arXiv:1104.3043v1 [hep-th] 15 Apr 2011

Brane-world black holes and the scale of gravity

G.L. Alberghi,^{1, 2, ∗} R. Casadio,^{1, 2, †} O. Micu,^{3, ‡} and A. Orlandi^{1, 2, §} 1Dipartimento di Fisica, Università di Bologna, via Irnerio 46, 40126 Bologna Italy 2Istituto Nazionale di Fisica Nucleare, Sezione di Bologna 3Lessingstr. 19, Dortmund D-44147, Germany

A particle in four dimensions should behave like a classical black hole if the horizon radius is larger than the Compton wavelength or, equivalently, if its degeneracy (measured by entropy in units of the Planck scale) is large. For spherically symmetric black holes in 4 + d dimensions, both arguments again lead to a mass threshold MC and degeneracy scale M_{deg} of the order of the fundamental scale of gravity MG. In the brane-world, deviations from the Schwarzschild metric induced by bulk effects alter the horizon radius and effective four-dimensional Euclidean action in such a way that MC ≃ M_{deg} might be either larger or smaller than MG. This opens up the possibility that black holes exist with a mass smaller than MG and might be produced at the LHC even if MG ≳ 10 TeV, whereas effects due to bulk graviton exchanges remain undetectable because suppressed by inverse powers of MG. Conversely, even if black holes are not found at the LHC, it is still possible that MC ≫ MG and MG ≃ 1 TeV.

PACS numbers:

Introduction A most exciting feature of string-inspired models with large extra dimensions [1, 2] is that the fundamental scale of gravity M_G could be much smaller than the Planck mass M_P ≃ 10^{16} TeV and as low as the electro-weak scale (M_G ≃ 1 TeV). Microscopic black holes may therefore be created in our accelerators [3–5] with a production cross section given, according to the hoop conjecture [6], by σ ∼ R^2_H [4], where R_H is the radius of the forming horizon and is bounded below by the wavelength of typical quantum fluctuations [7, 8]. After the black hole has formed (and possible transients), the Hawking radiation [9] is expected to set off, with the most common description based on the canonical Planckian distribution for the emitted particles and consequent instantaneous decay [4]. This standard picture and a variety of refinements have been implemented in the most recent Monte Carlo codes [10] and the outcome is being confronted with Large Hadron Collider (LHC) data [11, 12]. One problem with the canonical description is that the black hole specific heat is in general negative and one should therefore use the more consistent microcanonical description [13, 14], which however requires an explicit counting of the black hole microscopic degrees of freedom (or degeneracy).

For this counting, one may appeal to the area law [15], from which it can be inferred the horizon area describes the black hole degeneracy [16, 17]. The area-entropy correspondence has inspired the holographic principle [18] in order to solve the black hole information paradox [19]. This principle has widely been developed [20], and a theoretical support was found in the AdS/CFT correspondence [21] that conjectures the equivalence of a string theory with gravity in anti-de Sitter space with a quantum field theory without gravity on the boundary. In this letter we shall analyze the interplay between the classicality condition that must be met in black hole formation and the horizon area as a measure of the entropy of black holes in the brane-world [2]. Our results allow for the existence of “lightweight” microscopic black holes (LBH) with mass below M_G, or could explain the non existence of black holes within the reach of LHC experiments [11, 12] even if M_G ≃ 1 TeV.

Compton classicality A black hole is a classical spacetime configuration and its production in a collider is therefore a “classicalization” process in which quantum mechanical particles are trapped by gravitational selfinteraction within the horizon [7, 8]. Consequently, quantum fluctuations should be negligible for the final state (of total energy M) which sources such a metric. A widely accepted condition of classicality is then expressed by assuming the Compton wavelength λ_C ≃ ℏ/M = ℓ_P M_P/M^1 of the black hole, viewed as one particle, is the lower bound for the “would-be horizon radius” R_H, that is

R_H ≳ λ_C , (1)

where R_H = R_H(M) depends on the specific black hole metric. In four dimensions, using the Schwarzschild metric, one obtains

R_H = 2 ℓ_P M M_P ≳ ℓ_P M_P M ⇒ M ≳ M_C ≃ M_P , (2)

which is supported by perturbative calculations of scattering amplitudes for particles with centre-mass energy M [8]. The above derivation does not make full use of the space-time geometry and, in particular, neglects that, for M approaching the scale M_G, quantum fields should be affected by extra-spatial dimensions (if they exist).

