2}

. (15)

For the following, we need the expression for the PDF of the smoothed curvature fluctuations, i.e., instead of Eq. (7) we must use the smoothed ζ field,

ζ_R(x) = A ∫ dyW̃ (|x − y|/R)χ^2(y) − A⟨χ^2⟩ ∫ dyW̃ (|x − y|/R), (16) where W̃ is the window function. We will use the Gaussian form of this function, in this case its Fourier transform is W (kR) = exp(−k^2R^2/2). The expressions for the central moments of the corresponding PDF, p_{ζ,R}, had been derived in Ref. 32. The second and third central moments of p_{ζ,R} are given by the formulas

⟨ζ^2_R⟩ = 2 (2π)^6

A^2 ∫ dkdk^′P_χ(k)P_χ(k^′)W^2(|k + k^′|R), (17)

⟨ζ^3_R⟩ = 8 (2π)^9

A^3 ∫ dkdk^′dk^{′′}P_χ(k)P_χ(k^′)P_χ(k^{′′}) × ×W (|k + k^′|R)W (|k^′ − k^{′′}|R)W (|k + k^{′′}|R), (18)

Primordial black hole constraints for curvaton models 5

where P_χ(k) is the power spectrum of the χ field,

P_χ(k) =

2π^2 k^3

P_χ(k). (19)

Now, we suppose, that the PDF of the smoothed ζ field can be presented in the factorized form [as in Eq. (12)], p_{ζ,R} = 1 σ_ζ (R) p̃ ( ζ_R σ_ζ (R) ) ≡ 1 σ_ζ (R) p̃(ν_R), (20)

σ_ζ (R) = ⟨ζ^2_R⟩^{1/2}. (21)

If Eq. (20) is approximately correct, the central moments of p̃(ν_R) are weakly dependent on the smoothing scale R. It had been shown in Refs. 33, 34, 35, 36 that it is really so, for a wide range of scales. In particular, Seto^{36} showed that, if the spectrum P_χ has a power form, P_χ ∼ k^{tχ} , the scale dependences of the variance and third central moment of the ζ_R field are: ⟨ζ^2_R⟩ ∼ R^{−2tχ} , ⟨ζ^3_R⟩ ∼ R^{−3tχ} . (22) Correspondingly, the scale dependence is canceled in the expression for the skewness parameter, S_R = ⟨ζ^3_R⟩/⟨ζ^2_R⟩^{3/2}. Moreover, it appears^{36} (and it is most essential for our case) that, if t_χ ≲ 1, the value of S_R is quantitatively close to S [which is equal to √ 8, as follows from Eq. (13)]. The analogous check had been performed in Ref.

34 for the next central moment (kurtosis).

It follows from this analysis that the shape of ν_R distribution is close to the shape of ν distribution, and the smoothing effects enter only through the value of the variance, ⟨ζ^2_R⟩^{1/2} = σ_ζ (R).

As we will see in the next Section, in our case the spectrum of the χ-field has a power form, P_χ ∼ k^{tχ} , and t_χ is of order of 1. Therefore, basing on the above cited works, we will use Eq. (20) for the PDF of the smoothed ζ field, with p̃(ν_R) having the same form as p(ν).

The form of the distribution (9) for σ^2_ζ = 2 × 10^{−4} is shown in Fig. 1. It is seen that in this particular case the probability to reach ζ ∼ ζ_c ∼ 1 (which is, as is well known, required for the PBH formation) is ∼ 10^{−20} or so, i.e., roughly of the same order of magnitude as PBH constraints on energy density fraction of the Universe contained in PBHs at the time of their formation, β_{P BH} (M_{BH} ), in PBH mass range M_{BH} ∼ (10^{10} −10^{20}) g.^{37} It follows from this Figure that the value of P_ζ (k) ∼ 10^{−4} is already enough for producing an observable amount of PBHs in this model (this is in agreement with the estimates of Refs. 30, 28).

