arXiv:1211.2371v4 [hep-ph] 27 May 2013

Primordial black holes from the inflating curvaton

Kazunori Kohri Cosmophysics group, Theory Center, IPNS, KEK, and The Graduate University for Advanced Study (Sokendai), Tsukuba 305-0801, Japan

Chia-Min Lin Department of Physics, Kobe University, Kobe 657-8501, Japan

Tomohiro Matsuda Physics Department, Lancaster University, Lancaster LA1 4YB, U.K. and Laboratory of Physics, Saitama Institute of Technology, Fukaya, Saitama 369-0293, Japan

The primordial black hole (PBH) formation is studied in light of the inflating curvaton. The typical scale of the PBH formation is determined by curvaton inflation, which may generate PBH with 10^{14} g ≤ MPBH ≤ 10^{38} g when curvaton inflation gives the number of e-foldings 5 ≤ N2 ≤ 38. The non-Gaussianity of the inflating curvaton does not prevent the PBH formation.

PACS numbers: 98.80Cq

I. INTRODUCTION

The origin of the structure in the Universe is due to the primordial density perturbations that already existed when cosmological scales started entering the horizon after the final reheating.

Inflation can generate the primary source of the cosmological perturbation, which is usually the vacuum fluctuation of a light scalar field. In the original inflation model the primary perturbation of the light field (i.e, the inflaton perturbation) is converted into the curvature perturbation at the same time when the perturbation leaves the horizon.^1

However, later studies revealed that there are many other candidates for the mechanism of generating the curvature perturbations after inflation [2–9, 11, 12]. The idea of these alternatives is very simple: given that there are many scalar fields in the particle physics model, there will be many fields displaced from their minima at the end of the primordial inflation epoch, which leads to the multicomponent Universe after inflation where any kind of isocurvature perturbations can be created. Then the isocurvature perturbations can source the creation of the curvature perturbations after inflation.

In this paper we consider an inflating curvaton [9–13] that can lead to primordial black hole (PBH) formation. Generation of the cosmic microwave background (CMB) perturbations is separated from the PBH formation, since unification of these perturbations requires a highly model-dependent argument that is not suitable for the purpose of this paper. Previously, such a unification scenario has been considered for the running-mass

1 This mechanism has been used for the PBH formation in Ref. [1], where the secondary inflation is considered for the creation of the perturbation. This must be distinguished from the curvaton mechanism.

model or the Type-III hilltop inflation model [14–19].^2 PBH can also be produced from passive fluctuations [20]. (See also Ref.[21].) PBH in the curvaton model has been considered in Ref.[22] in connection with the so-called “curvaton web” concept [23].

Our strategy is to separate PBH formation from the original inflation scenario, so that PBH formation is liberated from the CMB conditions. Note however that the seed perturbations are generated during primordial inflation.

Although not mandatory, the secondary inflation may solve cosmological problems of some specific models. For instance:

1. The primordial inflation model may require efoldings less than 60 so that the model can explain the observed CMB. The short inflation could be needed to explain the spectral index and its running, or the inflation could be short because of the fast (rapid) rolling.

2. The model may predict unwanted relics after reheating. They must be diluted.

3. The model may not have an elementary dark matter (DM) candidate. Then the dark matter of the Universe must be explained by something other than the particles.

The most optimistic scenario of the inflating curvaton is that all these “problems” are solved by the secondary curvaton inflation.

2 Type-I hilltop includes new inflation models in which the inflaton field rolls toward a larger value. Type-II hilltop includes supersymmetric hybrid inflation with a negative mass term in which the inflaton field rolls toward the origin. Type-III hilltop includes running-mass models with a positive mass term in which the inflaton field rolls toward the origin. One can find classifications of these hilltop models in Ref.[14].

In the standard curvaton mechanism, the crucial assumption is that there are two components in the Universe, where one component scales like matter (ρ_σ ∝ a^{−3}) while the other is the radiation (ρ_r ∝ a^{−4}). The inflating curvaton uses a slow-roll (or sometimes fast-roll [24]) field instead of the oscillating one, which is a natural generalization of the usual curvaton mechanism. We consider the slow- or fast-rolling curvaton (the inflating curvaton that scales like ρ_σ ∝ a^{−3ϵw} ) in the presence of the radiation. Then the curvature perturbation is expressed as [2, 6]

ζ = (1 − f)ζ_r + fζ_σ, (1)

where f ≡ ρ̇_σ ρ̇_r + ρ̇_σ = 3ϵ_wρ_σ 3ϵ_wρ_σ + 4ρ_r ζ_r ≡ −H δρ_r ρ̇_r = δρ_r 4ρ_r ζ_σ ≡ −H δρ_σ ρ̇_σ = 1 3ϵ_w δρ_σ ρ_σ . (2)

Here ϵ_w is defined as

ρ̇_σ = −3ϵ_wHρ_σ. (3)

