arXiv:1306.6437v1 [astro-ph.CO] 27 Jun 2013

IPMU 13-0132 ICRR-report-656-2013-5

Large Scale Cosmic Perturbation from Evaporation of Primordial Black Holes

Tomohiro Fujita,^1 Keisuke Harigaya,^1 and Masahiro Kawasaki^{2, 1} 1Kavli IPMU (WPI), TODIAS, University of Tokyo, Kashiwa, 277-8583, Japan 2ICRR, University of Tokyo, Kashiwa, 277-8582, Japan (Dated: June 28, 2013)

We present a novel mechanism to generate the cosmic perturbation from evaporation of primordial black holes. A mass of a field is fluctuated if it is given by a vacuum expectation value of a light scalar field because of the quantum fluctuation during inflation. The fluctuated mass causes variations of the evaporation time of the primordial black holes. Therefore provided the primordial black holes dominate the universe when they evaporate, primordial cosmic perturbations are generated. We find that the amplitude of the large scale curvature perturbation generated in this scenario can be consistent with the observed value. Interestingly, our mechanism works even if all fields which are responsible for inflation and the generation of the cosmic perturbation are decoupled from the visible sector except for the gravitational interaction. An implication to the running spectral index is also discussed.

I. INTRODUCTION

Recent observations of the cosmic microwave background radiation determine the cosmological parameters with increased accuracy and hence we know the amplitude and the tilt of the initial cosmological perturbations on the large scale [1]. However, the mechanism which generates such perturbations is still unknown. Even if one assume that inflation occurs and it stretches the quantum fluctuations of light scalar fields into the cosmological ones [2], what actually produces the observed perturbations is quite obscure. For example, in curvaton [3] or modulated reheating [4] scenarios, the scalar field which is responsible for the large scale cosmic perturbations is different from the inflaton itself. In addition, all known scenarios, such as single field inflation, curvaton and modulated reheating, are not necessarily the only possibility to be considered. Thus it is important to investigate another feasible mechanism generating the perturbation, in order to understand what actually happened in the early universe.

PBHs are black holes which form in the early universe. After the pioneer work by Zel’dovich and Novikov [5] in 1966, PBHs have attracted much attention for a long time. Now it is known that PBHs can be produced by large density perturbations due to inflation or preheating [6] as well as a sudden reduction in the pressure [7], bubble collisions [8], collapses of cosmic strings [9], and so on [10]. PBHs with small masses, M_{BH} ≲ 10^{15}g, evaporate until today by the Hawking radiation [11] and lead to rich phenomenologies including entropy productions, baryogenesis [12], neutrino radiations [13]. On the other hand, PBHs with large masses, M_{BH} ≳ 10^{15}g, survive today and they can be the candidate of cold dark matter, might affect the large scale structure [14], possibly seed the super massive black holes [15]. However, although a number of earlier works investigate the possible roles of PBHs, PBHs have never been studied as the origin of the cosmic perturbation.

Before showing detailed calculations, let us briefly explain the basic idea of our mechanism where the fluctuation of the PBH evaporation time generates cosmic perturbations: First of all, we assume that one field (ψ) acquires its mass m_ψ from another field (light scalar field ϕ) by the Higgs mechanism. Then the mass of ψ, m_ψ, is fluctuated if the field value of the light scalar field ϕ is also fluctuated by inflation. Secondly, a life time of a PBH depends on m_ψ if m_ψ is larger than the initial Hawking temperature T_{BH} of the PBH. It can be understood step by step. Since the Hawking temperature T_{BH} is inversely proportional to the PBH mass M_{BH}, T_{BH} increases as M_{BH} decreases due to the Hawking radiation. Next, the PBH can emit particles whose masses are smaller than T_{BH}. Thus the number of particle species in the Hawking radiation rises as T_{BH} increases. Moreover the energy loss rate of the PBH is proportional to the degree of freedom of the radiated particles. Therefore the energy loss of the PBH accelerates when T_{BH} exceeds m_ψ. As a result, the variation of m_ψ causes the variation of the time of the PBH evaporation. Finally, if PBHs dominate the universe, the fluctuation of the PBH evaporation time is nothing but the fluctuation of the (second) reheating time.^1 Thus cosmic perturbations are generated via the PBH evaporation.

