arXiv:1307.1481v1 [gr-qc] 4 Jul 2013

Cosmic Censorship, Black Holes and Integer-spin Test Fields

Koray Düztaş^∗ and İbrahim Semiz^† Boğaziçi University, Department of Physics Bebek 34342, İstanbul, Turkey

It has been argued that, starting with a slightly sub-extremal Kerr black hole instead of an extremal one, it is possible to overspin a black hole past the extremal limit and turn it into a naked singularity by sending test bodies, if one neglects radiative and self-force effects. In this work we show that (i) an extremal Kerr black hole can not be overspun as a result of the interaction with massless integer spin test fields (scalar, electromagnetic, or gravitational), (ii) overspinning can be achieved if we start with a nearly extremal black hole instead, and (iii) for the scalar field, the argument applies to more general black holes, and also allows use of a more general field configuration. Our analysis also neglects radiative and self-force effects.

I. INTRODUCTION

The deterministic nature of general relativity relies on the validity of Cosmic Censorship Conjecture which in its weak form (WCCC) states that gravitational collapse of a body always ends up in a black hole rather than a naked singularity [1], i.e. “naked singularities” can not evolve starting from nonsingular initial data. Conjecturing singularities to be hidden behind event horizons without any access to distant observers, enables the specification of a well defined initial value problem. That’s how we can avoid the theoretical problems that could be caused by the inevitable formation of singularities in gravitational collapse.

As reasonable as it may seem, a concrete proof of CCC has been elusive, so one way to test the validity of the conjecture is to challenge its seemingly weak spots by constructing gedanken experiments. In these experiments one envisages a black hole absorbing some particles or fields coming from infinity. The no-hair theorem [2] in classical general relativity which states that stationary, asymptotically flat spacetimes are uniquely parametrized by three parameters (Mass M, charge Q, and angular momentum per unit mass a), guarantees that once the particles/fields are absorbed/reflected, the spacetime will settle to another black hole with new parameters M^′, Q^′, and a^′. In this work we consider neutral Kerr black holes, characterized by two parameters mass M, and angular momentum per unit mass a. The existence of the event horizon, which discriminates black holes and naked singularities, depends on an inequality involving these two parameters

M^2 ≥ a^2. (1)

In other words, such a spacetime, which is described by the Kerr metric, corresponds to a black hole, if (1) is satisfied; but to a naked singularity if it is violated; in the borderline case, i.e. when (1) is saturated, the spacetime is said to describe an extremal, or a critical black

∗ koray.duztas@boun.edu.tr † semizibr@boun.edu.tr

hole. We construct our thought experiments to check if we can push the initially nonsingular spacetime satisfying (1) beyond the extremal limit, so that the final spacetime violates (1), and describes a naked singularity. The changes in the Kerr parameters is infinitesimal, therefore one usually prefers to start the thought experiment from conditions infinitesimally close to where we would like to push the system, i.e. the extremal black hole. The first thought experiment in this vein was constructed by Wald [3]. He showed that particles with enough charge and/or angular momentum to overcharge/overspin a black hole either miss, or are repelled by, the black hole. This result was generalised to the case of dyonic black holes for spinless test particles [4] and scalar test fields [5, 6].

Our work is motivated by Hubeny [7], and especially by Jacobson-Sotiriou (JS) [8], who started with nearly extremal black holes instead of extremal ones, and used test bodies to overcharge/overspin black holes, neglecting backreaction effects. Later Barausse et. al. considered backreaction, radiative and self-force effects for this case, and concluded that conservative self-force may prevent the particle from being captured [9, 10]. They used MiSaTaQuWa equations [11, 12] for gravitational self force which are derived for a test body of mass m approximated by a black hole. Similar effects were also analyzed for the case of overcharging slightly subextremal Reissner-Nordström black holes [13–15]. There are also works extending the test-particle result to slightly subextremal Kerr-Newman black holes [16], discussing quantum effects in the related contexts [17–21], challenging WCCC with spherical shells [22] and claiming WCCC violation even for extremal black holes and test particles, due to higher order terms [23].

