Published by Institute of Physics Publishing for SISSA/ISAS Received: July 12, 2004 Accepted: August 30, 2004

Black hole thermalization rate from brane anti-brane model

Gilad Lifschytz

Department of Mathematics and Physics and CCMSC University of Haifa at Oranim, Tivon 36006, Israel E-mail: giladl@research.haifa.ac.il

Abstract: We develop the quasi-particle picture for Schwarzhchild and far from extremal black holes. We show that the thermalization equations of the black hole is recovered from the model of branes and anti-branes. This can also be viewed as a field theory explanation of the relationship between area and entropy for these black holes. As a by product the annihilation rate of branes and anti-branes is computed.

Keywords: D-branes, Black Holes in String Theory, Tachyon Condensation.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep082004059 /jhep082004059 .pdf

Contents

1. Introduction 1

2. Single charged black brane 2

3. Multi charged BH 5 3.1 The n = 2 case 6

1. Introduction

The properties of certain near extremal black holes are encoded in the thermodynamics of large-N gauge theories [1, 2]. Recently it was shown that the properties of the large-N gauge theories at finite temperature in the large ‘t Hooft effective coupling regime can be captured by a simple quasi-particle description [3, 4]. In this description each quasiparticle has an energy of order the temperature and thus the number of quasi-particles is the entropy of the gauge theory. Further the lifetime of the quasi-particles is of order the inverse temperature. For the case where only one type of brane is considered, the horizon size follows from the double peaked nature of the spectral density of the scalars fields [5].

Apart from describing the equilibrium properties of the system the quasi-particle description captures the approach to equilibrium too. It was shown that in general the membrane paradigm description of a black hole gives the equation [3] dM dt ∼ A G T^2 (1.1)

describing the response to perturbation and the approach to equilibrium of the black hole. The quasi-particle description of the near extremal black holes gave dE dt ∼ N_{qp}T^2 (1.2)

where N_{qp} is the number of quasi-particles. This lead to the identification (in these cases dE = dM )of the number of quasi particles with the area of the horizon in Planck units, giving a simple explanation of why the entropy is proportional to the area in Planck units. This approach was generalized to a variety of examples including the rotating BTZ black hole.

More recently following the work in [6], it has been shown that a large class of black hole (far from extremal) [7]–[13] can be described using near extremal black holes, with opposite charges. Since the quasi-particle description gave a simple explanation to some of the properties of the near extremal black hole it seems that maybe the quasi-particle picture can explain some properties of the far from extremal black hole (including Schwarzhchild black holes). In this note we start to develop this quasi-particle picture.

– 1 –

2. Single charged black brane

We first want to look at the case where there are some brane and some anti-branes of the same type. The black brane properties are described by [14, 15] M_{bh} = ω_{d+1} 2κ^2

L^pμ^d(d + 1 + d sinh^2 γ) S_{bh} = 2π κ^2 ω_{d+1}L^pμ^{d+1} cosh γ Q_{bh} = 1 2 √ 2κ ω_{d+1}L^pμ^d sinh 2γ T_{BH} = d 4πμcoshγ . (2.1)

In [11] these black holes are modeled by the properties of the brane anti-brane system at finite temperature. The field theory on the brane is described by the thermodynamical relation S = aE^λ √ M_{p,0} λ = d + 1 d − N 2 D = p + d + 3

a = 2^{1d +2}πω^{− 1d}_{d+1}d^{− d+1d} λ^{−λ}L^{− pd} κ^{2d} M_{p,0} = L^pτ_pN (2.2)

where τ_p is the tension of the brane , N is the number of branes and E is the energy of the excitations. Similarly the theory on the anti brane is described by the same relationship with M_{p,0} replaced by M_{p̄,0}, and E replaced by Ē. It was argued that for stability E = Ē, and we will continue to assume this. Maximizing the total entropy of the brane and antibranes subject to this constraint and at a fixed total mass and charge gave the relationship

E_{total} = 2E = 4λ √ M_{p,0}M_{p̄,0}. (2.3)

If we define μ and γ such that they are related to the mass and charge of the black hole as in (2.1) then we find [11]

M_{p,0} = ω_{d+1} 2κ^2 L^pμ^d d 4 e^{2γ} M_{p̄,0} = ω_{d+1} 2κ^2 L^pμ^d d 4 e^{−2γ} E_{tot} = λ ω_{d+1} 2κ^2