Unlike the usual curvaton mechanism, the constancy of ζ_σ requires some debate in the practical calculation, since there is no doubt that ζ_σ is time dependent when the radiation density is comparable to the curvaton density. However, after the beginning of the curvaton inflation, the ratio of the radiation decreases rapidly, and ϵ_w will soon behave like a constant. In that sense the initial quantity of ζ_σ must be calculated in the inflationary phase slightly after a few e-foldings, which however must not be later than the significant evolution of the curvature perturbation [9, 12]. In this paper t = t_{ini} is the time when the initial quantities are defined. Note that in the inflating curvaton model significant evolution occurs when ϵ_w ≪ 1, while in the usual curvaton it occurs when ϵ_w = 1. The significant evolution is accompanied by the significant change of the parameter r_σ , which will be defined later. The curvature perturbation cannot evolve after r_σ ≃ 1.

In this paper we are assuming that the effective curvaton potential is always quadratic (= ±^1_2 m^2_σ σ^2) so that the ratio δσ/σ behaves like a constant after the horizon exit. Thinking about the scale dependence of the perturbation, “the initial δσ/σ measured at the horizon exit” depends on the corresponding scale if σ is moving during the primordial inflation, and finally the distribution of δσ/σ becomes scale dependent. For the curvaton mechanism, a small σ at the horizon exit means a large perturbation ∝ δσ/σ on that scale.^3 If the effective curvaton

3 When we were finalizing the manuscript we found a new pa-

FIG. 1: We are considering a scenario in which the curvaton potential is flipped during the primordial inflation because of the Hubble-induced mass, while it is negative during the secondary (curvaton) inflation. The density of the curvaton is subdominant during the primordial inflation.

mass is determined by the main component of the Universe, one can expect a small mass during the radiationdominated epoch [25]. With these simple assumptions we examine the PBH formation in the generalized curvaton mechanism.^4

II. SCALE-DEPENDENT PERTURBATION FOR THE INFLATING CURVATON

To show an illustrative scenario we consider a new inflation scenario or a Type-I hilltop inflation [14] for the inflating curvaton, in which the curvaton potential sat-

isfies ϵ_σ ≡^1_2 M^2_p (_{V ′} V )_2 ≪ 1 during the curvaton inflation [9, 29].

Consider the effective potential for the inflating curvaton,

V (σ) = V_0 + 1 2 m_σ(H)^2σ^2, (4)

per [28], in which the usual curvaton mechanism has been considered for a similar PBH formation. The secondary inflation is the crucial difference, since it expands the PBH scale and usually makes PBH heavier than the usual curvaton scenario.

4 For the scalar field ϕ with the bare mass m_ϕ, the effective mass m_{eff} ∼ ±H^2 has been estimated [27] for the supergravity theory in the regime H^2 ≫ m^2_ϕ. The possible flip of the sign has been used in supersymmetric cosmology, for instance in Ref.[26] for the Affleck-Dine baryogenesis. Here the sign may depend on the main component of the energy density (and of course on the effective interactions) at that moment. The result is mostly due to the F-term contribution from the Kähler potential, which gives m^2_ϕ ∼ |F |^2/M^2_p ∼ H^2. A similar contribution (∼ V /M^2_p ), may appear in the nonsupersymmetric theory of the gravity [27].

where m^2_σ < 0 is possible. Here the effective mass is determined by the main component of the Universe. As is shown in Fig.1, we are assuming m^2_σ > 0 during the primordial inflation while m^2_σ < 0 during the curvaton inflation. Hereafter we use the index “1” for the primordial inflation and “2” for the curvaton inflation, respectively.

In this paper we are assuming a quadratic potential for the curvaton so that σ and δσ can share the identical equation of motion. At the same time the equation becomes a linear differential equation and consequently the ratio δσ/σ behaves like a constant. We are avoiding any deviation from the quadratic assumption.

Let us see why the ratio can bahave like a constant when the quadratic potential is assumed for the curvaton. For the simplest example, consider the equations when m_σ and H are constants,

d^2σ dt^2 + 3H dσ dt + m^2_σ(H)σ = 0, (5)

where the equation has the solution of the form σ ∝ e^{−αt}, and the coefficient α is given by α ≡ 3 2 H 1 ± √ 1 − ( 2m_σ 3H )_2 . (6)

Defining β ≡ α/H, we find σ(t) ∼ σ(0)e^{−βHt} ≡ σ(0)e^{−βΔN} , (7) where ΔN ≡ Ht is the number of e-foldings spent after the horizon exit.^5 For the curvaton perturbation (σ ≡ σ̄ + δσ), the equation of motion after the horizon exit gives [24] δσ_k (t) ∼ δσ_k(0)e^{−βΔN} . We thus find δσ_k(t)/σ(t) ≃ δσ_k(0)/σ(0) because of the cancellation of the evolution factor. Although the mass flips its sign during the evolution, one can take the initial condition every time at the beginning of the epoch to find a similar evolution factor. Here the growing solution (β < 0) is possible when the mass term has the negative sign [29]. The equation of motion gives either a fast- or slow-rolling solution when |η_σ | < 3/4 (i.e, when |m_σ| <^3_2 H), where

the eta-parameter is defined by η_σ ≡^{m2σ}_{3H2} . As a consequence of the cancellation, the ratio δσ/σ behaves like a constant as far as the evolution is given by the separable function. (See also Sec.II A.)