II. TEST FIELD MODES ON THE KERR METRIC

In the present work we consider the scattering of free test fields from a Kerr black hole to see if it is possible for the black hole to turn into a naked singularity. We use massless fields of spin 0,1,2 (scalar, electromagnetic and gravitational) that satisfy Teukolsky equation for perturbations of a Kerr black hole [24]. Our analysis also neglects radiative and self-force effects. Restricting ourselves to neutral black holes we avoid the first order interaction of the test electromagnetic field with the electromagnetic field of the black hole, so we can treat the electromagnetic field on equal footing with scalar and gravitational fields. The thought experiment consists of a packet of waves (so that the field energy is finite) of dominant frequency ω and azimuthal wave number m, scattering from the black hole: Initially, at t → −∞ there is no field, just the black hole. Then the field comes in from infinity, interacts with the black hole, being partially “transmitted” and partially reflected back to infinity. The interaction changes the mass and angular momentum of the central object. As t → ∞, the field decays away leaving behind (by the no-hair theorem) another Kerr spacetime, but with new values of M and a.

An incident wave mode can be written in Boyer- Lindquist coordinates as Ψ(r, θ, ϕ, t) = f(θ, r)e^{imϕ}e^{−iωt} (2) Due to the boundary conditions the function f describes only ingoing waves at the horizon, and both ingoing and outgoing waves at infinity. In being scattered by the hole the wave causes changes dM and dJ in black hole parameters where J = aM. For scalar waves the stress energy tensor is

T_{μν} = Ψ_{,μ}Ψ_{,ν} − 1 2 g_{μν} Ψ_{,α}Ψ^{,α} (3)

Since the Kerr spacetime admits two Killing vectors ∂/∂t and ∂/∂ϕ, the net radial flux of energy and the net radial flux of angular momentum are given by −T^r_t and T^r_ϕ respectively. Therefore for scalar waves one can show that the ratio of the net flux of angular momentum to the net flux of energy across any sphere centered at the black hole is just m/ω, by comparing −T^r_t and T^r_ϕ. Bekenstein states that the same ratio holds for electromagnetic and gravitational waves by his general argument which regards the waves as a composition of many quanta with energy h̄ω and angular momentum h̄m far from the black hole [25]: dJ = (m/ω)dE (4) where dE = dM for the black hole.

Since we want to increase a more than M to violate (1), let us consider the quantity δa/δM, which we would like to maximize; certainly have larger than unity. Taking (4) into account, δa/δM becomes δa δM = 1 M m ω − a M . (5)

Conventionally ω is taken to be positive without loss of generality, and since we want δa/δM > 1, m cannot be negative or zero. Equation (5) would also seem to imply that smaller frequencies are better for violating (1). However, below a certain frequency ω_s, δM is negative, which complicates matters slightly. This is the well-known effect of superradiance: For 0 < ω < ω_s, the incident waves are amplified as they scatter off the black hole [26]. This amplification occurs for scalar, electromagnetic and gravitational waves, that is, for integer-spin fields, and for all three types, the limiting frequency is given by [27]

ω_s = mΩ = ma r^2_+ + a^2 = ma 2Mr_+ (6) where Ω is the rotational frequency of the black hole.

Let us calculate the value of δa/δM at the superradiance limit: δa δM | | | |_{ωs} = 2r_+ a − a M = r^2_+ Ma ≥ 1, (7)

hence δa/δM > 1 in the superradiant region. This would result in a negative δa with magnitude even larger that of δM, hence reinforce (1), instead of violating it. Therefore ω_s constitutes the lower bound of useful frequencies for challenging (1) and the maximum useful value for δa/δM is (_{δa} δM ) max =^{δa}_{δM} | |_{ωs} . Eq. (7) tells us that (_{δa} δM ) max is unity for extremal black holes; in other words, for extremal black holes, ω_s coincides with the critical frequency at which^{δa}_{δM} = 1. This establishes the proof that the WCCC cannot be violated by sending scalar, electromagnetic, or gravitational test fields of a certain frequency into an extremal black hole, in a limited sense generalizing [5, 6] to all integerspin test fields^1.