L^pμ^dd . (2.4)

The theories while having the same energy have different temperatures, T and T̄ respectively, satisfying 2 T_{BH} = 1 T + 1 T̄ . (2.5) Following the analysis in [3], the rate at which the black hole emits energy as seen by observers at the stretched horizon, ignoring charged emission (So from now on the charge Q is fixed), is given by, dM_{BH} dt ∼ A G T^2_{BH} ∼ S_{BH} T^2_{BH} . (2.6)

– 2 –

If we are also interested in perturbation that keep the charge constant, then dM = T_{BH} dS_{BH} , and one has dS_{BH} dt ∼ A G T_{BH} = S_{BH} T_{BH} . (2.7)

Equations (2.6) and (2.7) describe how the black hole thermalizes.

Since we claimed that the black hole described in equation (2.1), can be modeled by field theory living on branes and anti-branes we should be able to reproduce equations (2.6) and (2.7), using the out of equilibrium properties of the near extremal branes.

According to the quasi particle description of near extremal branes [5, 3, 4] the thermodynamics can be approximated by free quasi particles. The number of quasi particles is the entropy, the energy of each quasi particle is around the temperature and the life time of the quasi particles is set by the inverse temperature of the field theory.

Now when we have a system of branes and anti-branes we have assumed that at the stability point the theories on them are decoupled from each other except for the constraint that the excitation energy be the same. This is the assumption underlying the derivation of the entropy of the far from extremal black holes. This means that the spectral density of the theories is the same as if the other theory does not exist. From the width of the peaks in the spectral density, or from the scaling of the quasi normal modes in the background of the near extremal branes, one can read off the life time of the quasi particle and is thus proportional to the inverse temperature [4].

Thus we can write (remembering that the number of quasi-particles is proportional to the entropy), dS dt ∼ ST dS̄ dt ∼ S̄T̄ (2.8)

where the proportionality constant is the same in both theories. What we mean by theses equations is that the quasi particle decay and their number changes. Off course in equilibrium quasi particles are also created in exactly the same rate, but one can focus on their decay and compare to the corresponding properties of the black hole.

Thus the total entropy S_{tot} = S + S̄ satisfies

dS_{tot} dt ∼ ST + S̄T̄ . (2.9) However ST + S̄T̄ = (S + S̄) 2T T̄ T + T̄ = S_{tot}T_{BH} (2.10)

where in the last equality we have used that

S̄T̄ = ST ∼ E . (2.11)

We thus see that the equation (2.9) reproduces equation (2.7).

While the life time of the quasi particle is the same as in the near extremal case, the relationship between the change in the number of quasi particles and the change in

– 3 – excitation energy is not the same since pairs of branes and anti branes can be created or annihilated. So while we know the rate of quasi particle decay this does not tell us the rate in which the total mass of the black hole changes. Now in the gravity picture we imagine that the black hole would slowly decay (if there was no incoming flux at the stretched horizon to balance off the decay) and just become a slightly less massive black hole hence the use of (at constant charge Q) dM_{BH} = T_{BH} dS_{BH} . (2.12) On the field theory side the brane anti brane system is only a black hole if the energy and the number of brane and anti branes obey the correct relationship (2.3). If we now allow changes in both the excitation energy and number of branes, are we guaranteed to obey (2.12). In particular how restrictive does the fluctuations in energy and brane number need to be.

To try and answer this question let us look at a general change in the energy and brane number in the field theory, using equations (2.2) and (2.3), we can write dS = ∂S ∂E dE + ∂S ∂M_{p,0} dM_{p,0} = 1 T dE + 1 T̄ dM^{p,0} (2.13)

and similarly dS̄ = 1 T̄ d Ē + 1 T dM_{p̄,0} . (2.14)

Now if we look for perturbation that leaves the charge constant then dM_{p̄,0} = dM_{p,0} = dM, so we can write two equations for the time dependence of the quantities above dS dt = 1 T dE dt + 1 T̄ dM dt dS̄ dt = 1 T̄ dĒ dt + 1 T dM dt . (2.15)

If we want to require that the change in the field theory correspond to infinitesimal changes in a black hole configuration then one should have (using equation (2.15)) 1 T dE dt + 1 T̄ dĒ dt = 1 T_{BH} dE_{tot} dt . (2.16)

Which is less restrictive then one would have thought, since it does not couple dM to dE.

