arXiv:1205.4640v2 [gr-qc] 15 Jun 2013

A note on the observational evidence for the existence of event horizons in astrophysical black hole candidates

Cosimo Bambi^∗ Arnold Sommerfeld Center for Theoretical Physics, Ludwig-Maximilians-Universität München, D-80333 Munich, Germany^† (Dated: June 18, 2013)

Black holes have the peculiar and intriguing property of having an event horizon, a one-way membrane causally separating their internal region from the rest of the Universe. Today astrophysical observations provide some evidence for the existence of event horizons in astrophysical black hole candidates. In this short paper, I compare the constraint we can infer from the non-observation of electromagnetic radiation from the putative surface of these objects with the bound coming from the ergoregion instability, pointing out the respective assumptions and limitations.

PACS numbers: 04.70.Bw, 04.50.Kd, 98.62.Js

I. INTRODUCTION

A black hole (BH) can be defined as the region B of the total space-time M which does not overlap with the causal past of future null infinity J^−(I^+) [1]:

B = M − J^−(I^+) . (1)

The event horizon of a BH is the boundary delimiting the BH. Everything falling onto the BH and crossing the event horizon is lost for ever and it cannot affect events happening outside the BH any more. However, it may be possible that event horizons never form in nature, but that only apparent horizons can be created [2]. An apparent horizon is a closed surface of zero expansion for a congruence of outgoing null geodesics orthogonal to the surface [1]. Outward-pointing light rays behind an apparent horizon actually move inwards and therefore they cannot cross the apparent horizon. In the special case of a stationary space-time, an event horizon is also an apparent horizon, but the reverse is not true in general. In particular, the event horizon is determined by the global properties of the space-time, while the apparent horizon depends on the observer.

Astronomers have discovered at least two classes of astrophysical BH candidates [3]: stellar-mass objects in X-ray binary systems and super-massive objects at the center of every normal galaxy. These objects are thought to be BHs because they cannot be explained otherwise without introducing new physics: the stellar-mass BH candidates are too heavy to be neutron stars for any reasonable matter equation of state [4], while at least some of the super-massive objects in galactic nuclei are too heavy, compact, and old to be clusters of non-luminous bodies [5]. There is also a set of observations suggesting that BH candidates have really an event horizon [6–8]. Basically, these objects seem to be able to swallow all

∗ bambi@fudan.edu.cn † Present address: Department of Physics, Fudan University, Shanghai 200433, China

the accreting gas without emitting any kind of electromagnetic radiation from their putative surface. In the case of low-mass X-ray binaries, we can compare systems in which the primary is thought to be a BH and the ones in which the primary is thought to be a neutron star. In the quiescent state, we can observe thermal radiation from the surface of neutron stars, while no such a radiation is observed from BH candidates [6]. Neutron star systems show type-I X-ray bursts (as outcome of compression and heating of the gas accumulated on their surface), while the phenomenon has never been observed in binaries with BH candidates [7]. There are also strong constraints on the radiation emitted by the possible surface of the supermassive BH candidate at the center of our Galaxy [8].

This body of observations can be easily explained with the fact that BHs have no surface and that the gas crossing the event horizon cannot be seen by distant observers any more (see however Ref. [9]). Strictly speaking, the confirmation for the existence of an event horizon would require the knowledge of the future null infinity of the Universe, which is clearly impossible for us. On the contrary, the non-observation of electromagnetic radiation emitted by the gas after falling into the compact object nicely meets the definition of apparent horizon. However, the geometry of the space-time around astrophysical BH candidates is practically stationary for the timescale of our observations, and that may make impossible to discriminate an event horizon from an apparent horizon.

II. ELECTROMAGNETIC CONSTRAINT

Let us image a BH as a gas of particles packed in a small region by the gravitational force^1. As this gas has

1 The model of BH I will consider may remind the one discussed in Ref. [10]. The radius of the compact object, R, is larger than the one corresponding to the event horizon of a (classical) BH with the same mass and spin.

a finite temperature, it must radiate. However, if the object is very compact, the emitted radiation is strongly redshifted when it reaches a distant observer and the object can appear very faint. Here, I relax the quite common assumption of steady state L = Ṁc^2 [6, 8], where L is the surface luminosity and Ṁ is the mass accretion rate. That would requires that the accreting gas hits the “solid surface” of the object and then radiates to infinity all its kinetic energy. If this were the case, a very compact object would not be able to increase its mass, or at least the process would be very inefficient, likely in contradiction with the observations of the super-massive objects in galactic nuclei. Moreover, there are no reasons to assume that BH candidates have a solid surface. In the picture in which we have a gas of particles packed in a small region by the gravitational force, the accreting gas enters into the compact object and both its rest-mass and kinetic energy contribute to increase the mass of the BH candidate.