For the inflating curvaton model, the source of the curvature perturbation is δσ, which leaves the horizon during the primordial inflation and evolves thereafter until the curvaton mechanism starts to work. At the horizon exit, the spectrum is given by P_{δσ∗} = ( H_1 2π )_2 , (8)

5 Here we have omitted the subscripts, but the evolution must be calculated for both inflationary stages.

where H_1 is the Hubble parameter during the primordial inflation.

Since we have two inflation stages (primordial and curvaton), we also need to consider the horizon exit during the curvaton inflation. Indeed, Ref.[1] used the perturbation that leaves the horizon during the second inflation and explains the small-scale perturbations.^6 We are considering the opposite scenario, in which the perturbation that exits the horizon during the primordial inflation seeds the curvaton mechanism. The scale dependence of the perturbation is illustrated in Fig.2. We are focusing on the specific case in which the amplitude of the curvaton perturbation becomes strongly scale dependent due to the Hubble-induced mass during the primordial inflation. For that reason we are not avoiding the η-problem of the curvaton potential.

In our scenario the seed perturbation (the curvaton perturbation) created during primordial inflation is highly scale dependent and it is converted into the curvature perturbation during the curvaton inflation. Our scenario complements the running-mass model or the Type- III hilltop inflation model considered in Refs. [14, 15, 17– 19].

For later use, we define the evolution of the perturbations as

P^{1/2}_{δσ} (t_{ini}) ≃ H_I 2π × T_1T_{int}T_2, (10)

where t_{ini} denotes the time when the inflating curvaton starts to work. Here the k-dependent functions T_1, T_{int} and T_2 denote the translation functions during primordial inflation (T_1 ∼ e^{−β1ΔN1} ≪ 1 for β_1 > 0), intermediate evolution (T_{int} ≃ 1 for β_{int} ∼ 0) and the second inflation (T_2 ∼ e^{−β2ΔN2} > 1 for β_2 < 0). Here ΔN_1 and ΔN_2 are the number of e-foldings elapsed during each inflation stage, defined for the perturbation on that scale (k = k_{PBH}). ΔN_1 is defined after the perturbation leaves the horizon, and ΔN_2 is defined before the inflating curvaton starts to work at t = t_{ini}. T_2 is usually negligible for the inflating curvaton.

Here the inhomogeneity (δσ) entering into the horizon can never be kept frozen even if the potential is flat. Oscillation around the average (not around the true vacuum) starts just after the horizon entry and the amplitude is decreasing in the expanding Universe. If the oscillation is sinusoidal, the evolution of the amplitude can be approximated as ∝ a^{−3/2}, which causes a significant

6 Another scenario has been considered in Refs.[14, 15, 17–19].

Given that the curvature perturbation at the scale is given by P_{ζφ} ≃ P_{δφ} 2ϵ_φM^2_p

, (9)

the significant scale dependence may appear either from ϵ_φ(k) (running potential) or from P_{δφ}(k). Our paper complements the approach given in Ref.[18] for the running ϵ_φ(k).

FIG. 2: The field perturbation has significant scale dependence. The peak appears at k^{−1}_{PBH}, which corresponds to the scale that touches the horizon at the beginning of the curvaton inflation. In this picture the amplitude of the perturbation that leaves the horizon during the first inflation decreases during primordial inflation (T1 ≪ 1), while it increases during curvaton inflation (T2 ≥ 1). The perturbation entering into the horizon during the intermediate epoch causes oscillation around its average and decreases its amplitude. In the third picture, the perturbation newly created during the curvaton inflation is not dominating the amplitude at kPBH.

reduction of the amplitude, as is illustrated in the second picture of Fig.2. We thus find a peak on the scale that touches the horizon at the beginning of the curvaton inflation. We are using this scale for the PBH formation.

For the PBH formation, we consider the spectrum of the source perturbation (δσ/σ), focusing on the scale corresponding to the peak. The scale of the PBH satisfies ln ( k_{PBH} a_0H_0 ) ∼ 62 − ΔN_1 − N_2 − 1 2 ln ( 10^{14}GeV H_1 )

− 1 12 ln ( 3H^2_1 M^2_p ρ_{R1} )

− 1 12 ln ( 3H^2_2 M^2_p ρ_{R2} ) . (11)

Here H_i is the Hubble parameter during inflation, and ρ_{Ri} is the energy density at the reheating after each inflation stage. The reheating after the first inflation could be avoided, but for simplicity we are assuming the reheating.

