arXiv:0911.4939v3 [gr-qc] 19 Mar 2010

1 RELATIVISTIC FIGURES OF EQUILIBRIUM:

FROM MACLAURIN SPHEROIDS TO KERR BLACK HOLES

REINHARD MEINEL University of Jena, Theoretisch-Physikalisches Institut, Max-Wien-Platz 1, 07743 Jena, Germany meinel@tpi.uni-jena.de

Analytical and numerical results on equilibrium configurations of rotating fluid bodies within Einstein’s theory of gravitation are reviewed. Particular emphasis is placed on continuous parametric transitions to black holes. In this connection the uniqueness of extremal Kerr black holes is discussed.

1. Introduction

The theory of figures of equilibrium of rotating fluid bodies under the influence of their own gravitational field is relevant for understanding the shape and the structure of planets and stars. The problems to be solved are rather involved even within Newton’s theory of gravitation, and analytic solutions are scarce. Basic references are the books by Lichtenstein^1 and Chandrasekhar.^2 Within Einstein’s theory of gravitation, which is relevant for describing compact objects like neutron stars, analytic solutions are only available in certain limiting cases. In general, a numerical treatment is necessary. For a detailed account of relativistic figures of equilibrium see Ref. 3 and the book by Friedman and Stergioulas.^4 In the following, a brief review of some analytical and numerical results will be given.

2. Analytically tractable limiting cases

Analytic solutions are known in the Newtonian limit (e.g. the Maclaurin spheroids) and in the non-rotating limit (e.g. the Schwarzschild spheres of constant massdensity). In addition, the problem of a uniformly rotating, infinitesimally thin disc of dust was analytically solved within Einstein’s theory of gravitation.^{5–7} This was possible by applying the “inverse scattering method” to the corresponding boundary value problem of the vacuum Einstein equations.^8 A very accurate approximate solution to this problem had already been presented by Bardeen and Wagoner.^9 Note that the Newtonian limit of the relativistic disc solution coincides with the disc limit of the Maclaurin spheroids. The extreme relativistic limit leads to a maximally rotating Kerr black hole, see Sec. 4.

3. Numerical treatment of the general case

Uniformly rotating relativistic figures of equilibrium are necessarily symmetric about the axis of rotation as deviations from axisymmetry would lead to gravitational radiation. Applying the model of a (cold) perfect fluid, one has to specify an equation of state μ = μ(p) relating mass(-energy)-density μ and pressure p. For

2 a given equation of state the parameter space of the equilibrium solutions is twodimensional. For example, one can choose the total (gravitational) mass M and the angular momentum J as the two parameters. A complete overview of the relativistic solution space for the equation of state μ = constant was given in Ref. 10. The results were obtained by a multi-domain (pseudo-)spectral method^{11} that is applicable to arbitrary equations of state. Note that the solutions include the “relativistic Dyson rings”.^{12} An interesting general feature of the exterior field of uniformly rotating perfect fluid bodies seems to be that all gravitational multipole moments beyond M and J, in particular the quadrupole moment, are greater than or equal to the corresponding moments of the Kerr metric with the same mass and angular momentum.^{13} The equality holds (presumably only) in the case of a “black hole limit” where all multipole moments become precisely those of the extreme Kerr metric.^{14} This will be discussed in more detail in the next section.

4. Transition to black holes

It was shown in Ref. 15 that a parametric transition of a uniformly rotating perfect fluid configuration to a black hole occurs if and only if the relation

Mc^2 − 2ΩJ → 0 (1)

is satisfied when approaching the limit, where Ω is the angular velocity of the fluid body and c denotes the speed of light. In the limit, Ω becomes identical with the “angular velocity of the horizon”. Together with the uniqueness of the Kerr black holes, Eq. (1) then implies that it is always an extremal Kerr black hole that results, i.e. the one with the maximal angular momentum J = GM^2/c for a given mass (G denotes Newton’s gravitational constant). This conclusion, however, needs an extension of the Kerr uniqueness results^{16–19} to the case with a degenerate horizon. As already mentioned in Ref. 15 it can indeed be shown that the only asymptotically flat, stationary and axisymmetric black hole solutions with a single degenerate (Killing) horizon surrounded by a vacuum, are given by the extremal Kerr black holes. A corresponding proof was published in Ref. 3 (end of section 2.4). Recently, two independent proofs appeared.^{20,21}

The relativistic disc solution^7 exists for 0 < GM^2/cJ ≤ 1. For GM^2/cJ → 1 a black hole limit is reached. Details can be found in Ref. 22. Convincing numerical evidence for parametric transitions to black holes was also presented for the relativistic Dyson rings^{12} and ring solutions with other equations of state.^{23,24} It should be noted that a characteristic “separation of spacetimes” occurs in the parameter limit: From the “exterior point of view”, the extreme Kerr metric outside the horizon results. From the “interior point of view”, a regular, non-asymptotically flat spacetime with the extreme Kerr “near-horizon geometry” at spatial infinity results. Similar phenomena were observed for limiting solutions to the static, spherically symmetric Einstein–Yang–Mills–Higgs and Einstein–Maxwell equations.^{25–27}

3 Acknowledgments

This research was supported by the Deutsche Forschungsgemeinschaft (DFG) through the SFB/TR7 “Gravitationswellenastronomie”.