Let us now see the constraint we can obtain in this picture from the non-observation of thermal spectrum from BH candidates. The specific energy flux density of the compact object (often measured in erg cm^{−2} s^{−1} Hz^{−1}) as detected by a distant observer is F = ∫ I_odΩ , (2)

where I_o is the specific intensity of the radiation as measured by the distant observer and dΩ is the element of the solid angle subtended by the image of the object on the observer’s sky. I_x/ν^3_x = const. (Liouville’s Theorem), where ν_x is the photon frequency measured by any local observer on the photon path, and

dΩ = dxdy D^2

, (3)

where x and y are the Cartesian coordinates on the observer’s sky and D is the distance of the compact object from the observer. The equivalent isotropic luminosity of the BH candidate is thus L = 4π ∫ g^3I_edxdydν . (4) Here g = ν_o/ν_e is the redshift factor, ν_o is the photon frequency measured by the distant observer, and ν_e and I_e are respective the photon frequency and the specific intensity of the radiation measured by an observer located at the point of emission of the photon, on the surface of the compact object, and corotating with the surface of the compact object. The emission should be like the one of a blackbody; that is,

I_e =

2hν^3_e c^2 1 exp (_{hνe} k_BT_e ) − 1 , (5)

where T_e is the temperature of the surface of the BH candidate measured by a locally corotating observer.

For the sake of simplicity, we now consider a spherically-symmetric non-rotating object. The geometry of the space-time around the BH candidate will be described by the Schwarzschild solution, which is valid till the radius of the compact object, R. The luminosity becomes

L = 4σg^4T^4_e ∫ dxdy , (6) where σ is the Stefan-Boltzmann constant and g = ( 1 − 2M R )_{1/2} . (7)

Here g is a constant, but it would be a function of x and y in a more general background. The integrand in Eq. (6) is simply the area of the apparent image of the BH candidate on the observer’s sky: ∫ dxdy = πR^2_{app} = { 27πM^2 R < 3M π^{R2}_{g2} R > 3M

. (8)

The radius r = 3M is the capture photon radius of the Schwarzschild space-time. Inside such a radius, the gravitational force is so strong that any light rays coming from infinity is captured by the compact object.

A distant observer sees therefore an object with an apparent temperature

T_{app} = gT_e ≈ T_e ( δ 2M )_{1/2} , (9)

where I wrote R = 2M + δ and assumed δ ≪ 1 and positive. The most stringent constraint on δ can be inferred from the observations of the supermassive BH candidate at the center of our Galaxy. Infrared and near-infrared data require T_{app} < 0.01 eV [8]. If we assume a local temperature as high as k_BT_e ∼ m_pc^2 ∼ 1 GeV (roughly the gravitational binding energy of a proton), we find

δ < 10^{−10} cm , (10)

as M ≈ 6 · 10^{11} cm. With a lower temperature T_e, the constraint would be weaker, while a higher temperature seems to be unlikely, as the object is old and the accreting gas would have already cooled it down. The proper distance of the boundary of the BH candidate from the event horizon of a Schwarzschild BH with the same mass is Δ ≈ δ √ 1 −^{2M}_R ≈ √ 2Mδ < 10 cm . (11)

Such a result should not change significantly if we consider a rotating object.