2.2. PBH mass spectrum in Press-Schechter formalism

For a derivation of PBH mass spectrum and PBH constraints we will use the Press- Schechter formalism.^{38} We will follow the approach of Refs. 28, 29, and more recent works 39, 40 working directly with the curvature perturbation rather than with the

6 E.V. Bugaev, P.A. Klimai

Fig. 1. The form of the distribution (9) for σ^2_ζ = 2 × 10^{−4}. Dashed lines show the considered values of ζ_c (0.75 and 1, see text).

density contrast. In the Press-Schechter formalism, the energy density fraction of the Universe contained in collapsed objects of initial mass larger than M is given by 1 ρ_i ∞∫ M M̃n(M̃)dM̃ = ∞∫ ζ_c p_ζ (ζ)dζ = P (ζ > ζ_c; R(M), t_i), (23)

where function P in right-hand side is the probability that in the region of comoving size R the smoothed value of ζ will be larger than the PBH formation threshold value, n(M) is the mass spectrum of the collapsed objects, and ρ_i is the initial energy density. The parameter ζ_c in Eq. (23) is the threshold of PBH formation in the radiation-dominated epoch, which is to be taken from gravitational collapse model. For estimates, in the following we will use two values: ζ_c = 0.75 and ζ_c = 1 (corresponding to the PBH formation criterion in the radiation-dominated epoch: δ > δ_c, with δ_c = 1/3 and δ_c = 0.45, respectively).^{29}

The horizon mass corresponding to the time when fluctuation with initial mass M crosses horizon is (see Ref. 41)

M_h = M^{1/3}_i M^{2/3}, (24)

where M_i is the horizon mass at the moment t_i, M_i ≈ 4π 3 t^3_i ρ_i, (25)

and t_i is the time of the start of the radiation era, ρ_i is the energy density at this time. If the reheating is short, t_i coincides with the time of the end of inflation. In this case, there is a connection between M_i and the reheating temperature (see, e.g., Ref. 41):

M_i ≈ 0.038 m^3_{P l} g^{1/2}_∗ T^2_{RH}

, g_∗ ≈ 100. (26)

Primordial black hole constraints for curvaton models 7

For simplicity, we will use the approximation that mass of the produced black hole is proportional to horizon mass, namely,

M_{BH} = f_hM_h = f_hM^{1/3}_i M^{2/3}, (27)

where f_h ≈ (1/3)^{1/2} = const.

Using (23) and (27), for the PBH number density (mass spectrum) one obtains^{29}

n_{BH} (M_{BH} ) = ( 4π 3 )_{−1/3} | |∂P ∂R | | | f^hρ^{2/3i} M^{1/3i} a_iM^2_{BH} , (28)

where a_i is the scale factor at the moment t_i. The derivative ∂P /∂R (where P is the function defined in Eq. (23)) is given by the expression ∂P ∂R = ζ_c σ_ζ (R) dσ_ζ (R) dR p_{ζ,R}(ζ_c) (29)

(in derivation of this equation the PDF form of Eq. (20) was used).

The dependence of the PBH mass spectrum on the curvature perturbation spectrum P_ζ enters just through the factor ∂P /∂R.

Introducing the PBH formation time, t = t_e (see Sec. 3), we can calculate the energy density fraction of the Universe contained in PBHs, at the moment t_e (at this moment the horizon mass is equal to M_h(t_e) ≡ M^f_h ):^{29}

Ω_{P BH} (M^f_h ) ≈ 1 ρ_i ( M^f_h M_i )_{1/2} ∫ n_{BH} (M_{BH} )M^2_{BH} d ln M_{BH} ≈

