arXiv:astro-ph/0208048 v2 10 Dec 2002

Domination of black hole accretion in brane cosmology

A. S. Majumdar^∗ S. N. Bose National Centre for Basic Sciences, Block JD, Sector III, Salt Lake, Kolkata 700098, India

We consider the evolution of primordial black holes formed during the high energy phase of the braneworld scenario. We show that the effect of accretion from the surrounding radiation bath is dominant compared to evaporation for such black holes. This feature lasts till the onset of matter (or black hole) domination of the total energy density which could occur either in the high energy phase or later. We find that the black hole evaporation times could be significantly large even for black holes with small initial mass to survive till several cosmologically interesting eras.

PACS number(s): 98.80.Cq

The braneworld scenario in which our observable universe is a brane embedded in a higher dimensional bulk has gained much popularity in recent times. The motivation for such a consideration originates from solutions of string theory where matter and radiation are confined to the 3-brane, whereas gravity propagates also in the bulk. The significant consequences of this idea on the physics of the early universe is the focus of much current attention [1]. The foremost departure from standard cosmology is that there exists a regime during the early stages when the expansion rate of the universe is proportional to its energy density. The aim is to look for observable implications of this behaviour on cosmology.

Primordial black holes through their evolution and evaporation are potentially interesting candidates towards probing the high energy early stages of brane cosmology. The formation of primordial black holes through various mechanisms has been studied in much detail [2]. More recently, the diverse cosmological ramifications of primordial black holes are being vigorously pursued. Several papers have analysed the implications of a population of primordial black holes in the early universe on density perturbations, baryogenesis, reionization and nucleosynthesis [3,4]. Other investigations have focussed on methods of constraining the spectra of primordial black holes using observational results on gamma rays, background neutrinos, dark matter and quintessence [5]. Recently, several attempts of describing the formation, evaporation and cosmological consesquences of primordial black holes in the braneworld scenario have also been undertaken [6,7].

In the present Letter, we consider the evolution of primordial black holes formed during the high energy brane phase when the expansion rate of the universe is linearly proportional to its energy density [1]. We restrict ourselves to the Randall-Sundrum Type II model [8]. Black holes formed during this regime evaporate at a rate proportional to their effective area times the fourth power of their temperature. Using the induced metric on the brane, and expressions for the black hole radius and temperature in terms of the AdS radius l, Guedens et al [7] derived an evaporation law which is different from that of usual 4D black holes. However, for a more complete analysis of the evolution of black holes, one must take into account the effect of accretion from the surrounding radiation bath as well. This point has been emphasized by Zeldovich and Novikov [2] and the ramifications of considering accreting black holes have been found to be significant in the context of standard cosmology [4]. In our analysis, we consider the effect of both accretion and evaporation on primordial black holes formed on the brane.

Let us consider the rate of change of mass Ṁ of a black hole immersed in a radiation bath. The accretion rate is proportional to the surface area of the black hole times the energy density of radiation. The evaporation rate is proportional to the surface area times the fourth power of temperature. Thus, Ṁ is given by Ṁ = 4πr^2_{BH} ( −g_{brane}σT^4_{BH} + ρ_R ) (1)

where g_{brane} represents the effective number of degrees of freedom on the brane, r_{BH} and T_{BH} are the radius and temperature of the black hole, σ is the Stefan-Boltzmann constant, and ρ_R is the energy density of radiation given by ρ_R =

3M^2_4 32πt_ct (2)

r_{BH} = ( 8 3π )_{1/2}( l l_4 )_{1/2}( M M_4 )_{1/2} l_4 (3) T_{BH} = 1 2πr_{BH} (4) σ = Γ(4)ζ(4) 8(π)^2 (5)

∗Electronic address: archan@bose.res.in where M_4 and l_4 are the four dimensional Planck mass and length, respectively, (t_c ≡ l/2) is the transition time to standard cosmology, and the above relations hold for t << t_c. (Note here that we have neglected the contribution of evaporation into the bulk given by a term proportional to 4πr^2_{BH} g_{bulk}T^5_{BH} since it is subdominant even for very small black holes [7]). With the above substitutions the black hole equation can be written as

Ṁ = − AM^{24} M t_c + BM t (6) where (A ≃ 3/(16)^3π) and (B ≃ 2/π) are dimensionless numbers^1. The exact solution for Eq.(6) is

