arXiv:hep-ph/0002236 v2 5 Jun 2000

Double inflation in supergravity and the primordial black hole formation

Toshiyuki Kanazawa Department of Physics, University of Tokyo, Tokyo, 113-0033, Japan

M. Kawasaki Research Center for the Early Universe (RESCEU), University of Tokyo, Tokyo, 113-0033, Japan

T. Yanagida Department of Physics and RESCEU, University of Tokyo, Tokyo 113-0033, Japan (June 5, 2000)

Abstract

We study a double inflation model (a hybrid inflation + a new inflation) in supergravity and discuss the formation of primordial black holes (PBHs) with mass ¸ 10^{−20} � 10^5M_⊙. We find that in a wide range of parameter space, we obtain PBHs which amount to Ω ’ 1, i.e., PBH dark matter. Also, we find a set of inflation parameters which produces PBHs evaporating now. Those PBHs may be responsible for antiproton fluxes observed by the BESS experiment.

I. INTRODUCTION

In the framework of supergravity the reheating temperature of inflation should be low enough to avoid overproduction of gravitinos [1,2]. The new inflation model [3] generally predicts a very low reheating temperature and hence it is the most attractive among many inflation models [4]. However, the new inflation suffers from a fine-tuning problem about the initial condition; i.e., for a successful new inflation, the initial value of the inflaton should be very close to the local maximum of the potential in a large region whose size is much longer than the horizon of the universe.

A framework of a double inflation [5] was proposed to solve the initial value problem of the new inflation model^1. It was shown that the above serious problem is naturally solved by supergravity effects if there exists a preinflation (e.g., hybrid inflation [6]) with a sufficiently large Hubble parameter before the new inflation [5].

1Different models of double inflation were studied by various authors [7].

In this double inflation model, density fluctuations produced by both inflations are cosmologically relevant if the e-fold number of the new inflation is smaller than ∼ 60 (the total e-fold number ∼ 60 is required to solve flatness and horizon problems in the standard big bang cosmology [8]). In this case, the preinflation should account for the density fluctuations on large cosmological scales [including the Cosmic Background Explorer (COBE) scales] while the new inflation produces density fluctuations on smaller scales. Although the amplitude of the fluctuations on large scales should be normalized to the COBE data [9], fluctuations on small scales are free from the COBE normalization and can have arbitrary power matched to observations. In Ref. [10], a cosmological implication of the double inflation for the large-scale structure formation was discussed. In this paper, we study primordial black hole (PBH) formation in the double inflation model. In Refs. [11,12], the production of black hole MACHO was investigated in the double inflation model for a special case^2. Here, we consider a wide range of parameter space where PBHs are formed^3. In particular, we show that the double inflation creates small PBHs evaporating now if those PBHs are produced during matter-dominated (MD) era, i.e., before the end of reheating process after the new inflation. We stress that these evaporating PBHs may account for antiproton fluxes observed by the BESS experiment [14].

Throughout this paper the gravitational scale (≃ 2.4 × 10^{18} GeV) is taken to be unity.

II. BLACK HOLE FORMATION

In a radiation-dominated (RD) universe, PBHs are formed if the density fluctuations δ at horizon crossing satisfy a condition 1/3 ≤ δ ≤ 1 [15,16], where δ is the over density at the horizon scale. Masses of the black holes M are roughly equal to the horizon mass, M ≃ 4π √ 3 ρ ≃ 0.066M_⊙ ( T GeV )_{−2} ( g_∗ 50 )_{−1}/_2

, (1)

where ρ, T , and g_∗ are the total cosmic density, temperature, and statistical degrees of freedom at the horizon crossing, respectively.

The horizon length at the black hole formation epoch (T = T_∗) corresponds to the scale L_∗ in the present universe given by L_∗ ≃ a(T_0) a(T_∗) H^{−1}(T_∗) ≃ 0.064 pc ( T_∗ GeV )_{−1} ( g_∗ 50 )_{−1}/_6

, (2)

2Different models for the PBH formation have been studied in Ref. [13].