≈ 1 ρ_i ( M^f_h M_i )_{1/2} [ n_{BH} (M_{BH} )M^2_{BH} ]| M_{BH} =M^{min}_{BH} ≈ ≈ (M^f_h )^{5/2} ρ_iM^{1/2}_i n_{BH} (M_{BH} ) |_{MBH =M} min_{BH} . (30) Here, M^{min}_{BH} is the minimum mass of the PBH mass spectrum, M^{min}_{BH} = f_hM^f_h . It is well known that for an almost monochromatic PBH mass spectrum Ω_{P BH} (M^f_h ) coincides with the traditionally used parameter β_{P BH} . Although all PBHs do not form at the same moment of time, it is convenient to use the combination M^{−1/2}_i ρ^{−1}_i M^{5/2}_{BH} n_{BH} (M_{BH} ) to have a feeling of how many PBHs (with mass ∼ M_{BH} ) actually form, i.e., to use the estimate following from (30):

M^{−1/2}_i ρ^{−1}_i M^{5/2}_{BH} n_{BH} (M_{BH} ) ≈ β_{P BH} . (31)

3. PBH constraints in the curvaton model

Curvaton is an additional to the inflaton scalar field that can be responsible (partly or fully) for generation of primordial curvature perturbations.^{1, 13–15} This field can also be a source of PBHs, as discussed in Refs. 42, 30.

In this work, we only consider the case of a strong positive tilt (the possibility discussed in Refs. 1, 15) of the curvaton-generated perturbation power spectrum.

8 E.V. Bugaev, P.A. Klimai

At the same time, it is assumed that inflaton is responsible for generation of perturbations on cosmological scales (see Fig. 2 for an illustration).

The curvaton field generates cosmological perturbations in two stages:^{1, 14–16} (i) Quantum fluctuations of the curvaton during inflation (at time of horizon exit) become classical, super-horizon perturbations.

(ii) In the radiation-dominated stage, the curvaton starts to oscillate (this happens at the time when Hubble parameter becomes of order of curvaton’s effective mass, H ∼ m). The Universe at this stage becomes a mixture of radiation and matter (the curvaton behaves as a non-relativistic matter in this regime). The pressure perturbation of this mixture is non-adiabatic and the curvature perturbation is thus generated. One obtains, approximately, the expression (see, e.g., Ref. 43) ζ(t, x) = rσ^′_{osc} 2σ_{osc} δσ_∗ + r 4 ( σ^′_{osc} σ_{osc}

)_2 δσ^2_∗ , (32)

where r is the density parameter, r = 4ρ_σ/(4ρ_r + 3ρ_σ ) (ρ_r is the energy density of radiation after inflation), σ_{osc} is the value of the curvaton field at the onset of oscillations. The initial value for the curvaton field, σ_∗, is set by inflation. The derivative in Eq. (32) is taken with respect to the field value during inflation, σ_∗. The term containing the second derivative, σ^{′′}_{osc}, is neglected. It is assumed that r ≪ 1. Assuming zero average value for the curvaton field (i.e., working with the maximal box^{15}), we keep in Eq. (32) only the second term, ζ(t, x) = r 4 ( σ^′_{osc} σ_{osc}

)_2 δσ^2_∗. (33)

In this case we have the χ^2-model (because the perturbations δσ_∗ are assumed to be

Fig. 2. A sketch that illustrates a relation between curvaton-generated and inflaton-generated curvature perturbation power spectra for the scenario of PBH production that we consider.

Primordial black hole constraints for curvaton models 9

Fig. 3. Examples of PBH mass spectra calculated for the curvaton model, for several sets of parameters n and ζ_c. For all curves, P^0_ζ = 4 × 10^{−4}. The mass M^{min}_{BH} = f_hM_h(t_e) and t_e is the moment of time when perturbation with comoving wave number k_e enters horizon.

Gaussian). In notations of Sec. 2, one has A =^r_4 (_{σ′osc} σ_{osc}

)_2 , δσ_∗ = χ. The fluctuations are strongly non-Gaussian which is not forbidden on small scales.