M (t) = [( M^2_0 −

2AM^2_4 2B − 1 t_0 t_c )( t t_0 )_{2B} + 2AM^2_4 2B − 1 t t_c ]_{1/2}

(7) with M = M_0 at the time of BH formation t = t_0. It can be seen that an extremum for the function M (t) exists only if (M_0/M_4)^2 < (2A/2B − 1)(t_0/t_c). The relation between formation time and mass [7]

t_0 t_4 ≃ 1 4 ( M_0 M_4 )_{1/2}( l l_4 )_{1/2} (8) shows that such a small initial mass will violate the lower bound on horizon mass (M_H /M_4) > 2 × 10^6(l_4/l)^{1/3} obtained from the contribution of gravitational waves towards CMBR anisotropy [9]. This result shows that for a radiation dominated high energy phase (t < t_c), accretion dominates over evaporation for all times and the mass of a primordial black hole continues to grow monotonically with M (t) M_0 ≃ ( t t_0 )_B (9) Let us now consider the scenario in which a certain number density of primordial black holes exchange energy with the surrounding radiation by accretion and evaporation. Black holes are formed with an initial mass spectrum whose range is much debated [10]. In order to keep our analysis uncomplicated, the subsequent calculations are performed by considering an average initial mass M_0. We assume that at a time t_0 the fraction of the total energy in black holes is β, and the number density of black holes is n_{BH} (t_0). Hence, we have ρ_T (t_0) = ρ_R(t_0) + ρ_{BH} (t_0) (10) ρ_{BH} (t_0) = βρ_T (t_0) = M_0n_{BH} (t_0) (11) ρ_R(t_0) = (1 − β)ρ_T (t_0) (12)

The number density of black holes n_{BH} (t) scales as a(t)^{−3}, and thus for a radiation dominated evolution on the brane, one has (n_{BH} (t)/n_{BH} (t_0)) = (t_0/t)^{3/4} since a(t) ∝ t^{1/4}. The net energy in black holes grows since accretion dominates over evaporation. The condition for the universe to remain radiation dominated (i.e., ρ_{BH} (t) < ρ_R(t)) at any instant t can be derived from Eqs.(7,10,11,12) to be β < (t_0/t)^{B+1/4} 1 + (t_0/t)^{B+1/4}

(13)

Thus depending on the value of the parameter β there may or may not be an era of black hole domination in the early brane dominated case. We will analyse these two cases separately.

We first consider the situation when the cosmology stays radiation dominated up to the time when brane effects are important, i.e., t ≤ t_c. For this to be the case, the initial fraction β should be such that β 1 − β < ( t_0 t_c )_{B+1/4} (14)

If the universe remains radiation dominated up to time t_c, then (for M_0 ≥ M_4) the mass of a black hole is given by Eq.(9). However, the black hole must remain small enough, i.e., (M/M_4) < (3π/4)(t/t_4) for it to obey the 5D evaporation law that we have used [7]. These criteria can be used to put an upper bound on the initial mass:

M_0 M_4 < ( 3π 4(2 √ 2)^B ) 2_{2−B} t_c t_4

(15)

In the low energy regime ρ_R ∝ t^{−2}. The black hole mass will continue to grow due to accretion up to a certain time (say t_t) after which the radiation density becomes too dilute for accretion to be significant. At this stage the rate of evaporation is also insignificant since the black hole masses have grown by several orders of magnitude from their initial values. So there ensues an era during which the black hole mass stays nearly constant over a period of time until evaporation takes over finally. This feature is well supported by numerical simulations of coupled black hole and Einstein equations for 4D black

1We assume that the black holes can emit massless particles only and take gbrane = 7.25 as in [7]. It is known that the cross section for particle absorbtion is increased for relativistic particles [2], and also for relativistic motion of black holes [4]. In the present analysis we neglect these effects which tend to increase the value of B by a small amount.

holes [4]. For the present case the accretion rate is smaller since the surface area is ∝ M instead of M^2 for 4D black holes. Furthermore, the evaporation rate is (∝ M^{−1}) instead of M^{−2}. Hence, a critical mass M_{max} is reached before evaporation starts dominating from the transition time t_t onwards^2. Assuming the small mass condition ((M/M_4) < (3π/4)(t/t_4)) to be still valid together with radiation domination at the time t_t, the lifetime for a typical black hole can be computed from Eq.(6) (using M = M_{max} at t = t_t) and is given by t_{end} t_4 ≃ 1 2A ( M_{max} M_4

