arXiv:1307.1602v1 [astro-ph.HE] 5 Jul 2013

Effect of magnetic fields on equatorial circular orbits in Kerr spacetimes

Ignacio F. Ranea-Sandoval^{1,2} and Héctor Vucetich^1 1 Grupo de Gravitación, Astrofísica y Cosmología, Facultad de Ciencias Astronómicas y Geofísicas - Universidad Nacional de La Plata. Paseo del Bosque S/N (1900). La Plata, Argentina.

2 CONICET, Rivadavia 1917, 1033, Buenos Aires, Argentina.

E-mail: iranea@fcaglp.unlp.edu.ar

Abstract. In this work we analyze the effects of an external magnetic field on charged particles on equatorial circular orbits in a Kerr spacetime, both in the black hole and the naked singularity cases. Understanding these phenomena is of great importance because equatorial circular orbits are a key ingredient of simple accretion disc models. We focus on two important magnetic field configurations: a) a uniform magnetic field aligned with the angular momentum and b) a dipolar magnetic field. We center our attention on the effect of these external fields on the marginally bounded and marginally stable equatorial circular orbits because they give information on observable quantities that could be useful to determine whether the central object is a black hole or a naked singularity. Using a perturbative approach we are able to give analytic results and compare (in the black hole case) with previous results.

1. Introduction

Since Penrose proposed what is now known as the Cosmic Censorship Conjecture, spacetimes with naked singularities have been the subject of great debate. In [3] and references therein the authors prove the existence of unstable perturbations for the most relevant nakedly singular

Figure 1. Radii of the marginally bounded orbit (solid or dotted lines) and of the innermost stable orbit (dashed lines) as a function of the rotation parameter a. Equal line thickness lines correspond to equal values of the parameter λ which measures the coupling between the matter’s electric charge and the external magnetic field strenght: the thinnest for λ = 0 and the thickest for λ = 0.1.

spacetimes. These and other works clearly favor black holes over naked singularities to model extremely compact objects.

Following an alternative approach, in [9] the differences between circular geodesics around a Kerr black hole and a Kerr naked singularity are studied.

Accretion processes are usually associated with compact objects and are the main tools astrophysicists possess to study their properties. The presence of magnetic fields in accretion discs produce observable phenomena which are worth examining.

The effects of magnetic fields on accretion discs around a rotating black hole where studied, and the changes in the innermost stable orbit and in the marginally bound orbits are analyzed in [4, 7, 10]. As we are only able to observe the effects of the presence of a black hole on particles, changes in these particular radii may give observable quantities that could allow us to distinguish between different theoretical models for compact objects.

In this work we present some of the analytical results of [8] in which the change in the position of the inner edge of an accretion disc in a Kerr spacetime is studied. We generalize previous results by allowing the

Figure 2. Radii of the marginally bounded orbit and of the innermost stable orbit as a function of the rotation parameter a. The line styles and thickness correspond to the ones presented in Figure 1.

rotation parameter a to adopt values larger that one. For sake of space limitation we will not present mathematical details, which are left to the extended work [8].

2. Theoretical Basics

Kerr spacetime represents the exterior gravitational field of a rotating body and is one of the most important exact solutions to Einstein’s field equations. Stationary magnetic field configurations in a Kerr background have been studied in detail in [1, 5, 6]. The study of the motion of charged particles in the equatorial plane in the presence fields that preserve the Killing nature of both ∂_ϕ and ∂_t is usually done using variations of the arguments in the pioneering works of Carter [2] for uncharged particles.

3. Results

We use an effective potential and a perturbative approach that allow us to investigate analytically the cases in which the coupling between the external magnetic field and the effective charge of the particles is small. As a result we obtain analytic expressions for the position of the innermost stable and marginally bounded radii of equatorial circular orbits.

As is explained in [4, 7, 10], the coupling between the magnetic field strength and the effective charge of particles is measured by a parameter called λ. Our perturbative approach allows us to study the λ ≪ 1 regime which correspond to the astrophysically relevant case of a (neutral over large scales) simple fluid disc.

We summarize part of our results in Figure 1 for the case of a uniform magnetic field, and in Figure 2 for the dipolar case. These results are in complete agreement with those obtained for black holes in [4, 10].

4. Conclusions

Using a perturbative approach we are able to reproduce analytically previously reported numerical results for the radii of the most relevant circular orbits of charged particles orbiting a Kerr black hole with an external magnetic field, and extend these results to the superspinning case. The study of the properties of more complex disc models can be an important tool to test observationally the validity of Penrose’s Cosmic Censorship Conjecture, and to properly understand the proposed disc-jet relationship.

References

[1] Bičák, J. and Dvořák, L., “Stationary electromagnetic fields around black holes. II. General solutions and the fields of some special sources near a Kerr black hole.”, General Relativity and Gravitation, 7, 959–983, (1976).

[2] Carter, B., “Global Structure of the Kerr Family of Gravitational Fields”, Physical Review, 174, 1559–1571, (1968).

[3] Dotti, G., Gleiser, R. J. and Ranea-Sandoval, I. F., “Unstable fields in Kerr spacetimes”, Classical and Quantum Gravity, 29, 095017, (2012).

[4] Iyer, B. R., Vishveshwara, C. V., Wiita, P. J. and Goldstein, J. J., “Accretion onto a Kerr black hole in the presence of a dipole magnetic field.”, Pramana, 25, 135–148, (1985).

[5] Moss, I. G., “Black holes with current loops revisited”, Physical Review D, 83, 124046, (2011).

[6] Petterson, J. A., “Stationary axisymmetric electromagnetic fields around a rotating black hole”, Physical Review D, 12, 2218–2225, (1975).

[7] Prasanna, A. R. and Vishveshwara, V., “Charged particle motion in an electromagnetic field on Kerr background geometry”, Pramana, 11, 359– 377, (1978).

[8] Ranea-Sandoval, I. F. and Vucetich, H., In preparation. [9] Stuchlik, Z., “Equatorial circular orbits and the motion of the shell of dust in the field of a rotating naked singularity”, Bulletin of the Astronomical Institutes of Czechoslovakia, 31, 129–144, (1980).

[10] Wiita, P. J., Vishveshwara, C. V., Siah, M. J. and Iyer, B. R., “Magnetic fields and accretion discs around Kerr black holes”, Journal of Physics A Mathematical General, 16, 2077–2086, (1983).