This novel mechanism has several interesting features. First, the generation of perturbations by this mechanism is general because it is natural to expect that an unknown particle acquires its mass by the Higgs mechanism, if some symmetry forbids the mass term. Second, this mechanism is still viable even if all fields which are

1 Here we consider that the first reheating occurs after inflation and refer to the PBH evaporation as the second reheating because the radiation component from the inflaton become negligible after PBHs dominate the universe.

relevant to inflation and the generation of the cosmic perturbations are decoupled from the visible sector except for the gravitational interaction. It is because particles in the visible sector are emitted by the Hawking radiation even if PBHs are formed from an invisible sector. Third, the PBH dominated universe leads to the rich phenomenologies as we have mentioned. It would be interesting to explore these scenarios in combination with our mechanism. In this letter, however, we focus on the generation mechanism of cosmic perturbations via PBHs.

This letter is organized as follows. First, we explain the generation mechanism in detail and show that the observed magnitude of the cosmic perturbations can be realized. Next, we discuss the thermalization of the universe after the evaporation of the PBHs. Further, we make a prediction of the running spectral index when the PBHs are produced due to a blue-tilted perturbation generated by the inflaton. We show that the negatively large running is predicted. The final section is devoted to conclusions and discussion.

II. PERTURBATION OF PBH LIFE TIME

In this section, we compute the curvature perturbation produced by the PBH evaporation when a mass of a field is fluctuated by the Higgs mechanism. A PBH loses its mass due to the Hawking radiation [11] which is characterized by the Hawking temperature,

T_{BH} =

M^2_{Pl} M_{BH}

, (1)

where M_{BH} is the mass of the PBH and M_{Pl} ≈ 2.43 × 10^{18}GeV is the reduced Planck mass. The mass loss rate is given by

dM_{BH} dt = − π^2 120 g_∗T^4_{BH} × 4πr^2_s = − π 480 g_∗ M^4_{Pl} M^2_{BH}

, (2)

where g_∗ is the effective degrees of freedom of the radiated particles and r_s ≡ M_{BH}/4πM^2_{Pl} is the Schwarzschild radius.^2 Let us consider a case where a field ψ is added to the standard model. We define m_ψ as the mass of ψ and g_ψ as its effective degrees of freedom. Then g_∗ varies approximately as

g_∗ = { g_{sm} (T_{BH} < m_ψ) g_{sm} + g_ψ (T_{BH} > m_ψ) , (3)

2 A black hole not only emits particles but also absorbs the radiated particles by its gravitational attraction. This effect can be taken into account as overall factors (grey body factors) of the momentum distribution functions of the radiated particles and then eq. (2) is modified. Nevertheless we ignore this effect for simplicity, since it alters the following estimations only by few factors.

where g_{sm} = 106.75 is the total degrees of freedom in the standard model. One can find the solution of eq. (2) under eq. (3) as

τ = τ_{sm} [ 1 − ( T_0 m_ψ )_3 g_ψ g_{sm} + g_ψ ] , τ_{sm} ≡

160 M^3_0 π g_{sm}M^4_{Pl} , (4) where m_ψ is assumed to be larger than the initial Hawking temperature T_0. Otherwise, ψ is emitted from the beginning and then τ does not depend on m_ψ . On the other hand, ψ makes a little difference if m_ψ ≫ T_0 because a black hole evaporates rapidly at t ≃ τ.

