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Electromagnetic counterparts of binary black-hole mergers 1 Philipp Mosta ¨ , Carlos Palenzuela 1 and Luciano Rezzolla 1 1Albert-Einstein-Institute, Potsdam, Germany



Motivation



Binary black holes



Supermassive binary black-hole (BH) mergers are the strongest sources for gravitational waves (GWs) detectable by LISA. In the merger of galaxies the BHs at their centers eventually coalesce as their orbits shrink through several mechanisms. As discussed in [1, 2, 3], the binary hollows out the sourrounding gas, forming a circumbinary disk. As the distance between the BHs decreases, the dynamics of the binary become governed by the emission of GWs and disconnected from the properties of the disk [4, 5]. In addition to producing GWs, the dynamics of the binary could induce the emission of EM waves as a result of the interaction with the EM fields produced by the disk. This EM radiation could affect the behaviour of the surrounding plasmas and leave its imprint on processes generating detectable emissions, leading to the exciting possibility of studying EM counterparts accompayning GWs.



We next consider binary BHs with an initial separation of D = 8 M where M is total mass. As in the case of a single BH, the solution settles down to a quasi-stationary state after t ≈ 70 M . The binary then performs 2 − 3 orbits before merging, which takes place at t ≈ 450 M .



Physical setup A complete description of the problem would include GR to study the geometry, Maxwell’s equations for the EM fields, hydrodynamics for the description of the gas and the disk, and radiation processes. In order to simplify the problem we neglect any radiation processes and since the density of the gas is very low, we neglect its effects too and only consider Maxwell’s equations in vacuum. The geometry is described by Einstein’s equations 1 Rµν − Rgµν = 8πTµν 2



Figure 1: EM field configurations at different time of the evolution. Blue/red lines show the magnetic/electric field.



For simplicity we consider a binary of nonspinning BHs. As they inspiral, a charge separation develops perpendicular to the velocity and magnetic field, since ficticious charges on the horizons (see [9]) are affected by Lorentz forces. As for single BHs, the magnetic field lines are pinched but also show an additional distortion produced by the orbital motion.



(1)



using the formulation described in [6]. Maxwell’s equations ∇ν F µν = 4πI µ



∇ν ∗F µν = 0



(2)



are evolved in terms of the electric and magnetic fields as in [7]. The EM fields we consider have astrophysically realistic magnitudes and have associated energies which are several orders smaller than the gravitational-field energy. We can therefore neglect any effect from the EM field dynamics on the spacetime itself. Finally, we consider a domain that only covers a small region close to the BHs. The EM fields are considered to be anchored at a disk located outside our domain, although their effects are noticible through the initial data and boundary effects. We adopt a purely poloidal initial magnetic field B i = (0, 0, B0) with B0 = 104(M/108M )G, while the initial electric field is E i = 0.



Figure 2: EM radiated energy E 2 + B 2 at t = 510M .



The electric field, on the other hand shows much larger nonaxisymmetric distortions which decay after the merger. Fig.1 shows the EM field configurations for three different times during evolution while Figs. 2 and 3 show the EM energy Figure 3: Real part of Ψ4 at t = density and the real part of Ψ4 on the orbital plane just after 510M . merger.



To analyze the EM and gravitational radiation generated during the inspiral, merger and ringdown of the binary we compute the NewmanPenrose scalars Ψ4 and Φ2



Single black holes We first consider single BHs with different spin parameters a ≡ J/M 2 and an initial EM field configuration as described above; this configuration is not totally uninteresting as it could, for instance, describe the final state of a binary BH merger. In the absence of any dynamics the solution should coincide with the “Wald solution” [8] for a black-hole in an external test EM field. The simulations show that the system reaches an asymptotic stationary state after t ≈ 70 M . Figure 6: Stationary solution for a Schwarzchild BH (a = 0.0). Blue/red lines show the magnetic/electric field.



(3) (4)



by contracting the Weyl and Maxwell tensors with a null tetrad.



Figure 4: Ψ4 and Φ2 at t = 417M .



Fig. 6 and Fig. 7 show the electric and magnetic fields for isolated BHs with a = 0 and a = 0.7 respectively. Note that in both cases the magnetic field is “pinched” near the BH but that the electric field has closed lines for a nonspinning BH and sligthly twisted ones when the BH is spinning. Although these fields are a result of our gauge Figure 7: Stationary solution for a Kerr BH choices, the qualitative difference should be independent (a = 0.7). Blue/red lines show the magof them. netic/electric field.



Discussion and further work • The behaviour of EM fields under the influence of a binary BH merger has been analyzed. Our study shows interesting aspects of such systems that emit not only GWs, but can also radiate electromagnetically when interacting with a plasma.
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¯ ν nαm ¯β Ψ4 ≡ C µναβ nµm µν ¯ µnν , Φ2 ≡ F m



Figs. 4 and 5 show the real part of Ψ4 and the modulus of the real and imaginary parts of Φ2 at different times during the simulation. Note that the EM radiation is emitted mainly on the z = 0 plane, a result that is corroborated by a simple calculation using the membrane paradigm [9].



• The EM fields have a clearly discernible pattern tied to the dynamics, making them additional tracers of the spacetime. These features would imprint particular characteristics in processes producing observable EM signals. • A future careful analysis of the correlation between GW and EM radiation will provide a way to improve the detectability



Figure 5: Ψ4 and Φ2 at t = 466M .



of binary BH merger events. • Additionaly, the dependence of the EM signal on the spins and masses of the initial BHs has to be investigated. In some cases, there could be an extraction of rotational energy from the BH due to the Blandford-Znajeck mechanism.
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