III. THE SUBEXTREMAL KERR BLACK HOLE AND CCC

For subextremal black holes, (_{δa} δM ) max is larger than unity, but can the difference be big enough to destroy the horizon? Let us recast the condition for WCCC violation in terms of angular momentum

J + δJ > (M + δE)^2 (8)

and use the same parametrization for closeness to extremality as JS:

J/M^2 = a/M = 1 − 2ϵ^2 (9)

which turns (8) into

δJ_{min} = 2ϵ^2M^2 + 2MδE + δE^2 (10)

On the other hand, the upper-bound for δJ is determined by the lower-bound of frequencies, ω_s. Using (4) and (9), we get

δJ_{max} ≈ 2MδE(1 + 2ϵ + 2ϵ^2) (11)

1 One might be tempted to take m negative for ω < ω_s in (4) so that δE would be negative and δJ positive. Alas, for negative m (taking ω still positive) there is no superrradiance.

Now we have the same algebraic problem as JS. We want the difference

δJ_{max} − δJ_{min} = 4ϵMδE − 2ϵ^2M^2 − δE^2 (12)

[where we have neglected the terms of order O(ϵ^2δE)] to be positive, so that the desired δJ can exist. This is satisfied if

(2 − √ 2)Mϵ < δE < (2 + √ 2)Mϵ (13)

is comforting to see that δE is of order ϵM, i.e. that δE ≪ M; one can easily confirm that also δJ ≪ J; hence the test-field approximation is justified.

Therefore we have shown that there exists a combination ω, δJ and δE for any integer-spin test field incident on a slightly subextremal Kerr black hole, that can overspin the black hole into a naked singularity as long as the radiative and self force effects are neglected.

IV. SCALAR WAVES, SUBEXTREMAL KERR-NEWMAN BLACK HOLES AND CCC

For scalar fields, we can actually do better, removing the constraints of neutral black holes and a single (dominant) frequency: In [5], a cosmic censorship indicator CCC = M^2 − (Q^2 + a^2) is defined for a dyonic Kerr- Newman black hole, and the change of this indicator after interaction of the black hole with a wave packet of complex massive scalar field is found to be

δ(CCC) = M^2 + a^2 2πM ∫ dω ∑ l,m f_{lm}(ω)f^∗_{lm}(ω)[ω + eQ_eM − am M^2 + a^2

][ω + eQ_er_+ − am r^2_+ + a^2 ]B_{ωlm}B^∗_{ωlm} (14)

where e is the charge of a field quantum, Q_e the electric charge of the black hole, B_{ωlm} the amplitude at the horizon for the transformed radial wavefunction U(r) = √ r^2 + a^2R(r) of the wavemode ω, l, m such that it has unit ingoing amplitude at infinity, and f_{lm}(ω) the coefficient showing that mode’s contribution to the wave packet. The first observation is that there are no crossterms, i.e. each mode’s contribution can be calculated independently, and subsequently added. The second observation is that only frequencies between ω_1 and ω_2 will make negative contribution to δ(CCC), where

ω_1 = am − eQ_er_+ r^2_+ + a^2 and ω_2 = am − eQ_eM M^2 + a^2

. (15)

In terms of the same variables, it is also possible to calculate δM and δJ:

δM = 1 2 ∫ dω ∑ l,m f_{lm}(ω)f^∗_{lm}(ω)[ω + eQ_er_+ − am r^2_+ + a^2 ] ω B_{ωlm}B^∗_{ωlm} (16)

δJ = 1 2 ∫ dω ∑ l,m f_{lm}(ω)f^∗_{lm}(ω)[ω + eQ_er_+ − am r^2_+ + a^2 ] m B_{ωlm}B^∗_{ωlm}. (17)