Next, we introduce a scalar field ϕ and assume that ψ is a fermion field. We suppose that the interaction between ϕ and ψ is given by the yukawa coupling and it gives ψ the mass m_ψ, L_{int} = −yϕψ̄ψ =⇒ m_ψ ≡ yϕ , (5) where y is a yukawa coupling constant. Provided that ψ does not acquire any significant mass except for eq. (5), the fluctuation of ϕ which is generated during inflation perturbs the mass of ψ. Then it causes the perturbation of the PBH life time τ through eq. (4). One can find that the perturbation of τ,

δτ = τ_{sm} 3g_ψ g_{sm} + g_ψ ( T_0 m_ψ )_3 δϕ ϕ , (6)

where δϕ is the fluctuation of ϕ and the contribution of ϕ to g_∗ is ignored. Note that in order for δϕ to survive until the PBH evaporation, ϕ should not gain a large thermal mass by interactions with the radiation which is originated from the inflaton.

Let us evaluate the resultant curvature perturbation. Here we assume that the PBHs dominate the universe before their evaporation. The universe is in the matter dominated era before the PBH evaporation and enters the radiation dominated era after that. Then the curvature perturbation ζ generated at the evaporation of the PBHs can be calculated in the same way as the modulated reheating cases in which ζ is given by ζ_{MR} = −δΓ/(6Γ), where Γ is the decay rate of the inflaton [4]. Since in the PBH evaporation case Γ corresponds to the inverse of the PBH life time τ^{−1}, ζ generated by the PBH life time perturbation is given by ζ = δτ 6τ = 1 2 g_ψ g_{sm} + g_ψ ( T_0 m_ψ )_3 δϕ ϕ , (7)

where τ_{sm} ≫ δτ is assumed. Provided that ϕ is light during inflation and the power spectrum of its fluctuation is P_{δϕ} = H_{inf} /2π, the power spectrum of the curvature perturbation is given by

P^{1/2}_ζ = y 4π g_ψ g_{sm} + g_ψ

T^3_0 H_{inf} m^4_ψ

, (8) where H_{inf} is the Hubble parameter during inflation.

Although several generation mechanisms of PBHs are proposed, we simply assume that the PBHs form right after the end of inflation without specifying a concrete model. In that case, the typical mass of the PBHs is evaluated as

M_0 = γM^3_{horizon} = 4πγ

M^2_{Pl} H_{inf}

, (9)

where M_{horizon} denotes the energy density in the horizon volume at the end of inflation and γ ≈ 0.2 is the numerical factor representing the effect that the pressure of radiations prevents the structure formation [16]. The initial Hawking temperature is

T_0 =

H_{inf} 4πγ ≈ 0.4H_{inf} . (10)

Substituting eq. (10) into eq. (8), we obtain

P^{1/2}_ζ = y (4π)^4γ^3 g_ψ g_{sm} + g_ψ ( H_{inf} m_ψ )_4

. (11)

When g_ψ ≪ g_{sm}, eq. (11) is evaluated as

P^{1/2}_ζ ≈ 10^{−5} × ( y 0.3 ) ( g_ψ 1 ) ( H_{inf} m_ψ )_4 . (12)

Therefore the observed curvature perturbation can be realized by the evaporation of the PBHs.

Before closing this section, let us note the condition in which the PBHs dominate the universe prior to their evaporation. Provided that the PBHs form right after the end of inflation and the inflaton oscillation phase is negligible (instant reheating), the density parameter of the PBHs at their formation epoch, β ≡ Ω_{PBH}(t_{form}), is constrained as β > √ g_{sm} 20480π^2γ^3

H_{inf} M_{Pl}

≈ 10^{−8} ( H_{inf} 10^{11}GeV ) , (13)

where eq. (9) is used. If β is smaller than the lower bound in eq. (13), the resultant curvature power spectrum P_ζ decreases by a factor of (3Ω_{PBH}(τ)/(4 − Ω_{PBH}(τ)))^2.