1 We shall mostly use units with the Boltzmann constant k_B = c = 1, G_N = ℓ_P/M_P and ℏ = ℓ_P M_P = ℓ_G M_G.

Entropic classicality Another classicality argument can be given, which does not involve black hole wavefunctions but relies on Bekenstein’s conjectured correspondence between the entropy of thermodynamical systems and the area of black hole horizons [16]. Christoudolou [22] first pointed out that the irreducible mass M_{ir} of a Kerr black hole, i.e. the amount of energy that cannot be converted into work by means of the Penrose process [23], is related to the horizon area A as M_{ir} = M_P √ A/16 π ℓ^2_P ≡ √ A_{ir}.

Now, in thermodynamics, an increase in entropy is associated with a degradation of energy because the work we can extract from the system is reduced. The similarity is clear, but goes beyond this simple statement. For a Schwarzschild black hole, M_{ir} = M and no energy at all can be extracted. Nonetheless, we can take a collection of fully degraded subsystems (Schwarzschild black holes) and still get some work out of them. In fact, if we merge two or more black holes, the total horizon area must equal at least the sum of all their original areas [15]. Denoting by M_i and A_i the initial irreducible masses and areas, and by M_F and A_F the final irreducible mass and horizon area, we see that M_F = √ A_F = √∑ i A_i < ∑ i √ A_i = ∑ i M_i. The final irreducible mass is then less than the sum of all the initial irreducible masses: some more work can be extracted by merging fully degraded black holes. The same occurs by collecting thermodynamical systems that – individually – are fully degraded but together can still provide work. Bekenstein [16] remarked how we can clarify these similarities by invoking Shannon’s entropy S = − ∑ n p_n ln p_n , (3)

where p_n is the probability for a thermodynamical system to be found in the n-th state. A thermodynamical system is described in terms of a few macroscopical variables (like energy, temperature and pressure). Once these variables are fixed, the system can however be described by a huge amount of microscopically inequivalent states. Hence, entropy can be seen as the lack of information about the actual internal structure of the system. Analogously, any four-dimensional black hole can be described in terms of three macroscopic variables: mass, angular momentum and charge. All information about the matter which formed the black hole is lost beyond the horizon. Because of properties shared by thermodynamical entropy and horizon area, Bekenstein found the simplest expression (with dimensions of ℏ) which satisfies the conditions on the irreducible mass is

S_{BH} =

M_P A 16 π ℓ_P

. (4)

Using a gedanken experiment, Bekenstein [24] further obtained the so-called entropy bound S_{BH} ≤ 2 π R_H M, and this topic has by now been extended to more general scenarios (for a review, see Ref. [25]).

From Eq. (4), we can now infer an entropic condition for black hole classicality: a four-dimensional classical black hole should have a large degeneracy (in units of the Planck scale), that is

S̃^E_{(4)} ≡ S^{BH} ℓ_P M_P = 4 π R^2_H 16 π ℓ^2_P ≃ ( M M_{deg}

)_2

≳ 1 , (5)

which, for the Schwarzschild metric, leads to M ≳ M_{deg} ≃ M_P. This conclusion is also supported by perturbative calculations of scattering amplitudes, since the entropy (4) can be reproduced by assuming the final classical black holes are composed of quanta with wavelength λ ∼ R_H [8]. Note, however, that the physical meaning of the two scales is not quite the same: M_{deg} is the natural unit for measuring black hole internal degrees of freedom (like the gap between energy levels of the harmonic oscillator), whereas M_C is the minimum mass below which black holes do not exist (like the threshold in massive particle production). That M_{deg} ≃ M_C ≃ M_P is expected – because gravity in four dimensions entails one scale – but is till a remarkable evidence that black holes hide most information about forming matter. ADD black holes Both classicality conditions (2) and (5) can be straightforwardly generalized to models with extra-spatial dimensions by replacing M_P and ℓ_P with M_G and ℓ_G, and using the appropriate expressions for the horizon radius. For example, in the ADD scenario of Refs. [1], the brane tension is neglected and one can therefore consider vacuum solutions to the Einstein equations in 4 + d dimensions to derive the following relation between the mass and horizon radius [4],