The curvaton-generated curvature perturbation spectrum can be written^{15, 44} as (using the Bunch-Davies probability distribution for the perturbations of the curvaton field^{45, 46}) P^{1/2}_{ζσ} ∼ 2 3 Ω_σ ( σ^′_{osc} σ_{osc}

)_2 1 √ t_σ ( H_∗ 2π )_2 ( k k_e )_{tσ} , (34)

where Ω_σ = ρ̄_σ /ρ ≈ r is the relative curvaton energy density at the time of its decay (it depends on the curvaton decay rate) and t_σ ∼= 2m^2_∗ 3H^2_∗

(35)

is the tilt of the curvaton field spectrum, P_σ ∼ k^{tσ} , m_∗ is the effective mass of the curvaton field and H_∗ is the Hubble parameter during inflation.

It is rather natural (see Ref. 1 and, e.g., Ref. 47, which considers the models of chaotic inflation in supergravity) that t_σ ∼ 2/3 which corresponds to a blue perturbation spectrum with the spectral index

n = 1 + 2t_σ ∼ 7/3 (36)

(such a situation is shown in Fig. 2). For the following, we parameterize the spectrum (34) in a simple form

P_ζ = P^0_ζ ( k k_e )_{n−1} , k < k_e, (37) and will treat P^0_ζ , n, and k_e as free parameters. Note that k_e does not, in general, coincide with the comoving wave number corresponding to the end of inflation.

10 E.V. Bugaev, P.A. Klimai

Fig. 4. The limits on the maximum value of curvature perturbation power spectrum P^0_ζ from PBH non-observation, for the curvaton model, for several sets of parameters n and ζ_c. The forbidden regions are above of the corresponding curves. M_h is the horizon mass at the moment of time when the perturbation with comoving wave number k_e enters horizon. The spectrum is parameterized as (37).

Rather, it is the scale entering horizon at the time when ζ is created^{15} (we assume that it is created instantaneously due to the fast curvaton decay).

Using the Eq. (28), we can calculate PBH mass distributions that are generated for a particular set of parameters (n, P^0_ζ , etc.) and then compare the resulting β_{P BH} (Eq. (31)) with the known limits (from, e.g., Ref. 37). The example of PBH mass spectrum calculation is shown in Fig. 3. It is seen from this Figure that PBH abundances strongly depend on the particular choice of ζ_c.

In the calculation of PBH mass spectra we took into account the fact that PBHs start to form only after the moment of time t = t_e when curvaton decays and ζ is created,^{15} and the scale k_e enters horizon just at the same moment t_e. Thus, the minimal PBH mass in our model, taking into account Eq. (27), is

M^{min}_{BH} = f_hM_h(t_e). (38)

This minimal mass corresponds to the vertical line in Fig. 3.

The resulting constraints on parameter P^0_ζ (for two values of the spectral index n) following from data^{37} on PBH non-observation are shown in Fig. 4. Here, the connection between k_e and M_h is given by (see, e.g., Ref. 48) k_e ≈ 2 × 10^{23} √ M_h/1g Mpc^{−1}. (39)

The obtained constraints can also be transformed into limits on particular curvaton model’s parameters, such as Ω_σ. For example, comparing Fig. 4 and Eq. (34), one

Primordial black hole constraints for curvaton models 11

obtains, roughly,

Ω_σ ≈ (P^0_ζ )^{1/2} ≲ 10^{−2}, (40)

which is already a useful constraint. It is a subject of our further study to get more exact limits for particular parameter sets of the model.