III. THERMALIZED TEMPERATURE

In this section we estimate the temperature of the universe at the time of thermalization after the PBH evaporation. After the PBH evaporation, the number densities of particles are far smaller than that of the thermalized one. Therefore, in order to achieve the thermal equilibrium, some reaction which changes the number of particles should be efficient. A dominant reaction is the scattering from two particles into three particles by the strong interaction. Thus the thermalization time t_{eq} is estimated as 1 = Γ H (t_{eq}) = ⟨σvn(t_{eq})⟩ H(t_{eq}) ∼ 4πα^3_s a^2(t_{eq}) T^2_0 a^2(τ_{sm}) ρ(τ_{sm})a^3(τ_{sm})

T_0a^3(t_{eq}) 1 H(t_{eq}) = 3 2 (πg_{sm} 160 ) 3_2 4πα^3_s M^2_{Pl} M^{3/2}_0 t^{1/2}_{eq} , (14)

where σ, v, n and α_s are the cross section, the particle velocity, the particle density and the fine structure constant of strong interactions, respectively. The average energy of the radiated particles is assumed to be T_0 in evaluating σ and n. Therefore one finds

t_{eq} ∼ 4 9 ( 160 πg_{sm} )_3 1 (4π)^2α^6_s

M^3_0 M^4_{Pl}

. (15)

Then, we obtain the temperature at the thermalization,

T_{eq} ∼ 2 × 10^2 TeV × ( g_∗ 100 )_− 1_4 ( α_s 0.1 )_3 ( H_{inf}

10^{11}GeV

) 3_2 . (16) where eq. (9) is used. Although some models of baryogenesis may not produce sufficient baryon asymmetry with such a low temperature, non-thermal baryogenesis is possible due to the PBHs evaporation [12]. Since T_{eq} should be larger than the temperature of the big bang nucleosynthesis, T_{BBN} ∼ 10MeV, H_{inf} is constrained as

H_{inf} ≳ 1 × 10^6GeV . (17)

IV. IMPLICATION TO THE RUNNING SPECTRAL INDEX

In this section, we briefly discuss the prediction of the running spectral index when the PBHs are produced due to a blue-tilted perturbation from the inflaton. To be concrete, we discuss based on the hybrid inflation [17], in which a blue-tilted spectral is easily obtained.^3 We assume the following standard hybrid inflaton potential,

V (s) = V_0 + 1 2 m^2_ss^2 + · · · , (18)

where s is the inflaton and · · · includes the interactions with the waterfall sector.

With a simple calculation, we obtain the relation, η = 1 2N_∗ ln ( P^{inf}_{ζe} /P^{inf}_{ζ∗} ) , (19)

3 The following analysis is essentially true for other inflaton potentials, if only η is significantly large among the slow-roll parameters.

where P^{inf}_ζ , η and N are the curvature perturbation generated by the inflaton, the second slow-roll parameter and the number of e-foldings, respectively. The indices ∗ and e denote that the value is evaluated at the horizon exit of the scale of the interest and the end of the inflation, respectively. Note that the curvature perturbation should be large enough at the small scale in order to produce the PBHs, and should be small at the large scale,

P^{inf}_{ζe} = O(1), P^{inf}_{ζ∗} < 10^{−10}. (20)

Therefore we obtain the lower bound for η, η > 0.2 60 N_∗ . (21)

Such large η is natural in the supergravity theory [18].

On the other hand, the spectral index n_s of the perturbation generated by the PBH evaporation is given by n_s = 1 − 2ϵ_∗, since the perturbation is originated from a light field ϕ other than the inflaton. If the mass of ϕ is so large that it affects the spectral index, ϕ would begin an oscillation before the evaporation of the PBHs. In order to obtain the value consistent with the Planck results [1], n_s = 0.9607 ± 0.0063 (95% C.L.), ϵ_∗ = 0.020 ± 0.003 is required.

In the end, we obtain the prediction of the running of the spectral index, dn_s d ln k

≃ −4ϵ_∗η + 8ϵ^2_∗ < −0.011 60 N_∗ . (22)

Thus, a large running is easily obtained.

IV. CONCLUSIONS AND DISCUSSION

In this letter, we have proposed a new generation mechanism of cosmic perturbations from evaporation of PBHs. It has been shown that the mechanism is compatible with the observed magnitude of the curvature perturbation. We have also discussed the thermalization of the universe after the evaporation of the PBHs, and put the lower bound on the inflation energy scale in our scenario. The implication to the running spectral index has been also discussed.