3In this paper we investigate the PBHs with mass ¸ 10^{−20} � 10^5M_⊙. The upper bound of 10^5M_⊙ is not rigorous but much heavier black holes can be produced in the present model if we take the appropriate model parameters. However, the mass of the black holes should be less than the galactic mass ¸ 10^{12}M_⊙, otherwise the power spectrum conflicts the observations ( e.g. distribution of galaxies ). The lower bound ¸ 10^{−20}M_⊙ comes from the requirement that e-fold number of the new inflation should be larger than 0.

where T_0 is the temperature of the present universe. The comoving wave number corresponding to this length scale, k_∗ ≡ 2π/L_∗, is

k_∗ ≃ 1.0 × 10^8Mpc^{−1} ( g_∗ 50 )_1/_6 ( T_∗ GeV ) . (3)

Thus, we can write the PBH mass as a function of comoving wave number as

M_∗ ≃ 6.4 × 10^{14}M_⊙ ( g_∗ 50 )_{−1}/_6 ( k_∗

Mpc^{−1} )_{−2} . (4)

The mass fraction β_∗(= ρ_{BH}/ρ) of PBHs of mass M_∗ is given by [16]

β_∗(M_∗) =

∫_1 1/3 dδ √ 2πσ(M_∗) exp ( − δ^2 2σ^2(M_∗) ) ≃ σ(M_∗) exp ( − 1 18σ^2(M_∗) ) , (5)

where σ(M_∗) is the mass variance at the horizon crossing. Notice that the mass fraction β_∗(M_∗) drops off sharply as σ(M) decreases. The density of the black holes of mass M_∗, ρ_{BH}(M_∗), is given by ρ_{BH}(M_∗) s ≃ 3 4 β_∗(M_∗)T_∗, (6)

where s is the entropy density. Since ρ_{BH}/s is constant at T < T_∗, we estimate the density parameter Ω_{BH}(M_∗) of the black holes in the present universe as

Ω_{BH}(M_∗)h^2 ≃ 2.1 × 10^8β_∗(M_∗) ( T_∗ GeV ) , (7)

where h is the present Hubble constant in units of 100 km/sec/Mpc. We write it as a function of PBH mass or PBH scale as

Ω_{BH} (M_∗)h^2 ≃ 5.4 × 10^7β_∗(M_∗) ( g_∗ 50 )_{−1}/_4 ( M_∗ M_⊙ )_{−1}/_2

, (8) or Ω_{BH}(M_∗)h^2 ≃ 2.1β_∗(M_∗) ( g_∗ 50 )_{−1}/_6 ( k_∗

Mpc^{−1} ) . (9)

As for the mass of the PBHs produced during the RD era, we have a lower limit M_R. The mass of PBH produced at the reheating epoch is given by [see Eq.(1)] M_R ≃ 0.066M_⊙ ( T_R GeV )_{−2} ( g_∗ 50 )_{−1}/_2

, (10)

where T_R is the reheating temperature. As seen later T_R is less than 10^6GeV in our inflation model, and hence M_R is larger than ∼ 10^{−13}M_⊙. Thus, the PBHs lighter than M_R should be produced during the MD era.

In a MD universe, a relation between the comoving scale L_∗ and the horizon mass M_∗ is

L_∗ = L_R ( M_∗ M_R )_1/_3

, (11)

where L_R is the comoving scale of the horizon at the reheating epoch. Thus, the mass M_∗ of the PBH produced during the MD epoch is given by

M_∗ ≃ 6.3 × 10^{22}M_⊙ ( T_R GeV ) ( k_∗ Mpc^{−1} )_{−3} . (12)

We see that small PBHs of mass, M_∗ ∼ 10^{−19}M_⊙ for example, would be produced for T_R ∼ 10^6GeV and k_∗ ∼ 10^{16}Mpc^{−1}. The condition for the PBH formation in a MD universe is discussed in Ref. [17], where the mass fraction of PBHs of mass M_∗ is estimated as [17]

β_∗(M_∗) ≃ 2 × 10^{−2}σ(M_∗)^{13/2}. (13)

Notice that the mass fraction has a weeker dependence on σ than in the RD case [see Eq.(5)] During the MD era, the mass fraction β_∗ stays constant and hence the density of the black holes of mass M_∗, ρ_{BH}(M_∗), is given by ρ_{BH}(M_∗) s ≃ 3 4 β_∗(M_∗)T_R. (14)

We can write the present density parameter Ω_{BH}(M_∗) for the black holes of mass M_∗ as