Since the perturbation (k = k_{PBH}) does not enter the horizon before the curvaton inflation, there is a bound for ΔN_1,^7

ΔN_1 ≥ 1 6 ln ( 3H^2_1 M^2_p ρ_{R1} ) + 1 4 ln ( ρ_{R1} 3H^2_2 M^2_p )

≃ 9 + 2 3 ln ( M_1 10^{15}GeV ) − ln ( M_2 10^{10}GeV )

+ 1 3 ln ( T_{R1} 10^{12}GeV ) , (12)

where the scales are defined by M^4_1 ≡ 3H^2_1 M^2_p and M_2 ≡ 3H^2_2 M^2_p .

Although the evolution of δσ is highly nontrivial, our final result does not depend explicitly on the evolution after the horizon exit, as far as the curvaton potential is quadratic. That is because the ratio δσ/σ behaves like a constant after the horizon exit and thus the quantity evaluated just at the horizon exit is what we need for the PBH formation. Therefore, we find the perturbation using δσ/σ, which is evaluated at the horizon exit [9, 12], ζ ≃ r_σ 2R 3ϵ_w δσ σ ≃ r_σ A 3η_2 δσ σ , (13)

where the equation of motion is approximated by AHσ̇ ≃ −∂V/∂σ with the coefficient A = β for the fast-rolling and A = 3 for the slow-rolling. Here η_2 denotes the value of η_σ during the curvaton inflation. The fraction r_σ ≡ 3ϵ_wρ_σ 3ϵ_wρ_σ + 4ρ_R ≃ 3ϵ_w 3ϵ_w + 4e^{−4N2}

(14)

7 The number of e-foldings during inflation is usually given by N = ln^{a(te)H(te)} a(t)H(t) ≃ ln a(te) a(t) . In the above calculation the factor

1/6 appears because H varies.

is defined at the end of curvaton inflation and throughout this paper we expect r_σ ∼ 1 for simplicity. In the above calculation we have used the ratio defined by R ≡^{m2σ σ2}_{2V0} (m^2_σ < 0 is assumed during the curvaton inflation) and the obvious relations

ρ̇_σ ≡ −3ϵ_wH_2ρ_σ ρ̇_σ ≃ ∂V ∂σ σ̇. (15)

The PBH is formed when the perturbation with the significant density contrast (δρ/ρ ≥ 0.1) enters the horizon. In our case the PBH formation occurs when the perturbation of the scale ∼ k_{PBH} becomes accessible within the horizon. The typical mass of the PBH is given by [19, 30]

k_{PBH} 0.00974Mpc^{−1} ≃ ( g_∗ g_{∗eq} )_− 1_{12} (

M_{PBH} 6.67 × 10^{50}g

)_− 1_2 , (16) which gives

M_{PBH} ≃ 10^{46}g ( g_∗ 100 )_− 1_6 ( k_{PBH}

1Mpc^{−1} )_{−2} , (17)

where g_∗ is the degrees of freedom in the radiation. Let us see more details of the scenario.

First, we need to check that ζ at the PBH scale is dominated by the curvaton. Since the creation of δσ is also possible in the secondary inflation epoch, we need to compare it with the one generated during the primordial inflation.^8 We thus need the following condition at the beginning of the secondary inflation:

H_2 2π < H_1 2π e^{−β1ΔN1} , (18)

which gives a rather trivial condition,

M_2 M_1

< e^{− β12 ΔN1} . (19)

Second, since the PBH formation requires significant density contrast, we need P^{1/2}_{ζσ} ≃ r_σ A 3η_2

H_1 2πσ_{kPBH} ∼ 0.1, (20)

where σ_{kPBH} denotes the value of σ when the perturbation (k = k_{PBH}) leaves the horizon. Then we find

σ_{kPBH} ∼ ( r_σ A 3η_2 ) H_1 2π ∼ 10^{11}GeV ( r_σ A 3η_2 ) ( M_1 10^{15}GeV

)_2 . (21)

8 The spectrum of δσ, which is (newly) created during curvaton inflation, must not dominate the perturbation on the PBH scale, since otherwise the curvaton mechanism is irrelevant for the PBH formation.

Third, ζ at the CMB scale must not be dominated by the curvaton. The consistency at the CMB scale requires P^{1/2}_{ζσ} ≃ r_σ A 3η_2

H_1 2πσ_{kCMB} < 10^{−5}. (22)

Therefore, from Eqs.(20) and (22), we find

σ_{kPBH} σ_{kCMB} ≃ e^{−β1(N1−ΔN1)} < 10^{−4}. (23)

This condition suggests that σ moves significantly during the primordial inflation stage. We thus find

N_1 − ΔN_1 > 9.2 × 1 β_1

. (24)

Here the scale can be given by ( k_{CMB} k_{PBH} ) ≃ e^{N1−ΔN1} , (25)

where k_{CMB} ≤ 1Mpc^{−1}. Note that the steep potential allows significant running of the perturbation that leads to a small k_{P BH} (heavy PBH).^9

According to Carr et al. in Ref [31], only PBHs with 10^{21}g < M_{PBH} < 10^{28}g and 10^{35}g < M_{PBH} < 10^{36}g can be allowed to become dark matter.^{10} By observing μ-distortion due to the dissipation of a large density fluctuation at a small scale after the decoupling of the double-Compton scattering, we will be able to check the amplitude of the small-scale fluctuation by PIXIE [33].