References 1. L. Lichtenstein, Gleichgewichtsfiguren rotierender Flüssigkeiten (Springer, Berlin, 1933).

2. S. Chandrasekhar, Ellipsoidal Figures of Equilbrium (Dover, New York, 1987). 3. R. Meinel, M. Ansorg, A. Kleinwächter, G. Neugebauer and D. Petroff, Relativistic Figures of Equilibrium (Cambridge University Press, Cambridge, 2008).

4. J. L. Friedman and N. Stergioulas, Rotating Relativistic Stars (Cambridge University Press, Cambridge, 2010).

5. G. Neugebauer and R. Meinel, Astrophys. J. 414, L97 (1993). 6. G. Neugebauer and R. Meinel, Phys. Rev. Lett. 73, 2166 (1994). 7. G. Neugebauer and R. Meinel, Phys. Rev. Lett. 75, 3046 (1995), arXiv:gr-qc/0302060. 8. G. Neugebauer and R. Meinel, J. Math. Phys. 44, 3407 (2003), arXiv:gr-qc/0304086. 9. J. M. Bardeen and R. V. Wagoner, Astrophys. J. 167, 359 (1971). 10. M. Ansorg, T. Fischer, A. Kleinwächter, R. Meinel, D. Petroff and K. Schöbel, Mon. Not. R. Astron. Soc. 355, 682 (2004), arXiv:gr-qc/0402102.

11. M. Ansorg, A. Kleinwächter and R. Meinel, Astron. Astrophys. 405, 711 (2003), arXiv:astro-ph/0301173.

12. M. Ansorg, A. Kleinwächter and R. Meinel, Astrophys. J. 582, L87 (2003), arXiv:gr-qc/0211040.

13. R. Filter and A. Kleinwächter, Ann. Phys. (Berlin) 18, 102 (2009), arXiv:0902.1859 [gr-qc].

14. R. Meinel, Ann. Phys. (Leipzig) 13, 600 (2004), arXiv:gr-qc/0405074. 15. R. Meinel, Class. Quantum Grav. 23, 1359 (2006), arXiv:gr-qc/0506130. 16. B. Carter, Phys. Rev. Lett 26, 331 (1971).

17. B. Carter, Black hole equilibrium states, in Black Holes, eds. C. DeWitt and B. S.

DeWitt (Gordon and Breach Science Publishers, New York, 1973) pp. 57–214. 18. D. C. Robinson, Phys. Rev. Lett 34, 905 (1975).

19. P. T. Chruściel and J. L. Costa, On uniqueness of stationary vacuum black holes, in Géométrie Différentielle, Physique Mathématique, Mathématiques et Société (I): Volume en l’honneur de Jean Pierre Bourguignon, ed. O. Hijazi, Astérisque, Vol. 321 (Société Mathématiques de France, 2008), pp. 195–265, arXiv:0806.0016 [gr-qc].

20. A. J. Amsel, G. T. Horowitz, D. Marolf and M. M. Roberts, Phys. Rev. D 81, 024033 (2010), arXiv:0906.2367 [gr-qc].

21. P. Figueras and J. Lucietti, Class. Quantum Grav. 27, 095001 (2010), arXiv:0906.5565 [hep-th].

22. R. Meinel, Ann. Phys. (Leipzig) 11, 509 (2002), arXiv:gr-qc/0205127. 23. T. Fischer, S. Horatschek and M. Ansorg, Mon. Not. R. Astron. Soc. 364, 943 (2005), arXiv:gr-qc/0506105.

24. H. Labranche, D. Petroff and M. Ansorg, Gen. Rel. Grav. 39, 129 (2007), arXiv:gr-qc/0603059.

25. P. Breitenlohner, P. Forgács and D. Maison, Nucl. Phys. B 442, 126 (1995), arXiv:gr-qc/9412039.

26. A. Lue and E. J. Weinberg, Phys. Rev. D 61, 124003 (2000), arXiv:hep-th/0001140. 27. J. P. S. Lemos and O. B. Zaslavskii, Phys. Rev. D 76, 084030 (2007), arXiv:0707.1094 [gr-qc].