Ω_{BH}(M_∗)h^2 ≃ 2.1 × 10^8β_∗(M_∗) ( T_R GeV ) . (15)

III. DOUBLE INFLATION MODEL

We adopt a double inflation model proposed in Ref. [5]. The model consists of two inflationary stages; the first one is called preinflation and we take a hybrid inflation [18] (see also Ref. [19]) as the preinflation. We also assume that the second inflationary stage is realized by a new inflation model [20] and its e-fold number is smaller than ∼ 60. Thus, the density fluctuations on large scales are produced during the preinflation and their amplitude should be normalized to the COBE data [9]. On the other hand, the new inflation produces fluctuations on small scales. Since the amplitude of small scale fluctuations is free from the COBE normalization, we expect that the new inflation can produce large density fluctuations enough to form PBHs. We choose the predicted power spectrum to be almost scale invariant (n_s ≃ 1) on large cosmological scales which is favored for the structure formation of the universe [21]. On the other hand, the new inflation gives the power spectrum which has large amplitude and shallow slope (n_s < 1) on small scales. Thus, this power spectrum has a large and sharp peak on the scale corresponding to a turning epoch from the preinflation to the new inflation, and we expect that PBHs are produced at that scale.

As for the detailed argument of the dynamics of our model, see Refs. [10–12].

A. Preinflation

First, let us briefly discuss a hybrid inflation model [18]. The hybrid inflation model contains two kinds of superfields: one is S(x, θ) and the others are a pair of Ψ(x, θ) and Ψ̄(x, θ). Here θ is the Grassmann number denoting superspace. The model is based on the U(1)_R symmetry under which S(θ) → e^{2iα}S(θe^{−iα}) and Ψ(θ)Ψ̄(θ) → Ψ(θe^{−iα})Ψ̄(θe^{−iα}). The superpotential is given by [18]

W (S, Ψ, Ψ̄) = −μ^2S + λSΨ̄Ψ. (16)

The R-invariant Kähler potential is given by

K(S, Ψ, Ψ̄) = |S|^2 + |Ψ|^2 + |Ψ̄|^2 + · · · , (17)

where the ellipsis denotes higher-order terms which we neglect in the present analysis for simplicity. We gauge the U(1) phase rotation:Ψ → e^{iδ}Ψ and Ψ̄ → e^{−iδ}Ψ̄. To satisfy the D-term flatness condition we take always Ψ = Ψ̄ in our analysis.

We define N_{COBE} as the e-fold number corresponding to the COBE scale and the COBE normalization leads to a condition for the inflaton potential, | | | V^{3/2} V^′ | | | N_{COBE}

≃ 5.3 × 10^{−4}, (18)

where V is the inflaton potential obtained from Eqs.(16) and (17). In the hybrid inflation model, density fluctuations are almost scale invariant;

n_{pre} ≃ 1 + 2 ( V^{′′} V ) − 3 ( V^′ V )_2| | | N_{COBE} ≃ 1 − 1 N_{COBE}

≃ 1, (19)

where n_{pre} is a spectral index for a power spectrum of density fluctuations.

B. New inflation

Now, we consider a new inflation model. We adopt an inflation model proposed in Ref. [20]. The inflaton superfield ϕ(x, θ) is assumed to have an R charge 2/(n + 1) and U(1)_R is dynamically broken down to a discrete Z_{2nR} at a scale v, which generates an effective superpotential [20,5],

W (ϕ) = v^2ϕ − g n + 1 ϕ^{n+1}. (20)

The R-invariant effective Kähler potential is given by K(ϕ, χ) = |ϕ|^2 + κ 4 |ϕ|^4 + · · · , (21)

where κ is a constant of order 1. We require that supersymmetry breaking effects make the potential energy at a vacuum vanish, and we have a relation between v and the gravitino mass m_{3/2} as (for details, see Ref. [20]) m_{3/2} ≃ ( n n + 1 ) |v|^2 | | | v^2 g | | | 1 n . (22)

The inflaton ϕ(x) (the scalar component of ϕ(x, θ)) has a mass m_ϕ in the vacuum with m_ϕ ≃ n|g|^{1/n}|v|^{2−2/n}. (23) The inflaton ϕ may decay into ordinary particles through gravitationally suppressed interactions, which yields reheating temperature T_R given by^4