As an illuminating example, consider M_1 ∼ 10^{15}GeV, M_2 ∼ 10^{10}GeV and T_{Ri}/M_i ∼ 10^{−3}. These give a typical set of the supersymmetric grand unified theory (SUSY- GUT) model. Then we find that N_1 − ΔN_1 ≃ 10 and N_2 ∼ 30 (maximum curvaton inflation) gives M_{PBH} ≃ 10^{38}g, or N_2 ∼ 5 (minimum curvaton inflation) gives M_{PBH} ≃ 10^{14}g. For k_{PBH} ∼ 10^5Mpc^{−1}, we find N_1 − ΔN_1 ≃ 11.5 and β_1 > 0.8, which allows M_{PBH} ∼ 10^{36}g.

In the original argument of the inflating curvaton model, there was a prediction for the running spectral index (n^′) [9]. (Note that this “running” is not for the PBH perturbation. We are arguing here about the possible relation between the PBH mass and the running spectral index of the CMB.) A similar argument can be applied for the PBH model, which suggests that a large N_2 (i.e, small N_1) gives both a large M_{PBH} and an enhanced running of the CMB spectrum.

To be more precise about the relation between the CMB spectrum and the PBH mass, let us assume that the

9 Note however that Eq.(22) gives only the upper bound for the perturbation. The bound gives the heaviest PBH.

10 CMB observations might have already excluded the latter parameter space. In addition, quite recently it was reported that successful star formation could exclude PBH dark matter with 10^{16} g < M_{PBH} < 10^{26} g [32].

primordial chaotic inflation is driven by the potential ∝ ϕ^α and that it generates CMB through the conventional curvaton mechanism. In that specific model we find the spectral index n(k)−1 ≃ −2ϵ_1 = −α/2N_1(k) ≃ −0.037± 0.014 with the running n^′ ≃ −α/2N^2_1 ≃ −(0.037 ± 0.014)/N_1. For the quadratic potential (α = 2), one will find N_1 ∼ 30 from the spectral index, which cannot be realized without the secondary inflation. The running of the spectral index is enhanced because of the small N_1, which could be distinguished from other predictions. Note that in that model the second inflation is mandatory and the condition N_1 + N_2 ≃ 60 − ln(10^{−5}M_p/H_1) gives the PBH mass M_{PBH} ≤ 10^{38}g. Here Eq.(12), which bounds ΔN_1 from below, is given by the scale of the inflating curvaton and thus it can be related to the theory beyond the standard model. For instance, the gravitymediated SUSY breaking may predict the scale of the inflating curvaton at ∼ 10^{10}GeV and the inflating curvaton can dilute unwanted cosmological relics of the model such as the gravitino or light moduli.

For the fast-roll inflation [24], the number of e-foldings is usually expected to be smaller than 60 (N_1 < 60). In that sense the secondary inflation is mandatory for the scenario. Also, the inflating curvaton could have a very interesting application to the rapid-roll inflation [34]. Using the inflating curvaton, one can increase the inflation scale of this model to such an extent that gravity waves could be generated without worrying about curvature perturbation. Anyway, the curvaton-like mechanism is inevitable if the primordial inflation may not generate the required CMB spectrum. If the primordial inflation is short, the mechanism must be accompanied by the secondary inflation stage, which can be used either for CMB or for short-scale perturbations. In that sense the inflating curvaton is quite important for these models that do not have enough e-foldings by themselves.

There are other types of observations by which we can check the large running. If P_ζ is larger than >∼ 10^{−6} at small scales, ultra-compact mini halos (UCMHs) can be produced, which may be checked by observing future lensing events or gamma rays due to dark matter annihilation [35, 36]. The observation may help distinguish the running-mass or the Type-III hilltop inflation model from the inflating curvaton model, since in the runningmass inflation model the perturbation on the CMB scale is fixed by the usual CMB observation and therefore its tail could be observed at smaller scales, while there is no such bound in the inflating curvaton model.

A. Model dependence

Basically, the evolution of the perturbation before the curvaton mechanism is highly mode dependent. In order to avoid the model dependence, we considered the ratio δσ/σ, for which the model-dependent evolution cancels when the quadratic assumption is valid. Any deviation from the quadratic assumption can lead to a highly modedependent result, which does not meet the purpose of this paper.