R_H = ℓ_G √ π ( M M_G

) 1_{1+d} ( 8 Γ (_{d+3} 2 ) 2 + d

) 1_{1+d}

, (6)

where Γ is the usual Gamma function. Inserting the above into Eq. (1) yields^2

R_H ≳ ℓ_G

M_G M ⇒ M ≳ M_C ≃ M_G , (7)

as one would naively expect. Moreover, the same result is again obtained by generalizing the entropic argument to 4 + d dimensions, namely

S̃^E_{(4+d)} ≃ ( R_H ℓ_G )_{2+d} ∼ ( M M_{deg}

) 2+d_{1+d} ≳ 1 , (8)

where M_{deg} ≃ M_G. One therefore concludes that even in the ADD scenario, gravity enters black hole physics with one scale, M_G, like in four dimensions.

2 This is the kind of condition employed in all Monte Carlo studies of black hole production at the LHC [10].

Brane-world black holes The situation appears more involved in the brane-world (RS) scenario [2], in which the brane tension is not ignored and the bulk is consequently warped. This has made it very hard to describe black holes [26]^3, and only a few analytical candidates are known which solve the effective four-dimensional vacuum Einstein equations [28], R_{μν} − 1 2 R g_{μν} = E_{μν} ⇒ R = 0 , (9)

where the presence of tidal effects from the propagation of gravity into the bulk is represented by the (traceless) projected Weyl tensor E_{μν} . One of these solutions is the tidally charged metric [29]

ds^2 = −A dt^2 + A^{−1} dr^2 + r^2 ( dθ^2 + sin^2 θ dϕ^2 ) , (10)

with

A = 1 −

2 ℓ_P M M_P r − q ℓ^2_G r^2

, (11)

which has been extensively studied in Refs. [14, 30–32]. In the above and what follows, the tidal charge q and M are treated as independent quantities, although one expects q vanishes when the black hole mass M = 0. Further, we only consider the case q > 0 since negative tidal charge would yield anti-gravity effects [31]. A relation q = q(M) should be obtained by solving the complete five-dimensional Einstein equations [32] (or by means of supplementary arguments [33]). Nevertheless, since we are here interested in black holes near their minimum possible mass M_C ∼ M_G ≪ M_P, we can approximate q ≃ q(M_C) and constant, and expand all final expressions for M ∼ M_G ≪ M_P.

We can first apply the usual classicality argument (1), with the horizon radius

R_H = ℓ_P ( M M_P + √ M^2 M^2_P + q M^2_P M^2_G ) , (12)

and obtain M ≳ M_C, where the minimum mass

M_C ≃

M_G √ q , (13)

for M ∼ M_G ≪ M_P.

We can also repeat the entropic argument by employing the effective four-dimensional action, namely

S̃^E_{eff} ≃ 4 π R^{2H} 16 π ℓ^2_P

, (14)

3 Arguments have been formulated against the existence of static brane-world black hole metrics [27]. Given the Hawking radiation is likely a strong effect for microscopic black holes, their instability is here taken as granted.

which, however, is not at a minimum for M ≃ M_C, as one would instead expect from previous cases. This discrepancy can be cured by recalling the Euclidean action (as well as the thermodynamical entropy) is defined modulo constant terms, which, for example, do not affect the value of the Hawking temperature nor the microcanonical description of the Hawking radiation [13]. By subtracting from Eq. (14) a suitable constant, namely

S̃^E_{sub} = S̃^E_{eff} (M) − S̃^E_{eff} (M_C) , (15)

and expanding for M ∼ M_G ≪ M_P, we finally obtain

S̃^E_{sub} ≃ M M_{deg}

, (16)

where there now appears the effective degeneracy scale

M_{deg} ≃

M_G √ q . (17)