Now while we have E = Ē for stability one does not have to assume that^{dE}_{dt} =^{dĒ}_{dt} , since for each there is also a corresponding inflow of energy at equilibrium.^1 This inflow comes form the annihilation of the branes and anti-branes which is converted into excitation energy just as energy excitation creates brane anti brane pairs. Since at equilibrium the number of branes and anti branes stays the same and the energy E is constant this means that dE dt + dĒ dt = 2 dM dt . (2.17)

1Even though this might be true in a particular example as above.

– 4 –

We seem to have more equations then unknown. Solving equations (2.15), (2.16) and (2.17) and we find dE dt = dĒ dt = dM dt ∼ ET_{BH} . (2.18)

From which we can find 2 dE + dM dt = dM_{BH} dt = T_{BH} dS_{tot} dt ∼ S_{tot}T^2_{BH} , (2.19)

in agreement with equation (2.6).

Having a solution to an over constrained system suggest that the extra condition (2.17) which reflects the requirement of stability of the system is somehow already incorporated in the description. This suggest that the requirement that the energy on brane and anti branes be the same from which the black hole configuration arose is indeed related to stability [11].

It is worth presenting the decay rate for the branes in another form dM dt ∼ 1 a (MM̄)^{3d−2}4d √ M + √ M̄ (2.20)

which gives the decay rate as a function of the number of branes and anti branes alone.

3. Multi charged BH

We now look at a more general case involving many types of branes and anti-branes. The mass and entropy are given by [16, 17], M_{bh} = b 2 μ^{D−3} (_n ∑ i=1 cosh γ_i + 2λ )

b = ω_{D−2} 2κ^2

(D − 3)V_p , λ = D − 2 D − 3 − n 2 S_{bh} = cμ^{D−2}Π^n_{i=1} cosh γ_i c = 4πb D − 3 T_{BH} = d 4πμΠ^n_{i=1} cosh γ_i

. (3.1)

The field theory on the branes anti-branes configuration can be summarized by [11],

M_f = n∑ i (M_{pi,0} + M_{p̄i,0}) + E_{tot}

S_f = ã ( E_{tot} 2^n )_λ Π^N_{i=1} (√ M_{pi,0} + √ M_{p̄i,0} )

ã = c(bλ)^{−λ}b^{−n/2} . (3.2)

– 5 –

Where each of the 2^n configuration of branes and anti-branes has the same energy of excitations, but different temperatures. The different temperatures are related to the black hole temperature by 2^n T_{BH} = 2^n∑

i=1 1 T_i . (3.3)

Maximizing the entropy for fixed charge and mass gives the relationship

E_{tot} = 4λ √ M_{pi,0}M_{p̄i,0}, (3.4) for all i.

In terms of μ and γ one has, M_{pi,0} = b 4 μ^{D−3}e^{2γi} M_{p̄i,0} = b 4 μ^{D−3}e^{−2γi} E_{tot} = bλμ^{D−3} . (3.5)

We now want to recover (2.7) and (2.6) from a quasi-particle description. As before we assume each of the 2^n field theories is described by quasi-particles with energy of order the temperature and life time of order the inverse temperature. dS_i dt ∼ S_iT_i i = 1 · · · 2^n . (3.6)

The time derivative of the total entropy is then

dS_{tot} dt ∼ ∑ i S_iT_i ∼ S_{tot}T_{BH} (3.7)

where in the last equality we have used equation (3.3) and that all the S_iT_i are equal for all i, due to the equality of the energy of excitation on all 2^n brane configurations.

We now want to compute the individual rates of the branes decay and reproduce equation (2.6). When the number of quasi particles changes this can come about by either a change in the energy or a change in the number of branes. But each of the 2^n field theories live on some of the same branes thus they affect each other. While they can not affect the life time of the quasi-particles they can affect the distribution of the available energy between branes and excitations. To be concrete let us look at the example of n = 2

3.1 The n = 2 case

In this case we have for the entropy

S_{tot} = aE^λ (√ M_1 √ M̄_2 + √ M_1 √ M_2 + √ M̄_1 √ M_2 + √ M̄_1 √ M̄_2 ) (3.8)

and we can write it as S_{tot} = S_1 + S_2 + S_3 + S_4 , (3.9)