)_2 t_c t_4

(16)

Using Eqs.(8) and (9), the lifetime is given by t_{end} t_4 ≃ 4 A (2 √ 2)^B ( M_0 M_4 )_{2−B} t_c t_4 ( t^2_t t_ct_4 )_B (17)

Guedens et al [7] derived the increase of black hole evaporation time compared to 4D black holes as ∝ (l/r_0)^2, i.e., {[t_{end}(M_0, 5D)]/[t_{end}(M_0, 4D)] ≃ [(t_c/t_4)(M_4/M_0)]} Our results show that over and above the enhancement of black hole lifetime originating from a modified evaporation law, the black hole lifetime is further increased by a factor ∝ (M_{max}/M_0)^2 purely due to accretion given by t_{end}(M, 5D) t_{end}(M_0, 5D) ≃ ( M_4 M_0 )_B( t^2_t t_ct_4 )_B (18)

for t_c ≤ t_t ≤ t_{eq} . We thus find that the effect of accretion in prolonging the life time of black holes is more pronounced compared to the 5D evaporation effect for small black holes. From Eq.(17) it can be seen that for (l/l_4) ∼ 10^{20}, a small number density of primordial 5D black holes formed with very low or even subplanckian masees (M_0 ≤ M_4) could survive up to the era of nucleosynthesis and beyond if t_t ≥ 10^5t_c. This result is likely to have multifarous cosmological consequences [3,5] which need to be investigated in detail. But for black holes with large initial masses (M_0 >> M_4) which form later, there is a lower net mass gain. Hence, for example, if we take t_t ∼ 10^5t_c, and (l/l_4) ∼ 10^{20}, black holes formed with M_0 = 10^{15}M_4 ≃ 10^{10}g, will have M_{max} ≃ 10^{15}g, and will be evaporating now. However, if the AdS radius is the maximum allowed by the current experimental bounds [11], i.e., (l/l_4) ≃ 10^{30} black holes with initial masses as low as M_0 = 10^8M_4 ≃ 10^3g survive up to the present era even for t_t ∼ t_c.

We next consider the case when the initial energy fraction β is such that the the accretion process causes ρ_{BH} (t) to exceed ρ_R(t) at a time t < t_c. If β exceeds the bound (we still assume β << O(1)) given in Eq.(13), then the cosmology enters a matter (black hole) dominated regime in the high energy phase when H^2 ∝ ρ^2. The onset of such a matter dominated era is labelled by t_{heq} which can be written from Eqs.(9-12) as^3 t_{heq} t_0 = ( 1 − β β ) 4_{4B+1}

≡ γ (19)

The mass of a black hole at t_{heq} is given by M (t_{heq}/M_0) = γ^B .

For t > t_{heq} the Hubble expansion is essentially driven by the black holes (p = 0 and H ∝ ρ_{BH} ). The number density of black holes scales as matter (n_{BH} (t) ∝ a^{−3}), and thus the scale factor grows as a ∼ t^{1/3}. During this era, the radiation density ρ_R is governed by the equation d dt ( ρ_R(t)a^4(t) ) = −Ṁ (t)n_{BH} (t)a(t) (20)

where the r.h.s (contribution from accreting black holes) cannot be neglected in comparison with the redshiting term (ρ_R ∼ a^{−4}). Taking into account the radiation dominated expansion for t < t_{heq}, and black hole dominated expansion for t > t_{heq}, one has n_{BH} (t) n_{BH} (t_0) = ( t_0 t_{heq} )_{3/4} t_{heq} t (21)

Using Eqs.(9-12) and (21) in (20) gives

ρ̇_R + 4ρ_R 3t = −βBγ^{1/4} ρ(t_0) t_0 ( t t_0 )_{B−2} (22)

Using the condition of matter-radiation equality at t_{heq} , i.e., [ρ_R(t_{heq} ) = ρ_{BH} (t_{heq} ) = M (t_{heq} )n_{BH} (t_{heq})], one can solve Eq.(22) to obtain

ρ_R(t) ≈ γ^{−1}ρ(t_0) ( t_{heq} t ) − βB B + 1/3 γ^{1/4}ρ(t_0) ( t_0 t )_{1−B}

(23)

where we have neglected a term of higher order in t_{heq} /t.