It is again remarkable that M_{deg} ≃ M_C and brane-world black holes are also described by one scale [recall that q ≃ q(M_C) is not truly independent]. The “natural” choice would now be q ≃ 1, so that M_{deg} ≃ M_C ≃ M_G, but the effective scale M_{deg} ≃ M_C could also be either larger (q ≪ 1) or smaller (q ≫ 1) than M_G. Concluding remarks Detection of black holes at the LHC would be a clear signal that we are embedded in a higher-dimensional space-time and the fundamental scale of gravity M_G ≃ 1 TeV. The existence of extra spatial dimensions could also be uncovered by means of particle processes which involve the exchange of bulk gravitons [35]. Such processes are perturbatively described by operators suppressed by inverse powers of M_G, and might not be detectable if the latter is larger than a few TeV [36]. We have shown that both classicality conditions, from quantum mechanics and the entropic counting of internal degrees of freedom, allow for brane-world black holes with minimum mass (13). The latter might be different from the fundamental scale M_G, if q departs significantly from 1 (which should be related to details of the mechanism confining standard model particles and four-dimensional modes of gravity on the brane). This introduces two alternative scenarios:

i) for q ≫ 1, “lightweight black holes” (LBH) with M_C ≲ M ≲ M_G may exist and be produced at the LHC even if M_G ≳ 10 TeV. In this case, the effects due to bulk graviton exchanges would remain undetected; ii) if q ≪ 1, black holes do not exist with M ≃ M_G, even if M_G ≃ 1 TeV, and processes involving bulk gravitons are the only available signature of extra-spatial dimensions.

The former scenario might have important phenomenological implications both for accelerator physics and in astrophysics. Although recent LHC data at 7 TeV center mass energy seem to exclude the production of microscopic black holes [11, 12], there is still the possibility that future runs at 14 TeV will achieve this goal. Further, LHB might play a role in cosmological models as primordial black holes produced in the early universe, and in astrophysics as the outcome of high energy cosmic rays colliding against dense stars [37].

The case of q ≪ 1 might instead explain why there is no evidence of black holes at the LHC [11, 12], even if extra-spatial dimensions exist.

We would like to thank B. Harms and J. Ovalle for stimulating discussions and suggestions, X. Calmet, C. Kiefer, G. Landsberg and E. Winstanley for comments. G.L. A. and R.C. thank Bologna ATLAS people, in particular L. Bellagamba, G. Bruni and B. Giacobbe, and CMS people, in particular A. Perrotta. Part of this work was supported by the COST Action MP0905 - Black Holes in a Violent Universe.

∗ Electronic address: alberghi@bo.infn.it † Electronic address: casadio@bo.infn.it ‡ Electronic address: micu.octavian@gmail.com § Electronic address: orlandi@bo.infn.it [1] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys.

Lett. B 429, 263 (1998); Phys. Rev. D 59, 086004 (1999); I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 436, 257 (1998).

[2] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999); Phys. Rev. Lett. 83, 3370 (1999).

[3] T. Banks and W. Fishler, hep-th/9906038; S.B. Giddings and S. Thomas, Phys. Rev. D 65, 056010 (2002); P.C. Argyres, S. Dimopoulos and J. March-Russell, Phys. Lett. B 441, 96 (1998);

[4] S. Dimopoulos and G. Landsberg, Phys. Rev. Lett. 87, 161602 (2001).

[5] M. Cavaglia, Int. J. Mod. Phys. A 18, 1843 (2003);

P. Kanti, Int. J. Mod. Phys. A 19, 4899 (2004). [6] K.S. Thorne, in Magic without magic, ed. J. Klauder (Frieman, 1972).

[7] S.D.H. Hsu, Phys. Lett. B 555, 92 (2003). [8] G. Dvali, C. Gomez and A. Kehagias, “Classicalization of Gravitons and Goldstones,” arXiv:1103.5963 [hep-th];

[9] S.W. Hawking, Nature 248, 30 (1974); Comm. Math.