III. STABILITY CONSTRAINT

The existence of event or apparent horizons in astrophysical BH candidates is also suggested by considerations concerning the stability of these objects. It is well known that rapidly-rotating very-compact objects may be affected by the ergoregion instability [11]. In the ergoregion, g_{tt} > 0 (if the metric has signature − + ++) and the frame-dragging is so strong that stationary orbits are not allowed. That implies that in the ergoregion there are excitations with negative energy with respect to a stationary observer at infinity. These excitations can be seen as quasi-bound states: they are trapped by the gravitational potential on one side, and by the surface of the object (or by the center of the object if the latter is made of matter non-interacting with the excitations) on the other side. As some modes can escape to infinity carrying positive energy, negative energy modes in the ergoregion can grow indefinitely, thus generating an instability. Objects with a horizon may instead be stable because there may not be quasi-bound states in the ergoregion: any excitation in the ergoregion is swallowed by the BH. Let us notice, however, that the existence of a horizon is not sufficient in general to prevent the ergoregion instability [12].

Roughly speaking, the instability timescale τ decreases as the angular velocity and the compactness of the compact object increases. For rotating very-compact objects, one typically finds that the instability is strong and occurs on a dynamical timescale τ ∼ M [13]; that is, ∼ 1 s for objects with a mass M ∼ 10 M_⊙ and ∼ 10^7 s if M ∼ 10^8 M_⊙. While there are counter-examples in which rotating compact objects can be stable or verylong living [14], it seems difficult that the latter can still meet observations requiring that astrophysical BH candidates can rotate very rapidly [15, 16] and have a high radiative efficiency [17]. Let us notice, however, that the issue of the ergoregion instability can be discussed only within a well defined theoretical model (gravity theory, internal structure and composition of the compact object, etc.) and that it has been studied only for a very limited number of specific cases. Considerations on the nonobservations of electromagnetic radiation from the surface of BH candidates are much more model-independent and rely on a set of assumptions that can be violated only invoking very exotic new physics.

Here, I will discuss the ergoregion instability within the following picture. I assume that the geometry around an astrophysical BH candidate is exactly described by the Kerr solution up the radius of the compact object, R. Considerations on the ergoregion instability indeed require a specific background and we may think that possible deviations from the Kerr metric can be tested with other approaches [18]. In the case of a reflecting surface, the timescale for scalar instabilities can be estimated as [19] τ ∼ A(M, a_∗) | | | | ln ( R − R_H 2M √ 1 − a^2_∗ )| | | , (12)

where R_H = M(1 + √ 1 − a^2_∗) is the radius of the event horizon of a Kerr BH with mass M and spin parameter a_∗. A(M, a_∗) is a function of M and a_∗. For moderate values of the spin parameter a_∗, A ∼ M; that is, the instability occurs on a dynamical timescale. For high values of a_∗, A decreases very quickly. In the case of a Kerr BH, R = R_H and the object is stable. On the other hand, if R = R_H + δ, the fact that we observe long-living rapidly rotating BH candidates demands

δ, Δ ≪ L_{Pl} ≈ 10^{−33} cm , (13)

where Δ is the physical distance encountered in the previous section. Eq. (13) essentially rules out the possibility that current BH candidates have no horizon, or at least something that behaves very much like a horizon for the unstable modes. The possibility of an exact Kerr background with δ so large that there is no ergoregion seems to be unlikely, as we know objects that, when the space-time around them is described by the Kerr solution, would have an accretion disk with inner edge inside the ergosphere [15].

IV. CONCLUSIONS

In conclusion, we have observations suggesting that BH candidates have a horizon or at least putting constraints on the possible distance between the boundary of these compact objects and the event horizon of a BH with the same mass and spin. Such a distance can be seen as a measurement of how much close the formation of the horizon is. From the non-observation of thermal radiation from the putative surface of astrophysical BH candidates, one can infer the constraint in Eqs. (10) and (11): actually, such a bound is not so stringent, as one may argue that new physics can show up at much shorter scales. However, the result seems to be quite robust – it is just supposed that the compact object must emit electromagnetic radiation due to its finite temperature – and very exotic new physics is necessary to change these conclusions or to get a different bound. Considerations on the ergoregion instability are instead to be taken with caution. The timescale instability strongly depends on the exact model; i.e. gravity theory, internal structure and composition of the object, and so on, which we do not know. However, we can optimistically arrive at the following conclusion. If the geometry around astrophysical BH candidates is very close to the Kerr solution, the existence of stable or long-living objects likely requires some kind of horizon. Otherwise, we can probably hope to discover deviations from the Kerr background with tests already proposed in the literature and possible in a near future with new observational facilities.

ACKNOWLEDGMENTS

This work was supported by the Humboldt Foundation.