T_R ≃ 0.1m^{3/2}_ϕ ≃ 2.4 × 10^{17}GeVn^{3/2}|g|^{3/2n}|v|^{3(1−1/n)} (24) <∼ 10^6GeV for m_{3/2} <∼ 1TeV, n ≥ 3. (25)

An important point on the above density fluctuations is that it results in a tilted spectrum with spectral index n_{new} given by (see Refs. [5,20])

n_{new} ≃ 1 − 2κ. (26)

C. Initial value and fluctuations of the inflaton φ

The crucial point observed in Ref. [5] is that the preinflation sets dynamically the initial condition for the new inflation. We identify the inflaton field φ(x)/ √ 2 with the real part of the field ϕ(x). It gets an effective mass m_{eff} ∼ μ^2 during the preinflation [5]. Thus, this inflaton φ tends to the potential minimum,

φ_{min} ≃ − √ 2 √ λ v ( v μ ) . (27)

Notice that φ_{min} deviates from zero due to the presence of a linear term v^2μ^2Sφ (see Ref. [5]). Thus, at the end of the preinflation the φ settles down to this φ_{min}.

After the preinflation, the universe becomes MD because of the oscillation of the inflaton for preinflation. During the MD era between the two inflations, the energy density scales as ∝ a^{−3}, and the new inflaton oscillates around φ = 0 with its amplitude decreasing as ∝ a^{−3/4}. Since the scale factor increases by a factor (μ/v)^{4/3} during this era, the mean initial value φ_b of φ at the beginning of the new inflation is written as φ_b ≃ √ 2 √ λ v ( v μ )_2

. (28)

Therefore, the amplitude of fluctuations with comoving wavelength corresponding to the horizon scale at the beginning of the new inflation is given by

4 The decay rate of the inflaton ϕ is discussed in Ref. [5] δφ ≃ H_{pre} 2π (H_{pre}

m_{eff}

)^1_2 [(μ v )_2/_3]−3/2 [(μ v )_4/_3]−3/4 ≃ H_{pre} 3^{1/4}2π ( v μ )_2

, (29)

where H_{pre} is the Hubble parameter during the hybrid inflation, H^2_{pre} ≃ μ^4/3. The fluctuations given by Eq. (29) are a little less than newly induced fluctuations at the beginning of the new inflation [δφ_{new} ≃ v^2/(2π √ 3)]. Moreover, the fluctuations produced during the preinflation are more suppressed for smaller wavelength. Thus, we assume that the fluctuations of φ induced in the preinflation are negligible compared with fluctuations produced by the new inflation. As mentioned before, the new inflation gives the tilted spectrum on small scales [see Eq. (26)] and hence the fluctuations at the scale corresponding to the beginning of the new inflation is dominant.

Now let us estimate e-fold number which corresponds to our current horizon. The e-fold number is given by [22]

N_{tot} = 62 − ln k a_0H_0

− ln

10^{16}GeV

V^{1/4}_k

+ ln

V^{1/4}_k V^{1/4}_{end} − 1 3 ln V^{1/4}_{end} ρ^{1/4}_{reh}

, (30)

where V_k is a potential energy when a given scale k leaves the horizon, V_{end} that when the inflation ends, and ρ_{reh} energy density at the time of reheating.

We take V_k ≃ V_{end}, and ρ^{1/4}_{reh} ≃ a few × T_{reh}. For k = a_0H_0 (i.e., the present horizon scale), we have

N_{tot} ≃ 67.1 + (5 3 − 1 n ) ln v + 1 2 ln n + 1 2n ln g. (31)

In estimating N_{COBE} we must take into account the fact that the fluctuations induced at efold number less than (2/3) ln(μ/v) before the end of the hybrid inflation reenter the horizon before the new inflation starts. Such fluctuations are cosmologically irrelevant since the new inflation produce much larger fluctuations [10]. Thus, N_{COBE} is given by

N_{COBE} = N_{tot} − N_{new} + 2 3 ln μ v ≃ 67.1 + (5 3 − 1 n ) ln v + 1 2 ln n + 1 2n ln g − N_{new} + 2 3 ln μ v . (32)

The COBE normalization in Eq. (18) should be imposed by using this N_{COBE}.