4. Conclusions

Primordial black holes can be used to probe perturbations in our Universe at very small scales, as well as to study other problems of physics of early stages of the cosmological evolution. We have considered the PBH formation from primordial curvature perturbations produced in the curvaton model. This model predicts the production of strongly non-Gaussian perturbations, and non-Gaussianity was taken into account in the calculation of PBH mass spectrum (in Press-Schechter formalism). Limits on the values of perturbation power spectrum as well as approximate constraints on inflation model parameters were obtained. The constraints on the curvature perturbation spectrum amplitude follow from Fig. 4. It had been shown in our previous work^{29} that the constraint on P_ζ in the case when PDF of the curvature perturbation is given by Eq. (4) (this case is realized, e.g., in the hybrid waterfall model^{29}) is very weak, P_ζ ≲ 1. In contrast with this, the corresponding constraint in the curvaton model is much stronger, P_ζ ≲ (10^{−4} − 10^{−2.5}), depending on the value of the spectral index and PBH mass. It is important to note that the latter constraints are more strong than those following from one-field inflation models, in which P_ζ ≲ 10^{−2} (see, e.g., Ref. 48). The PBH constraints obtained in this work confirm the estimates given in Refs. 30, 28.

Acknowledgments

The work was supported by The Ministry of education and science of Russia, project No. 8525.

References 1. A. D. Linde and V. F. Mukhanov, Phys. Rev. D 56 (1997) 535 [astro-ph/9610219]. 2. D. S. Salopek, J. R. Bond and J. M. Bardeen, Phys. Rev. D 40 (1989) 1753. 3. D. S. Salopek, Phys. Rev. D 45 (1992) 1139.

4. Z. H. Fan and J. M. Bardeen, “Predictions of a nonGaussian model for large scale structure,” preprint UW-PT-92-11 (1992).

5. A. A. Starobinsky, JETP Lett. 42 (1985) 152 [Pisma Zh. Eksp. Teor. Fiz. 42 (1985) 124 ].

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

7. A. P. S. Yadav and B. D. Wandelt, Phys. Rev. Lett. 100 (2008) 181301 [arXiv:0712.1148 [astro-ph]].

8. E. Komatsu, N. Afshordi, N. Bartolo et al., arXiv:0902.4759 [astro-ph.CO]. 9. J. S. Bullock and J. R. Primack, Phys. Rev. D 55 (1997) 7423 [astro-ph/9611106].

March 14, 2013 9:22 WSPC/INSTRUCTION FILE pbh

12 E.V. Bugaev, P.A. Klimai

10. P. Ivanov, Phys. Rev. D 57 (1998) 7145 [astro-ph/9708224]. 11. P. Pina Avelino, Phys. Rev. D 72 (2005) 124004 [astro-ph/0510052]. 12. J. C. Hidalgo, arXiv:0708.3875 [astro-ph]. 13. S. Mollerach, Phys. Rev. D 42 (1990) 313.

14. D. H. Lyth and D. Wands, Phys. Lett. B 524 (2002) 5 [hep-ph/0110002]. 15. D. H. Lyth, J. Cosmol. Astropart. Phys. 0606 (2006) 015 [astro-ph/0602285]. 16. T. Moroi and T. Takahashi, Phys. Lett. B 522 (2001) 215 [Erratum-ibid. B 539 (2002) 303] [hep-ph/0110096].

17. G. Dvali, A. Gruzinov and M. Zaldarriaga, Phys. Rev. D 69 (2004) 023505 [arXiv:astro-ph/0303591].

18. L. Kofman, arXiv:astro-ph/0303614.

19. K. Kohri, D. H. Lyth and C. A. Valenzuela-Toledo, J. Cosmol. Astropart. Phys. 1002 (2010) 023 [Erratum-ibid. 1009 (2011) E01] [arXiv:0904.0793 [hep-ph]].

20. G. N. Felder, J. Garcia-Bellido, P. B. Greene, L. Kofman, A. D. Linde and I. Tkachev, Phys. Rev. Lett. 87 (2001) 011601 [hep-ph/0012142].

21. T. Asaka, W. Buchmuller and L. Covi, Phys. Lett. B 510 (2001) 271 [hep-ph/0104037]. 22. E. J. Copeland, S. Pascoli and A. Rajantie, Phys. Rev. D 65 (2002) 103517 [hep-ph/0202031].