[1] E. Poisson, A Relativist’s Toolkit: The Mathematics of Black-Hole Mechanics, (Cambridge University Press, Cambridge, UK, 2004).

[2] A. Ashtekar and M. Bojowald, Class. Quant. Grav.

22, 3349 (2005) [gr-qc/0504029]; A. Ashtekar and M. Bojowald, Class. Quant. Grav. 23, 391 (2006) [gr-qc/0509075]; S. W. Hawking, Phys. Rev. D 72, 084013 (2005) [hep-th/0507171].

[3] R. Narayan, New J. Phys. 7, 199 (2005) [gr-qc/0506078]. [4] C. E. . Rhoades and R. Ruffini, Phys. Rev. Lett. 32, 324 (1974); V. Kalogera and G. Baym, Astrophys. J. 470, L61 (1996) [astro-ph/9608059].

[5] E. Maoz, Astrophys. J. 494, L181 (1998) [astro-ph/9710309].

[6] J. E. McClintock, R. Narayan and G. B. Rybicki, Astrophys. J. 615, 402 (2004) [astro-ph/0403251]; R. Narayan and J. E. McClintock, New Astron. Rev. 51, 733 (2008) [arXiv:0803.0322 [astro-ph]].

[7] R. Narayan and J. S. Heyl, Astrophys. J. 574, L139 (2002) [astro-ph/0203089].

[8] A. E. Broderick and R. Narayan, Class. Quant. Grav.

24, 659 (2007) [gr-qc/0701154 [gr-qc]]; A. E. Broderick, A. Loeb and R. Narayan, Astrophys. J. 701, 1357 (2009) [arXiv:0903.1105 [astro-ph.HE]].

[9] M. A. Abramowicz, W. Kluzniak and J. P. Lasota, Astron. Astrophys. 396, L31 (2002) [arXiv:astro-ph/0207270].

[10] G. Dvali and C. Gomez, arXiv:1112.3359 [hep-th].

[11] J. L. Friedman, Commun. Math. Phys. 63, 243 (1978);

H. Sato and K. -i. Maeda, Prog. Theor. Phys. 59, 1173 (1978); N. Comins and B. F. Schutz, Proc. Roy. Soc. Lond. A 364, 211 (1978); S. ’i. Yoshida and Y. Eriguchi, Mon. Not. Roy. Astron. Soc. 282, 580 (1996).

[12] P. Pani, E. Barausse, E. Berti and V. Cardoso, Phys.

Rev. D 82, 044009 (2010) [arXiv:1006.1863 [gr-qc]]. [13] V. Cardoso, P. Pani, M. Cadoni and M. Cavaglia, Phys.

Rev. D 77, 124044 (2008).

[14] C. B. M. H. Chirenti and L. Rezzolla, Phys. Rev. D 78, 084011 (2008).

[15] J. E. McClintock et al., Astrophys. J. 652, 518 (2006) [astro-ph/0606076]; L. W. Brenneman and C. S. Reynolds, Astrophys. J. 652, 1028 (2006) [astro-ph/0608502]; L. W. Brenneman et al., Astrophys. J. 736, 103 (2011) [arXiv:1104.1172 [astro-ph.HE]];

[16] R. Narayan and J. E. McClintock, Mon. Not. Roy.

Astron. Soc. 419, L69 (2012) [arXiv:1112.0569 [astroph.HE]]; C. Bambi, Phys. Rev. D 85, 043002 (2012) [arXiv:1201.1638 [gr-qc]].

[17] J. -M. Wang, Y. -M. Chen, L. C. Ho and R. J. McLure, Astrophys. J. 642, L111 (2006) [astro-ph/0603813]; S. W. Davis and A. Laor, Astrophys. J. 728, 98 (2011) [arXiv:1012.3213 [astro-ph.CO]]; C. Bambi, Phys. Rev. D 83, 103003 (2011) [arXiv:1102.0616 [gr-qc]]; C. Bambi, Phys. Rev. D 85, 043001 (2012) [arXiv:1112.4663 [gr-qc]].

[18] C. Bambi, Mod. Phys. Lett. A 26, 2453 (2011) [arXiv:1109.4256 [gr-qc]].

[19] S. Mukohyama, Phys. Rev. D 61, 124021 (2000) [gr-qc/9910013].