D. Numerical Results

We estimate density fluctuations in the double inflation by calculating evolution of φ and σ numerically. For given parameters κ and λ, we obtain the break scale k_b and the amplitude of density fluctuations produced at the beginning of new inflation δ_b. Here, k^{−1}_b is the comoving scale corresponding to the Hubble radius at the beginning of the new inflation (a turning epoch). We can understand the qualitative dependence of (k_b, δ_b) on (κ, λ) as follows: When κ is large, the slope of the potential for the new inflation is too steep, and the new inflation cannot last for a long time. Therefore, the break occurs at smaller scales.

As for δ_b, we can see from Eq.(18) that as λ gets larger, μ also gets large. In addition, we can show that δ_b ≡ ( δρ ρ ) new,kb ∝ √ λμ^2 κ ∼ λ^{3/2} κ , (33)

for a given v (see Ref. [10]). Thus, we have larger δ_b for larger λ.

IV. MASS VARIANCE AND DENSITY FLUCTUATIONS

Our double inflation model predicts the amplitude of density fluctuations δ_b as a function of inflation parameters. On the other hand, the black hole abundance is expressed as a function of mass variance σ at the time when the corresponding scale enters the horizon. Therefore, when we compare the observations with the prediction of our model, we need a relation between the mass variance σ and the fluctuations δ_b.

For the power spectrum with the break scale k^{−1}_b which enters the horizon during the RD epoch, we have a relation between the mass variance and the amplitude of fluctuations as^5

δ_b ≃ σ_b/0.65, (34)

(the numerical factor depends on the tilted spectral index n_s, and within the parameter range we consider, this factor lies between 0.62 ∼ 0.67.). For the power spectrum with the break scale k^{−1}_b which enters the horizon during the MD epoch, we have a relation between the mass variance and the amplitude of fluctuations as

δ_b ≃ σ_b/2.3, (35)

(again, the numerical factor depends on the tilted spectral index n_s, and within the parameter range we consider, this factor lies between 2.1 ∼ 2.8.).

First, let us consider PBH dark matter with Ω_{BH} ∼ 1 which are produced during the RD epoch. Since the density fluctuations at the break scale is dominant, and the mass fraction β_∗ has a sharp peak at that scale, only the PBHs of mass corresponding to the break scale are formed. For PBHs produced during the RD epoch (after reheating process), we have, from Eq. (8),

Ω_{BH}h^2 ≃ 5.4 × 10^7β_∗ ( g_∗ 50 )_{−1}/_4 ( M_∗ M_⊙ )_{−1}/_2

. (36)

For example, if we require that the black holes with mass ∼ M_⊙ (=MACHOs) be dark matter in the present universe, i.e. Ω_{BH} h^2 ∼ 0.25, we obtain β_∗ ∼ 5 × 10^{−9}, and from Eq.(5) we obtain

5In Refs. [11,12], an incorrect relation δ_b ’ σ_b/6 was used.

σ(M_⊙) ≃ 0.06. (37)

From Eq.(34), we see that the break amplitude is δ_b ≃ 0.06/0.65 ≃ 0.092, and we find from Eq.(4) that the break scale is 2.5 × 10^7Mpc^{−1}. In Fig.1, we plot the numerical results of our double inflation model for n = 4, g = 1, and v = 10^{−7}. We see a wide range of parameter space which may account for DM (Ω_{BH} ≃ 0.1 − 1).

Next, let us consider another interesting mass range of PBHs which are evaporating now (M_{evap} ∼ 3 × 10^{−19}M_⊙). The PBHs of such light mass are produced during the MD epoch and from Eq.(15) we find

Ω_{BH}(M_∗)h^2 ≃ 4.2 × 10^6σ(M_∗)^{13/2} ( T_R GeV ) . (38)

It has been reported, recently, that the BESS experiment [14] has observed antiproton fluxes, which may be explained by the evaporation of PBHs if Ω_{BH}h^2 ≃ 2 × 10^{−9} [14]. In order to explain the BESS result by evaporating PBHs we need

σ(M_{evap}) ≃ 4.4 × 10^{−3} ( T_R GeV )_{−2}/_{13}

. (39)

From Eq.(24), we estimate the required fraction of the evaporating PBHs as

σ(M_{evap}) ≃ 9.3 × 10^{−6}n^{−3/13}|g|^{−3/13n}v^{−6(1−1/n)/13}. (40)