In our calculation the ratio δσ/σ evolves like a constant before the beginning of the curvaton mechanism. Our observation is very simple: since σ and δσ are sharing the same equation of motion (when the potential is quadratic and the perturbation is beyond the horizon), and the equation is a linear differential equation, their ratio behaves like a constant. The typical evolution is shown in Eq.(7) for constant m_σ and H, which gives the identical evolution factor ∼ e^{−βΔN} for both δσ_k and σ. The evolution is thus cancelled in the ratio.

B. Non-Gaussianity

There have been many papers suggesting that the local-type non-Gaussianity could prevent PBH formation [38] when f_{NL} < −0.5. This bound could be crucial for the oscillation curvaton, since in that model one may find f_{NL} ≃ −1 when r_σ ≃ 1. On the other hand, the exact non-Gaussianity in the inflating curvaton scenario has been calculated in Ref.[12], f_{NL} = 1 r_σ 5ϵ_w 4R ( gg^{′′} g^{′2} − 1 )

−5ϵ_w + 10 3 + ( 5 2 ϵ_w − 10 3 ) r_σ + 5 2 ϵ_w ( 1 r_σ − 1 R ) , (26)

where the ratio is defined as R ≡ ±^1_2 m^2_σσ^2/V_0. Note that R is negative for the hilltop potential. With the quadratic assumption we have

g^′ = dg dσ_∗ = g σ_∗ g^{′′} = −g + g^′σ_∗ σ^2_∗

= 0. (27)

Here the non-Gaussianity is evaluated for the PBH scale perturbation of the inflating curvaton.

Unlike the oscillating curvaton, r_σ ≃ 1 in the inflating curvaton does not lead to f_{NL} ∼ −1. For r_σ ≃ 1 there are cancellations in Eq.(26), which finally gives f_{NL} > 0 for R < 0. For r_σ < 1 there is no cancellation but Eq.(26) gives f_{NL} > 0.

We thus find that the sign of the non-Gaussianity parameter is plausibly positive in our model. The problem of the oscillating curvaton is avoided in the inflating curvaton.

III. CONCLUSION AND DISCUSSION

In this paper we have shown that the PBH formation with the typical mass range 10^{14}g ≤ M_{PBH} ≤ 10^{38}g is possible if the curvaton potential is flipped due to the Hubble-induced mass.

We have been avoiding a highly model-dependent argument, but the result suggests that the inflating curvaton can generate the PBH that could be the dark matter, and/or the PBH with the interesting scale that could be observable in future observations [18, 19].

The secondary inflation stage, which has been considered in this paper, sometimes plays an important role in specific cosmological models. Although it depends on the inflationary model, the spectral index can be tuned by changing N_1, which usually leads to an enhanced running of the spectral index. In other cases one may expect fast-(rapid-) rolling inflaton for the primordial inflation, which requires additional expansion. In both cases the secondary inflation is mandatory for the scenario.

The inflating curvaton can also dilute unwanted cosmological relics that are produced after primordial inflation [37]. In the most optimistic case, the inflating curvaton solves the above problems and at the same time it explains the dark matter of the Universe.

Neither artificial interaction nor fine-tuning of the potential has been assumed for the mechanism.

Our result also suggests that the Universe’s many isocurvature components may naturally lead to significant short-length perturbations. Even if they will not source PBH formation, they might leave an observable signal in the small-scale perturbations.

In addition, at small scales the second-order induced gravitational-wave signal can be larger than the first order in these types of running models [19]. In Ref.[19], Alabidi et al. studied this effect and showed that one could discriminate models by observing gravitational waves in the future project BBO/DECIGO. Those observations at small scales may complement CMB observations at large scales, or UCMHs and μ-distortion at small scales to reveal the physics related to the PBH formation.

IV. ACKNOWLEDGMENT

T.M. and K.K. thank Anupam Mazumdar for valuable discussions in the early stage of this work. This work was started when T.M. was visiting Lancaster University. C.M.L. thanks Kazuyuki Furuuchi for useful discussions. K.K. is partly supported by the Grant-in-Aid for the Ministry of Education, Culture, Sports, Science and Technology, Government of Japan Nos. 21111006, 22244030, 23540327.

[1] M. Kawasaki, N. Sugiyama, T. Yanagida, “Primordial black hole formation in a double inflation model in supergravity,” Phys. Rev. D57, 6050-6056 (1998). [arXiv:hep-ph/9710259 [hep-ph]].

[2] D. H. Lyth, C. Ungarelli, D. Wands, “The Primordial density perturbation in the curvaton scenario,” Phys. Rev. D67, 023503 (2003). [astro-ph/0208055].

[3] G. Dvali, A. Gruzinov and M. Zaldarriaga, “Cosmological perturbations from inhomogeneous reheating, freezeout, and mass domination,” Phys. Rev. D 69, 083505 (2004) [arXiv:astro-ph/0305548]; G. Dvali, A. Gruzinov and M. Zaldarriaga, “A new mechanism for generating density perturbations from inflation,” Phys. Rev. D 69, 023505 (2004) [arXiv:astro-ph/0303591].