As has been mentioned in the introduction, the generation mechanism of cosmic perturbations from evaporation of PBHs has an interesting feature. Even if all fields responsible for inflation and cosmic perturbations are decoupled from the visible sector, this mechanism is viable.

ACKNOWLEDGEMENT

This work is supported by Grant-in-Aid for Scientific research from the Ministry of Education, Science, Sports, and Culture (MEXT), Japan, No. 25400248 (M.K.), No. 21111006 (M.K.) and also by World Premier International Research Center Initiative (WPI Initiative), MEXT, Japan. T.F. and K.H. acknowledges the support by JSPS Research Fellowship for Young Scientists.

[1] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5076 [astro-ph.CO]; P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5082 [astro-ph.CO].

[2] A. H. Guth, Phys. Rev. D 23, 347 (1981); A. A. Starobinsky, Phys. Lett. B 91, 99 (1980); K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467 (1981); V. F. Mukhanov and G. V. Chibisov, JETP Lett. 33, 532 (1981) [Pisma Zh. Eksp. Teor. Fiz. 33, 549 (1981)];

[3] K. Enqvist and M. S. Sloth, Nucl. Phys. B 626, 395 (2002) [hep-ph/0109214]; D. H. Lyth and D. Wands, Phys. Lett. B 524, 5 (2002) [hep-ph/0110002]; T. Moroi and T. Takahashi, Phys. Rev. D 66, 063501 (2002) [hepph/0206026]; see also K. Harigaya, M. Ibe, M. Kawasaki and T. T. Yanagida, arXiv:1211.3535 [hep-ph].

[4] G. Dvali, A. Gruzinov and M. Zaldarriaga, Phys. Rev. D 69, 023505 (2004) [astro-ph/0303591]l L. Kofman, astroph/0303614; M. Zaldarriaga, Phys. Rev. D 69, 043508 (2004) [astro-ph/0306006].

[5] Y. B. Zel’dovich and I. D. Novikov, Astron. Zh. 43, 758 (1966); Sov. Astronomy 10, 602 (1967).

[6] A. Taruya, Phys. Rev. D 59, 103505 (1999) [hepph/9812342].

[7] K. Jedamzik, Phys. Rev. D 55, 5871 (1997) [astroph/9605152].

[8] M. Crawford and D. N. Schramm, Nature 298, 538 (1982); S. W. Hawking, I. G. Moss and J. M. Stewart, Phys. Rev. D 26, 2681 (1982); H. Kodama, M. Sasaki and K. Sato, Prog. Theor. Phys. 68, 1979 (1982).

[9] C. J. Hogan, Phys. Lett. B 143, 87 (1984). [10] M. Y. Khlopov, Res. Astron. Astrophys. 10, 495 (2010) [arXiv:0801.0116 [astro-ph]]; B. J. Carr, K. Kohri, Y. Sendouda and J. ’i. Yokoyama, Phys. Rev. D 81, 104019 (2010) [arXiv:0912.5297 [astro-ph.CO]], and references therein.

[11] S. W. Hawking, Commun. Math. Phys. 43, 199 (1975) [Erratum-ibid. 46, 206 (1976)]. D. N. Page, Phys. Rev. D 13, 198 (1976); D. N. Page, Phys. Rev. D 14, 3260 (1976). D. N. Page, Phys. Rev. D 16, 2402 (1977).

[12] M. S. Turner, Phys. Lett. B 89, 155 (1979). [13] E. V. Bugaev and K. V. Konishchev, Phys. Rev. D 65, 123005 (2002) [astro-ph/0005295].

[14] P. Meszaros, Astron. Astrophys. 38, 5 (1975). [15] B. J. Carr and M. J. Rees, Trieste Int. Sch. Advanc. Stud.

- 83-18 A. (83,REC.FEB.84) 21p [16] B. J. Carr, Astrophys. J. 201, 1 (1975).

[17] A. D. Linde, Phys. Lett. B 259, 38 (1991); A. D. Linde, Phys. Rev. D 49, 748 (1994) [astro-ph/9307002].

[18] B. A. Ovrut and P. J. Steinhardt, Phys. Lett. B 133, 161 (1983).