– 6 – respectively. The equations for the rate of change are

Ṡ_1 = 1 T_1

Ė_1 + 1

2T_4

Ṁ_1 + 1 2T_2

˙M̄_2

Ṡ_2 = 1 T_2

Ė_2 + 1

2T_3

Ṁ_1 + 1 2T_1

Ṁ_2

Ṡ_3 = 1 T_3

Ė_3 + 1

2T_2

˙M̄_1 + 1 2T_4

Ṁ_2

Ṡ_4 = 1 T_4

Ė_4 + 1

2T_1

˙M̄_1 + 1 2T_3

˙M̄_2 . (3.10)

Where we have taken into account the effect of the field theories on each other by equating the decay rate of M_i on each field theory that live on these branes. Now we have eight unknown but only four equations. Four more equation are given by the equality of the rate of energy decay to brane decay, charge conservation, and the analog of equation (2.16) i.e ∑ i ( Ė_i T_i ) = 1 T_{BH} Ė_{tot} . (3.11)

These together give eight equations which can be solved to give the individual decay rates.

The charge conservation equation plus (3.11) and the structure of (3.10) give

dS_{tot} = 1 T_{BH} (dE_{tot} + 2dM_1 + 2dM_2) (3.12)

ensuring equation (2.6).

References

[1] J.M. Maldacena, The large-N limit of superconformal field theories and supergravity, Adv.

Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].

[2] N. Itzhaki, J.M. Maldacena, J. Sonnenschein and S. Yankielowicz, Supergravity and the large-N limit of theories with sixteen supercharges, Phys. Rev. D 58 (1998) 046004 [hep-th/9802042].

[3] N. Iizuka, D. Kabat, G. Lifschytz and D.A. Lowe, Quasiparticle picture of black holes and the entropy-area relation, Phys. Rev. D 67 (2003) 124001 [hep-th/0212246].

[4] N. Iizuka, D. Kabat, G. Lifschytz and D.A. Lowe, Stretched horizons, quasiparticles and quasinormal modes, Phys. Rev. D 68 (2003) 084021 [hep-th/0306209].

[5] N. Iizuka, D. Kabat, G. Lifschytz and D.A. Lowe, Probing black holes in non-perturbative gauge theory, Phys. Rev. D 65 (2002) 024012 [hep-th/0108006].

[6] U.H. Danielsson, A. Guijosa and M. Kruczenski, Brane-antibrane systems at finite temperature and the entropy of black branes, J. High Energy Phys. 09 (2001) 011 [hep-th/0106201].

[7] A. Guijosa, H.H. Hernandez Hernandez and H.A. Morales Tecotl, The entropy of the rotating charged black threebrane from a brane-antibrane system, J. High Energy Phys. 03 (2004) 069 [hep-th/0402158].

– 7 –

[8] O. Saremi and A.W. Peet, Brane-antibrane systems and the thermal life of neutral black holes, Phys. Rev. D 70 (2004) 026008 [hep-th/0403170].

[9] O. Bergman and G. Lifschytz, Schwarzschild black branes from unstable D-branes, J. High Energy Phys. 04 (2004) 060 [hep-th/0403189].

[10] S. Kalyana Rama, A description of schwarzschild black holes in terms of intersecting m-branes and antibranes, hep-th/0404026.

[11] G. Lifschytz, Charged black holes from near extremal black holes, J. High Energy Phys. 09 (2004) 009 [hep-th/0405042].

[12] S.K. Rama and S. Siwach, A description of multicharged black holes in terms of branes and antibranes, Phys. Lett. B 596 (2004) 221 [hep-th/0405084].

[13] E. Halyo, Black hole entropy and superconformal field theories on brane-antibrane systems,

hep-th/0406082.

[14] M.J. Duff, H. Lu and C.N. Pope, The black branes of M-theory, Phys. Lett. B 382 (1996) 73 [hep-th/9604052].

[15] I.R. Klebanov and A.A. Tseytlin, Entropy of near-extremal black p-branes, Nucl. Phys. B 475 (1996) 164 [hep-th/9604089].

[16] M. Cvetič and A.A. Tseytlin, Non-extreme black holes from non-extreme intersecting M-branes, Nucl. Phys. B 478 (1996) 181 [hep-th/9606033].

[17] I.R. Klebanov and A.A. Tseytlin, Near-extremal black hole entropy and fluctuating 3-branes, Nucl. Phys. B 479 (1996) 319 [hep-th/9607107].

– 8 –