[4] T. Matsuda, “Cosmological perturbations from inhomogeneous preheating and multi-field trapping,” JHEP 0707, 035 (2007) [arXiv:0707.0543 [hep-th]].

[5] T. Matsuda, “Cosmological perturbations from an inhomogeneous phase transition,” Class. Quant. Grav. 26, 145011 (2009). [arXiv:0902.4283 [hep-ph]].

[6] A. D. Linde and V. F. Mukhanov, Nongaussian isocurvature perturbations from inflation, Phys.Rev.D56(197)535 [astro-ph/9610219]; D. H. Lyth, D. Wands, Generating the curvature perturbation without an inflaton, Phys.Lett.B524(2002)5 [hep-ph/0110002]; T. Moroi, T. Takahashi, Effects of Cosmological Moduli Fields on Cosmic Microwave Background, Phys.Lett.B522(2001)215 [hep-ph/0110096].

[7] Z. G. Berezhiani, A. S. Sakharov and M. Y. .Khlopov, “Primordial background of cosmological axions,” Sov. J. Nucl. Phys. 55, 1063 (1992) [Yad. Fiz. 55, 1918 (1992)] [8] M. Y. .Khlopov, S. G. Rubin and A. S. Sakharov,

“Primordial structure of massive black hole clusters,” astro-ph/0401532.

[9] K. Dimopoulos, K. Kohri, D. H. Lyth and T. Matsuda, “The inflating curvaton,” arXiv:1110.2951 [astro-ph.CO].

[10] D. Polarski and A. A. Starobinsky, “Spectra of perturbations produced by double inflation with an intermediate matter dominated stage,” Nucl. Phys. B 385, 623 (1992); D. Polarski and A. A. Starobinsky, “Isocurvature perturbations in multiple inflationary models,” Phys. Rev. D 50, 6123 (1994) [astro-ph/9404061]; D. Langlois and F. Vernizzi, “Mixed inflaton and curvaton perturbations,” Phys. Rev. D 70, 063522 (2004) [astro-ph/0403258]; T. Moroi, T. Takahashi and Y. Toyoda, “Relaxing constraints on inflation models with curvaton,” Phys. Rev. D 72, 023502 (2005) [hep-ph/0501007]; K. Ichikawa, T. Suyama, T. Takahashi and M. Yamaguchi, “Non-Gaussianity, Spectral Index and Tensor Modes in Mixed Inflaton and Curvaton Models,” Phys. Rev. D 78, 023513 (2008) [arXiv:0802.4138 [astro-ph]];

[11] K. Dimopoulos, K. Kohri and T. Matsuda, “The hybrid curvaton,” Phys. Rev. D 85, 123541 (2012) [arXiv:1201.6037 [hep-ph]]; T. Matsuda, “Free light fields can change the predictions of hybrid inflation,” JCAP 1204, 020 (2012) [arXiv:1204.0303 [hep-ph]].

[12] S. Enomoto, K. Kohri and T. Matsuda, “Non- Gaussianity in the unified curvaton mechanism : The generalized curvaton mechanism that comprehends modulation at the transition,” arXiv:1210.7118 [hep-ph].

[13] K. Furuuchi and C. -M. Lin, “Affleck-Dine baryogenesis in inflating curvaton scenario with O(10 − 10^2 T eV ) mass moduli curvaton,” JCAP 1203, 024

(2012) [arXiv:1111.6411 [hep-ph]].

[14] K. Kohri, C. -M. Lin and D. H. Lyth, “More hilltop inflation models,” JCAP 0712, 004 (2007) [arXiv:0707.3826 [hep-ph]].

[15] K. Kohri, D. H. Lyth and A. Melchiorri, “Black hole formation and slow-roll inflation,” JCAP 0804, 038 (2008) [arXiv:0711.5006 [hep-ph]].

[16] E. Bugaev and P. Klimai, “Constraints on amplitudes of curvature perturbations from primordial black holes,” Phys. Rev. D 79 (2009) 103511 [arXiv:0812.4247 [astroph]]; S. M. Leach, I. J. Grivell and A. R. Liddle, “Black hole constraints on the running mass inflation model,” Phys. Rev. D 62 (2000) 043516 [astro-ph/0004296];

[17] M. Drees and E. Erfani, “Running-Mass Inflation Model and Primordial Black Holes,” JCAP 1104, 005 (2011) [arXiv:1102.2340 [hep-ph]]; M. Drees and E. Erfani, “Running Spectral Index and Formation of Primordial Black Hole in Single Field Inflation Models,” JCAP 1201, 035 (2012) [arXiv:1110.6052 [astro-ph.CO]].

[18] L. Alabidi and K. Kohri, “Generating Primordial Black Holes Via Hilltop-Type Inflation Models,” Phys. Rev. D 80, 063511 (2009) [arXiv:0906.1398 [astro-ph.CO]].

[19] L. Alabidi, K. Kohri, M. Sasaki and Y. Sendouda, “Observable Spectra of Induced Gravitational Waves from Inflation,” arXiv:1203.4663 [astro-ph.CO].