Since the mass variance σ(M) scales as σ(M) ∝ M^{(1−ns)/6} [16] during the MD epoch, we obtain the mass variance at the break scale as σ_b ≃ 9.3 × 10^{−6}n^{−3/13}|g|^{−3/13n}v^{−6(1−1/n)/13} ( M_b M_{evap}

)_{(1−}n_{s)}/_6

, (41)

and the amplitude δ_b is δ_b ≃ σ_b/2.3 and n_s ≃ 1 − 2κ. In Fig.2, we plot an example of the numerical results of our double inflation model^6 for n = 3, g = 10^{−4}, and v = 10^{−6}. As shown in the figure, we have a set of inflation parameters (κ, λ) which may account for the BESS experiment.

V. CONCLUSIONS AND DISCUSSIONS

In this paper we have studied the formation of PBHs by taking a double inflation model in supergravity. We have shown that in a wide range of parameter space PBHs are produced of various masses. These PBHs are interesting since, for example, they may be identified with MACHOs (M ∼ M_⊙) in the halo of our galaxy. Or, they may be PBHs which are just evaporating now (M ∼ 10^{−19}M_⊙). Such black holes are one of the interesting candidates for the sources of antiproton fluxes recently observed in the BESS detector [14].

6For the case of n = 4, we do not find a consistent parameter region with the BESS experiment.

The dark matter PBHs play a role of the cold dark matter on the large scale structure formation. The scales of the fluctuations for PBH formation themselves are much smaller than the galactic scale and thus we cannot see any signals for such fluctuations in δT/T measurements. However, the PBHs may be a source of gravitational waves. If the PBHs dominate dark matter of the present universe, some of them likely form binaries. Such binary black holes coalesce and produce significant gravitational waves [23] which may be observable in future detectors.

ACKNOWLEDGMENT

T. K. is grateful to K. Sato for his continuous encouragement. A part of work is supported by Grant-in-Aid of the Ministry of Education and by Grant-in-Aid, Priority Area “Supersymmetry and Unified Theory of Elementary Particles” (#707).

REFERENCES

[1] S. Weinberg, Phys. Rev. Lett. 48,1303 (1982).

[2] M. Yu. Khlopov and A.D. Linde, Phys. Lett. B138, 265 (1984) ;

J. Ellis, E. Kim and D.V. Nanopoulos, Phys. Lett. B145, 181 (1984); J. Ellis, G.B. Gelmini, J.L. Lopez, D.V. Nanopoulos and S. Sarker, Nucl. Phys. B373, 399 (1992);

M. Kawasaki and T. Moroi, Prog. Theor. Phys. 93, 879 (1995). [3] A. Albrecht and P.J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982);

A.D. Linde, Phys. Lett. B108, 389 (1982).

[4] See for example, A.D. Linde, Particle Physics and Inflationary Cosmology (Harwood, Chur, Switzerland, 1990).

[5] K.I. Izawa, M. Kawasaki and T. Yanagida, Phys. Lett. B411, 249 (1997). [6] A. D. Linde, Phys. Rev. D49, 748 (1994). [7] G. Lazarides and Q. Shafi, Phys. Lett. B148, 35 (1984);

L.A. Kofman, A.D. Linde and A.A. Starobinsky, Phys. Lett. B 157, 361 (1985); J. Silk and M.S. Turner, Phys. Rev. D 35, 419 (1987); D. Polarski and A.A. Starobinsky, Nucl. Phys. B 385, 623 (1992); P. Peter, D. Polarski and A.A. Starobinsky, Phys. Rev. D 50, 4827 (1994); S. Gottlöber, J. P. Mücket and A. A. Starobinsky, Astrophys. J. 434, 417 (1994); R. Kates, V. Müller, S. Gottlöber, J. P. Mücket and J. Retzlaff, Mon. Not. Roy. Astron. Soc. 277, 1254 (1995);

J.A. Adams, G.G. Ross and S. Sarkar, Nucl. Phys. B 503, 405 (1997); J. Lesgourgues and D. Polarski, Phys. Rev. D 56, 6425 (1997);

J. Lesgourgues D. Polarski and A.A. Starobinsky, Mon. Not. Roy. Astron. Soc. 297, 769 (1998);

M. Sakellariadou and N. Tetradis, hep-ph/9806461; G. Lazarides and N. Tetradis, Phys. Rev. D58, 123502 (1998); C. Panagiotakopoulos and N. Tetradis, Phys. Rev. D59, 083502 (1999).