The black hole equation for t > t_{heq} is given by

2The exact determination of tt requires the numerical integration of the coupled Einstein and black hole equations (see, for example [4]) and is beyond the scope of the present paper.

3Although the formation time t0 of individual black holes is spread out in accordance with the initial mass spectra, we have used t0 to signify the mean formation time in the similar sense of using M0 as the mean initial mass.

Ṁ = Bγ^{−1} M t_0 ( t_{heq} t ) − Cγ^{1/4} M t_0 ( t_0 t )_{1−B} (24)

where C = βB/(B + 1/3) Note that we have ignored the evaporation term at this stage since it is even more negligible compared to accretion because of the resultant mass gain up to t_{heq}. Using M (t_{heq} /M_0) = γ^B , the solution of Eq.(24) can be obtained. Beyond t_{heq} the black holes continue to gain mass until the two terms in Eq.(24) become comparable. At this stage one enters the transition regime (t_t) after which evaporation takes over. Setting the r.h.s of Eq.(24) to 0 at t = t_t, one obtains t_t t_{heq} = ( B + 1/3 1 − β ) 3_{3β+1}

≡ δ (25)

Thus the accretion regime lasts for a brief duration in the matter dominated phase, and the maximum black hole mass M (t_t) is given from the solution of Eq.(24) by

M (t_t) M (t_{heq} ) = exp [ 3B ( 1 − ( β B + 1/3

) 1_{3B+1} )

+ β B + 1/3 ( 1 − ( B + 1/3 β ) 3B_{3B+1} )] (26)

In the evaporating regime (t > t_t), the rate of change of black hole mass is given by the first term in Eq.(6). This can be integrated to give

M (t) = [ M^2(t_t) −

2AM^2_4 t_c (t − t_t) ]_{1/2} (27)

The energy density in radiation ρ_R(t) whose time evolution is governed by Eq.(20) now has a positive contribution from black hole evaporation. Making the appropriate substitutions, one can again integrate ρ̇_R(t) to obtain ρ_R(t) ≈ 3βρ(t_0)γ^{−3/4} M (t_t) M_0 [ δ^{−1} − t_{heq} t ] (28)

The universe gets reheated as ρ_R(t) increases with time. The stage of black hole domination lasts up to a time t_r when ρ_R(t_r) = n_{BH} (t_r)M (t_r ). Subsequently, radiation domination takes over again. From Eqs.(27) and (28), t_c t_r ≈ 3 2δγ + A 4γ^{2B} ( M_4 M_0

)_2

(29)

The standard low energy cosmology should be radiation dominated with sufficient radiation temperature for nucleosynthesis to occur. Thus the era of black hole domination should be over clearly before nucleosynthesis. Since it is possible for t_c/t_4 to be as large as 10^{30} [11], let us simply demand that the onset of radiation domination take place before t_c. Requiring t_r < t_c, one gets a lower bound on β from Eq.(29), i.e.,

β ≥ [ 4t_0 3t_c ( B + 1/3

) 3_{3B+1} ]_{B+1/4} (30)

The evaporation time of black holes in this scenario can be calculated from Eq.(27). The mass gain between t_{heq} and t_t given by Eq.(26) is negligible if Eq.(30) is satisfied and also β << O(1). The black hole lifetime is t_{end} t_4 ≈ ( M_0 M_4

)_2 t_c t_4 γ^{2B} (31)

The contribution of accretion in prolonging the lifetime of black holes compared to the modified evaporation effect is given in this scenario by t_{end}(M, 5D) t_{end}(M_0, 5D) = ( M_{max} M_0

)_2

≈ γ^{2B} (32)

This enhancement is independent of the value of the initial mass. Thus in this case the lifetime of the whole mass spectrum gets prolonged due to accretion by the same scaling factor γ^{2B} , as distinct from the scenario of radiation domination throughout where the low mass black holes are affected most. Thus, for instance, if l/l_4 ≃ 10^{20} and β = 10^{−3}, black holes with M_0 ≃ 10^{12}g evaporate during the present era.