Equation (16) allows us to identify ω_1 as the superradiance limit; consistent with the paragraph after eq. (7). Of course, the main result of [5] is that for extremal black holes, ω_1 and ω_2 coincide, hence CCC cannot be decreased from its value of zero. But now, let us consider a slightly subextremal black hole. Such a black hole will be characterized by a small positive initial value of CCC, say ε^2M^2 in a parametrization similar to that of JS. Then, to turn this black hole into a naked singularity, we need to have δ(CCC) < −ε^2M^2. This could be accomplished by a wave packet with frequencies dominant between ω_1 and ω_2, say a Gaussian distribution with peak near the average of ω_1 and ω_2 for each m (tails may extend outside the interval, as long as the interval is dominant). Then we can estimate for typical values of f_{lm}(ω): |f_{lm}|^2 >∼ 8πε^2M^3 (M^2 + a^2)Δω (ω_2 − ω_1)^2|B|^2 α_{lm} (18)

where Δω is the width of the frequency distribution, |B| the typical magnitude for B_{ωlm}, and α_{lm} a factor of order unity or smaller, describing the contribution of modes labeled by l and m to δ(CCC). But, (ω_2 − ω_1) must depend on ε, considering that it vanishes in the extremal case. We find to first order in ε

(ω_2 − ω_1) ≈ εM (M^2 + a^2)^2

[2Mam − eQ_e(M^2 + a^2)]. (19)

Since Δω must also be similar to (ω_2 − ω_1), we have |f_{lm}|^2 ∼ 1/ε. This seems surprising at first, but one should keep in mind that the single-mode case also corresponds to |f_{lm}|^2 ∼ δ(ω − ω_0).

These results give us estimates for contributions of same modes to δM and δJ, again to first order in ε : δM_{lm} >∼ επM(am − eQ_eM) am −^{eQe}_{2M} (M^2 − a^2) α_{lm} (20) δJ_{lm} >∼ επM(M^2 + a^2)m am −^{eQe}_{2M} (M^2 − a^2) α_{lm} (21)

from which we can see that δM ≪ M and δJ ≪ J, confirming the validity of the test field approximation. Hence we have generalized the Hubeny – JS idea [7, 8] to general classical black holes (not just Reissner-Nordström or Kerr, but with four parameters, including magnetic charge), using tailored wave packets of general (massive, complex) scalar test fields (but no photons). We have neither assumed single-mode perturbations, nor the Bekenstein relation (4) initially, but were forced to use a narrow range of frequencies for each m used [the absence of crossterms in the integral expression (14) allows us to use a single positive m, if we want, approximately realizing the Bekenstein case].

V. CONCLUSIONS

We have shown that the idea of starting from slightly subextremal black holes to violate WCCC seems to work also using integer-spin test fields instead of test particles; again, if radiative and self-force effects ate neglected. Assuming Kerr black hole, and massless single-frequency-dominant fields, we can present a unified treatment for all three types of fields. In addition, for scalar fields, we can start from very general assumptions about the black hole and the field; but the requirement of WCCC violation forces the field to (a) narrow frequency range(s), after all.

[1] R. Penrose, “Gravitational Collapse: The Role of General Relativity”, Riv. Nuovo Cimento 1, 252 (1969).

[2] P.O. Mazur, “Proof of Uniqueness of the Kerr-Newman Black Hole Solution”, J. Phys. A 15, 3173 (1982).

[3] R.M. Wald, “Gedanken Experiments to Destroy a Black Hole”, Ann. Phys. 82, 548 (1974).

[4] W.A. Hiscock, “Magnetic Charge, Black Holes and Cosmic Censorship”, Ann. Phys. 131, 245 (1981).

[5] İ. Semiz, “Dyonic Kerr-Newman black holes, complex scalar field and Cosmic Censorship”, Gen. Relat. and Grav. 43, 833 (2010).