Phys. 43, 199 (1975).

[10] D.C. Dai, et al., Phys. Rev. D 77, 076007 (2008);

J.A. Frost, et al., JHEP 0910, 014 (2009).

[11] V. Khachatryan et al. [CMS Collaboration], Phys. Lett.

B 697, 434 (2011).

[12] ATLAS internal reports and private communication.

[13] R. Casadio, B. Harms, Y. Leblanc, Phys. Rev. D 58, 044014 (1998); Entropy 13, 502 (2011).

[14] R. Casadio and B. Harms, Phys. Rev. D 64, 024016 (2001); S. Hossenfelder, S. Hofmann, M. Bleicher and H. Stoecker, Phys. Rev. D 66, 101502 (2002); T.G. Rizzo, Class. Quant. Grav. 23, 4263 (2006); R. Casadio and B. Harms, Phys. Lett. B 487, 209 (2000); S.D.H. Hsu, Phys. Lett. B 555, 92 (2003).

[15] S.W. Hawking, Phys. Rev. Lett. 26, 1344 (1971). [16] J.D. Bekenstein, Phys. Rev. D 7, 2333 (1973); 9, 3292 (1974).

[17] B. Harms and Y. Leblanc, Phys. Rev. D 46, 2334 (1992);

Phys. Rev. D 47, 2438 (1993).

[18] G. ’t Hooft, Class. Quant. Grav. 22, 4179 (2005). [19] J.M. Maldacena, “Black holes in string theory,” arXiv:hep-th/9607235.

[20] L. Susskind, J. Math. Phys. 36, 6377 (1995). [21] J.M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998);

Int. J. Theor. Phys. 38, 1113 (1999); E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998).

[22] D. Christoudolou, Phys. Rev. Lett. 25, 1596 (1970). [23] R. Penrose, Nuovo Cimento 1, 252 (1969). [24] J.D. Bekenstein. Phys. Rev. D 23, 287 (1981). [25] R. Bousso, Rev. Mod. Phys. 74, 825 (2002). [26] R. Whisker, arXiv:0810.1534 [gr-qc]; R. Gregory, Lect.

Notes Phys. 769, 259 (2009).

[27] T. Tanaka, Prog. Theor. Phys. Suppl. 148, 307 (2003);

R. Emparan, A. Fabbri and N. Kaloper, JHEP 0208, 043 (2002); H. Yoshino, JHEP 0901, 068 (2009).

[28] T. Shiromizu, K.i. Maeda and M. Sasaki, Phys. Rev. D 62, 024012 (2000).

[29] N. Dadhich, R. Maartens, P. Papadopoulos, V. Rezania, Phys. Lett. B 487, 1 (2000).

[30] R. Casadio, et al. Int. J. Mod. Phys. A 17, 4635 (2002);

Phys. Rev. D 80, 084036 (2009); JHEP 1002, 079 (2010); Phys. Rev. D 82, 044026 (2010); D.M. Gingrich, Phys. Rev. D 81, 057702 (2010).

[31] R. Casadio, A. Fabbri and L. Mazzacurati, Phys. Rev. D 65, 084040 (2002).

[32] R. Casadio, O. Micu, Phys. Rev. D 81, 104024 (2010); [33] J. Ovalle, “Braneworld Stars: Anisotropy Minimally Projected Onto the Brane,” arXiv:0909.0531 [gr-qc]; and work in progress.

[34] D.J. Kapner, et al., Phys. Rev. Lett. 98, 021101 (2007). [35] G.F. Giudice, R. Rattazzi and J.D. Wells, Nucl. Phys. B 544, 3 (1999).

[36] R. Franceschini, G.F. Giudice, P.P. Giardino, P. Lodone and A. Strumia, “LHC bounds on large extra dimensions,” arXiv:1101.4919 [hep-ph].

[37] M. Fairbairn and V. Van Elewyck, Phys. Rev. D 67, 124015 (2003); D. Clancy, R. Guedens and A.R. Liddle, Phys. Rev. D 68, 023507 (2003).