To summarize, we have studied the evolution of primordial black holes formed during the radiation dominated high energy phase on the brane. These black holes obey a modified evaporation law [7]. We have shown that the accretion of surrounding radiation completely dominates evaporation as long as radiation domination persists. This results in the net growth of mass of the black holes. Compared to the case of black holes formed with the same initial mass in standard cosmology, the black holes in the braneworld scenario evaporate much later. We have found that the effect of accretion in enhancement of black hole lifetime could be very significant for even low mass black holes for a wide range of parameters. It needs to be emphasized that the effect of accretion and its consequences of black holes surviving through key epochs in cosmology [3,5] need to be studied in more details. Such investigations could constrain the initial energy fraction in black holes vis-a-vis the size of the extra dimension.

[1] For a recent review, see, D. Langlois, gr-qc/0207047 and references therein.

[2] Ya. B. Zeldovich and I. D. Novikov, Astron. Zh. 43, 758 (1966); S. W. Hawking, Mon. Not. Roy. Ast. Soc. 152, 75 (1971); B. J. Carr and S. W. Hawking, Mon. Not. Roy. Ast. Soc. 168, 399 (1974); S. W. Hawking, I. G. Moss and J. M. Stewart, Phys. Rev. D26, 2681 (1982); H. Kodama, M. Sasaki and K. Sato, Prog. Theor. Phys. 68, 1979 (1982).

[3] See, for instance, J. D. Barrow, E. J. Copeland, E. W.

Kolb and A. R. Liddle, Phys. Rev. D43, 984 (1991); A. R. Liddle and A. M. Green, Phys. Rept. 307, 125 (1998); J. Yokoyama, Phys. Rev. D58, 107502 (1998); T. Banks and W. Fischler, hep-th/0111142; P. He and L-Z. Fang, Ap. J. 568, L1 (2002);

[4] A. S. Majumdar, P. Das Gupta and R. P. Saxena, Int.

J. Mod. Phys. D4, 517 (1995); P. S. Custodio and J. E. Horvath, Phys. Rev. D58, 023504 (1998); Phys. Rev. D60, 083002 (1999).

[5] P.S. Custdio and J.E. Horvath, Phys. Rev. D 65, 024023 (2002); D. Polarski, Phys.Lett. B528, 193 (2002); D. Blais, C. Kiefer and D. Polarski, Phys. Lett. B535 11 (2002); R. Bean and J. Magueijo, Phys. Rev. D66, 063505 (2002); E. V. Bugaev and K. V. Konishchev, Phys. Rev. D66, 084004 (2002); L. A. Anchordoqui, J. L. Feng, H. Goldberg and A. D. Shapere, hep-ph/0207139.

[6] P. Argyres, S. Dimopoulos and J. March-Russel, Phys.

Lett. B441, 96 (1998); N. Dadhich, R. Maartens, P. Papadopoulos and V. Rezania, Phys. Lett. B487, 1 (2000); R.

Emparan, G. T. Horowitz, and R. C. Myers, JHEP 0001, 007 (2000); R. Emparan, G. T. Horowitz, and R. C. Myers, Phys. Rev. Lett. 85, 499 (2000); R. Casadio and B. Harms, Phys. Rev. D64, 024016 (2001); S. Hemming and E. Keski- Vakkuri, Phys. Rev. D64 044006 (2001); N. Dadhich and S. G. Ghosh, Phys. lett. B518, 1 (2001); M. Bruni, C. Germani and R. Maartens, Phys. Rev. Lett. 87, 231302 (2001); P. Suranyi and L. C. R. Wijewardhana, hep-th/0207084.

[7] R. Guedens, D. Clancy and A. R. Liddle, Phys. Rev. D66, 043513 (2002).

[8] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999).

[9] A. R. Liddle and D. H. Lyth, Cosmological Inflation and Large-Scale Structure, Cambridge University Press, Cambridge (2000).

[10] J.C. Niemeyer and K. Jedamzik, Phys. Rev. D59 124013 (1999); A. M. Green and A. R. Liddle, Phys. Rev. D60 063509 (1999); M. Shibata and M. Sasaki, Phys. Rev. D60 084002 (1999); Graham D. Kribs, Adam K. Leibovich and I.Z. Rothstein, Phys. Rev. D 60 103510 (1999); T. Bringmann, C. Kiefer, D. Polarski, Phys. Rev. D65 024008 (2002).

[11] C. D. Hoyle, U. Schmidt, B. R. Heckel, E. G. Adelberger, J. H. Gundlach, D. J. Kapner and H. E. Swanson, Phys. Rev. Lett. 86, 1418 (2001).