[6] G.Z. Toth, “Test of the weak cosmic censorship conjecture with a charged scalar field and dyonic Kerr-Newman black holes”, Gen. Relat. and Grav. 44, 2019 (2012) [7] V.E. Hubeny,“Overcharging a black hole and cosmic censorship”, Phys. Rev. D 59, 064013 (1999).

[8] T. Jacobson, and T.P.Sotiriou, “Over-spinning a black hole with a test body”, Phys. Rev. Lett. 103, 141101 (2009); 103, 209903(E) (2009).

[9] E. Barausse, V. Cardoso, and G. Khanna, “Test Bodies and Naked Singularities: Is the Self-Force the Cosmic Censor?”, Phys. Rev. Lett. 105, 261102, (2010).

[10] E. Barausse, V. Cardoso and G. Khanna, “Testing the cosmic censorship conjecture with point particles: The effect of radiation reaction and the self-force”, Phys. Rev. D 84, 104006 (2011).

[11] Y. Mino, M. Sasaki, and T. Tanaka, “Gravitational radiation reaction to a particle motion”, Phys. Rev. D 55, 3457, (1997).

[12] T.C. Quinn, and R.M. Wald, “Axiomatic approach to electromagnetic and gravitational radiation reaction of particles in curved spacetime”, Phys. Rev. D 56, 3381, (1997).

[13] S. Hod, “Weak Cosmic Censorship: As Strong as Ever”, Phys. Rev. Lett. 100, 121101, (2008).

[14] S. Isoyama, N. Sago and T. Tanaka, “Cosmic censorship in overcharging a Reissner-Nordström black hole via charged particle absorption”, Phys. Rev. D 84, 124024 (2011).

[15] P. Zimmerman, I. Vega, E. Poisson and R. Haas, “Selfforce as a cosmic censor”, Phys. Rev. D 87, 041501(r) (2013).

[16] A. Saa and R. Santarelli, “Destroying a near-extremal Kerr-Newman black hole”, Phys. Rev. D 84, 027501 (2011).

[17] S. Hod, “Return of the quantum cosmic censor”, Phys.

Lett. B 668, 346 (2008).

[18] M. Richartz and A. Saa, “Overspinning a nearly extreme black hole and the weak cosmic censorship conjecture”, Phys. Rev. D 78, 081503(R) (2008).

[19] G.E.A. Matsas, M. Richartz, A. Saa, A.R.R. da Silva and D.A.T. Vanzella, “Can quantum mechanics fool the cosmic censor?”, Phys. Rev. D 79, 101502 (2009).

[20] M. Richartz and A. Saa, “Challenging the weak cosmic censorship conjecture with charged quantum particles”, Phys. Rev. D 84, 104021 (2011).

[21] G.E.A. Matsas and A.R.R. da Silva, “Overspinning a Nearly Extreme Charged Black Hole via a Quantum Tunneling Process”, Phys. Rev. Lett. 99, 181301, (2007).

[22] S. Hod, “Cosmic censorship: Formation of a shielding horizon around a fragile horizon”, Phys. Rev. D 87, 024037 (2013).

[23] S. Gao, Y. Zhang, “Destroying extremal Kerr-Newman black holes with test particles”, Phys. Rev. D 87, 044028 (2013).

[24] S. A. Teukolsky, “Perturbations of a Rotating Black Hole.

I. Fundamental Equations for Gravitational, Electromagnetic, and Neutrino-Field Perturbations”, The Astrophysical Journal 185, 635 (1973).

[25] J.D. Bekenstein, “Extraction of Energy and Charge from a Black Hole”, Phys. Rev. D 7, 949, (1973).

[26] C.W. Misner, “Interpretation of Gravitational-Wave Observations”, Physical Review Letters 28, 994, (1972).

[27] S.A. Teukolsky, “Floating Orbits, Superradiant Scattering and the Black-hole Bomb”, Nature 238, 211, (1972).