[8] See for example, E. W. Kolb and M. S. Turner, The Early Universe (Addison-Wesley, Reading MA, 1990).

[9] C.L. Bennett et al., Astrophys. J. 464, L1 (1996).

[10] T. Kanazawa, M. Kawasaki, N. Sugiyama, and T. Yanagida, Phys. Rev. D61, 023517 (2000).

[11] M. Kawasaki, N. Sugiyama and T. Yanagida, Phys. Rev. D57, 6050 (1998). [12] M. Kawasaki and T. Yanagida, Phys. Rev. D59, 043512 (1999). [13] J. Garcia-Bellido, A. Linde and D. Wands, ibid 54, 6040 (1996);

J. Yokoyama, Astron. Astrophys. 318, 673 (1997); Phys. Rev. D58, 083510 (1998); P. Ivatov, P. Naselsky and I. Novikov, Phys. Rev. D50, 7173 (1994); P. Ivatov, Phys. Rev. D57, 7145 (1998);

E. Kotok and P. Naselsky, Phys.Rev. D58, 103517 (1998). [14] K. Yoshimura et al. Phys. Rev. Lett. 75, 3792 (1995).

[15] B. J. Carr and S. W. Hawking, Mon. Not. Roy. Astron. Soc. 168, 399 (1974);

B.J. Carr, Astrophys. J. 201, 1 (1975);

B.J. Carr, J.H. Gilbert and J.E. Lidsey, Phys. Rev. D50, 4853 (1994).

[16] A.M. Green and A.R. Liddle, Phys. Rev. D56, 6166 (1997);

A.M. Green and A.R. Liddle and A. Riotto, ibid D56, 7554 (1997).

[17] M. Y. Khlopov and A. G. Polnarev, Phys. Lett. 97B, 383 (1980); A. G. Polnarev and M. Y. Khlopov, Sov. Astron. 26, 391 (1983); Sov. Phys. Usp. 28, 213 (1985).

[18] G. Dvali, Q. Shafi, and R. K. Shaefer, Phys. Rev. Lett. 73, 1886 (1994);

E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart, and D. Wands, Phys. Rev. D49, 6410 (1994).

[19] C. Panagiotakopolous, Phys. Rev. D55, 7335 (1997);

A. Linde and A. Riotto, Phys. Rev. D56, R1841 (1997). [20] K.I. Izawa and T. Yanagida, Phys. Lett. B393, 331 (1997);

K. Kumekawa, T. Moroi and T. Yanagida, Prog. Theor. Phys. 92, 437 (1994). [21] M. White, D. Scott, J. Silk and M. Davis, Mon. Not. R. Astron. Soc. 276, L69 (1995). [22] A. R. Liddle and D. H. Lyth, Phys. Rep. 231, 1 (1995).

[23] T. Nakamura, M. Sasaki, T. Tanaka and K.S. Thorne, Astrophys. J. 487, L139 (1997).

FIGURES

FIG. 1. The amplitude of density fluctuations (δ_b) and PBH masses. Here we take n = 4, g = 1, v = 10^{−7}. The region on left hand side is irrelevant since a break scale exceeds our current horizon. The thick solid lines correspond to M_{BH}/M_⊙ = 10^5, 1, and 10^{−5}, from left to right. The short dash - long dash lines show Ω_{BH} ’ 1 (top) and 0.1 (bottom).

FIG. 2. The amplitude of density fluctuations (δ_b) and PBH masses. Here we take n = 3, g = 10^{−4}, v = 10^{−6}. The region on down right corner is irrelevant since a break scale is too small and does not cross horizon during inflation. The thick solid lines correspond to the break masses M_b/M_⊙ = 10^{−15}, 10^{−17}, 3 � 10^{−19}, and 10^{−20}, from left to right. The short dash - long dash line shows Ω(M_{evap})h^2 ’ 2�10^{−9}. The two thin solid lines show the region Ω(M_b)h^2 ’ 1 (top) and ’ 2 � 10^{−9} (bottom), respectively.