[20] C. -M. Lin and K. -W. Ng, “Primordial Black Holes from Passive Density Fluctuations,” Phys. Lett. B 718, 1181 (2013) [arXiv:1206.1685 [hep-ph]].

[21] A. Linde, S. Mooij and E. Pajer, “Gauge field production in SUGRA inflation: local non-Gaussianity and primordial black holes,” arXiv:1212.1693 [hep-th].

[22] E. Bugaev and P. Klimai, “Cosmological constraints on the curvaton web parameters,” arXiv:1212.6529 [astroph.CO]; E. V. Bugaev and P. A. Klimai, “Primordial black hole constraints for curvaton models with predicted large non-Gaussianity,” arXiv:1303.3146 [astro-ph.CO].

[23] A. D. Linde and V. Mukhanov, “The curvaton web,” JCAP 0604 (2006) 009 [astro-ph/0511736]; D. H. Lyth, “Non-gaussianity and cosmic uncertainty in curvaton-type models,” JCAP 0606 (2006) 015 [astro-ph/0602285].

[24] A. D. Linde, “Fast roll inflation,” JHEP 0111, 052 (2001) [hep-th/0110195].

[25] D. H. Lyth and T. Moroi, “The Masses of weakly coupled scalar fields in the early universe,” JHEP 0405, 004 (2004) [hep-ph/0402174].

[26] M. Dine, L. Randall and S. D. Thomas, “Baryogenesis from flat directions of the supersymmetric standard model,” Nucl. Phys. B 458 (1996) 291 [hep-ph/9507453].

[27] B. A. Ovrut and P. J. Steinhardt, “Supersymmetry

And Inflation: A New Approach,” Phys. Lett. B 133 (1983) 161; G. D. Coughlan, R. Holman, P. Ramond and G. G. Ross, “Supersymmetry and the Entropy Crisis,” Phys. Lett. B 140 (1984) 44; M. Dine, W. Fischler and D. Nemeschansky, “Solution of the Entropy Crisis of Supersymmetric Theories,” Phys. Lett. B 136 (1984) 169.

[28] M. Kawasaki, N. Kitajima and T. T. Yanagida, “Primordial black hole formation from an axion-like curvaton model,” arXiv:1207.2550 [hep-ph].

[29] T. Matsuda, “Hilltop curvatons,” Phys. Lett. B 659, 783 (2008) [arXiv:0712.2103 [hep-ph]].

[30] A. M. Green and A. R. Liddle, “Critical collapse and the primordial black hole initial mass function,” Phys. Rev. D 60, 063509 (1999) [astro-ph/9901268].

[31] B. J. Carr, K. Kohri, Y. Sendouda and J. ’i. Yokoyama, “New cosmological constraints on primordial black holes,” Phys. Rev. D 81, 104019 (2010) [arXiv:0912.5297 [astro-ph.CO]].

[32] F. Capela, M. Pshirkov and P. Tinyakov, “Constraints on Primordial Black Holes as Dark Matter Candidates from Star Formation,” arXiv:1209.6021 [astro-ph.CO].

[33] J. Chluba, A. L. Erickcek and I. Ben-Dayan, “Probing the inflaton: Small-scale power spectrum constraints from measurements of the CMB energy spectrum,” Astrophys. J. 758, 76 (2012) [arXiv:1203.2681 [astro-ph.CO]].

[34] L. Kofman and S. Mukohyama, “Rapid roll Inflation with Conformal Coupling,” Phys. Rev. D 77, 043519 (2008) [arXiv:0709.1952 [hep-th]].

[35] A. S. Josan and A. M. Green, “Gamma-rays from ultracompact minihalos: potential constraints on the primordial curvature perturbation,” Phys. Rev. D 82, 083527 (2010) [arXiv:1006.4970 [astro-ph.CO]].

[36] T. Bringmann, P. Scott and Y. Akrami, “Improved constraints on the primordial power spectrum at small scales from ultracompact minihalos,” Phys. Rev. D 85, 125027 (2012) [arXiv:1110.2484 [astro-ph.CO]].

[37] D. H. Lyth and E. D. Stewart, “Thermal inflation and the moduli problem,” Phys. Rev. D 53, 1784 (1996) [hep-ph/9510204].

[38] D. H. Lyth, “The hybrid inflation waterfall and the primordial curvature perturbation,” JCAP 1205, 022 (2012) [arXiv:1201.4312 [astro-ph.CO]]; C. T. Byrnes, E. J. Copeland and A. M. Green, “Primordial black holes as a tool for constraining non-Gaussianity,” Phys. Rev. D 86, 043512 (2012) [arXiv:1206.4188 [astro-ph.CO]]; S. Shandera, A. L. Erickcek, P. Scott and J. Y. Galarza, “Number Counts and Non-Gaussianity,” arXiv:1211.7361 [astro-ph.CO].