23. J. Garcia-Bellido, M. Garcia Perez and A. Gonzalez-Arroyo, Phys. Rev. D 67 (2003) 103501 [hep-ph/0208228].

24. L. Boubekeur and D. H. Lyth, Phys. Rev. D 73 (2006) 021301 [astro-ph/0504046]. 25. M. Sasaki, J. Valiviita and D. Wands, Phys. Rev. D 74 (2006) 103003 [astro-ph/0607627].

26. M. Kawasaki, N. Kitajima and T. T. Yanagida, arXiv:1207.2550 [hep-ph]. 27. H. Firouzjahi, A. Green, K. Malik and M. Zarei, arXiv:1209.2652 [astro-ph.CO]. 28. D. H. Lyth, J. Cosmol. Astropart. Phys. 1205 (2012) 022 [arXiv:1201.4312 [astroph.CO]].

29. E. Bugaev and P. Klimai, Phys. Rev. D 85 (2012) 103504 [arXiv:1112.5601 [astroph.CO]].

30. D. H. Lyth, J. Cosmol. Astropart. Phys. 1107 (2011) 035 [arXiv:1012.4617 [astroph.CO]].

31. E. Bugaev and P. Klimai, J. Cosmol. Astropart. Phys. 1111 (2011) 028 [arXiv:1107.3754 [astro-ph.CO]].

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

33. P. J. E. Peebles, Astrophys. J. 510 (1999) 531 [astro-ph/9805212]. 34. M. J. White, Mon. Not. Roy. Astron. Soc. 310 (1999) 511 [astro-ph/9811227]. 35. K. Koyama, J. Soda and A. Taruya, Mon. Not. Roy. Astron. Soc. 310 (1999) 1111 [astro-ph/9903027].

36. N. Seto, Astrophys. J. 553 (2001) 488 [astro-ph/0102195].

37. B. J. Carr, K. Kohri, Y. Sendouda and J. Yokoyama, Phys. Rev. D 81 (2010) 104019 [arXiv:0912.5297 [astro-ph.CO]].

38. W. H. Press and P. Schechter, Astrophys. J. 187 (1974) 425.

39. C. T. Byrnes, E. J. Copeland and A. M. Green, Phys. Rev. D 86 (2012) 043512 [arXiv:1206.4188 [astro-ph.CO]].

40. A. Linde, S. Mooij and E. Pajer, arXiv:1212.1693 [hep-th].

41. E. Bugaev and P. Klimai, Phys. Rev. D 79 (2009) 103511 [arXiv:0812.4247 [astro-ph]]. 42. K. Kohri, D. H. Lyth and A. Melchiorri, J. Cosmol. Astropart. Phys. 0804 (2008) 038 [arXiv:0711.5006 [hep-ph]].

43. K. Enqvist and S. Nurmi, J. Cosmol. Astropart. Phys. 0510 (2005) 013

March 14, 2013 9:22 WSPC/INSTRUCTION FILE pbh

Primordial black hole constraints for curvaton models 13

[astro-ph/0508573].

44. E. Bugaev and P. Klimai, arXiv:1212.6529 [astro-ph.CO].

45. T. S. Bunch and P. C. W. Davies, Proc. Roy. Soc. Lond. A 360 (1978) 117; A. Vilenkin and L. H. Ford, Phys. Rev. D 26 (1982) 1231; A. D. Linde, Phys. Lett. B 116 (1982) 335.

46. A. A. Starobinsky, Phys. Lett. B 117 (1982) 175.

47. V. Demozzi, A. Linde and V. Mukhanov, J. Cosmol. Astropart. Phys. 1104 (2011) 013 [arXiv:1012.0549 [hep-th]].

48. E. Bugaev and P. Klimai, Phys. Rev. D 83 (2011) 083521 [arXiv:1012.4697 [astroph.CO]].