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Outline

Why magnetic fields?
How to model magnetic fields?

What are the effects of magnetic fields?



Black holes and magnetic fields

The Kerr solution describes an (eternally) isolated black hole.

In astrophysical scenarios, additional ingredients can play a role.

e Accretion

e DM Halo

e Magnetic Fields




Magnetic fields around black holes

One possibility to model magnetic fields around BHs is to use numerical
relativity.

Non-accessible. Computationally expensive.

One simple analytical approach considers the magnetic field as a test field.

Black hole in a uniform magnetic field*
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Using the fact that a Killing vector in a vacuum spacetime serves as a vector potential for a
Maxwell test field, we derive the solution for the electromagnetic field occurring when a
stationary, axisymmetric black hole is placed in an originally uniform magnetic field aligned
along the symmetry axis of the black hole. It is shown that a black hole in a magnetic field
will selectively accrete charges until its charge becomes @ =2B,J, where B is the strength
of the magnetic field and J is the angular momentum of the black hole. As a by-product of
the analysis given here, we prove that the gyromagnetic ratio of a slightly charged, station-
ary, axisymmetric black hole (not assumed to be Kerr) must have the value g =2.



We want to solve Maxwell’s equations

VﬂFﬂV =0, Vi F, =

0,

as a test field on Kerr background
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One simple and very useful idea to solve Maxwell’s equations on a curved
background is to consider the 4-potentials as Killing vectors:

F,=Vy-Vuy=-2V,uy,.

Hence 0

V FW = —2V Viyh = — 2R y* .

For a test magnetic field in Kerr spacetime:
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In the presence of a uniform magnetic field, a black hole accretes charge up to
a maximal value:

Q — 2 BO ] For extremal Kerr black hole:
B~ 1074 -107G,

O/M ~ 1072

Can we compute the background geometry when the magnetic field
backreacts?



The symmetries of Maxwell's equations

Consider the free Maxwell's equations
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V.E =0, V.B =0,
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This system is invariant under the following transformations:

E — ﬁ, COS QE)E;S-}HE.
B — B cosf — fsiné’,



The symmetries of -Maxwell's equations

The Ernst formalism in General Relativity is important for generating stationary
and axially symmetric solutions. Consider Einstein-Maxwell's field equation:

1 1
R//”/ — Eg/’”/R — 2 (F//t(,ZFI/ — ZgﬂVFOlﬁF ﬁ), VIMF'MU — O, V[GF//H/] — O

In the Lewis-Weyl-Papapetrou form, we have:
2
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A =A(r,z)dt + Ay(r, 2)dg .



The field equations in these coordinates are:
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The Ernst equations admits a group of symmetry. Some elements of this group
are:
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The magnetized Schwarzschild geometry

The magnetized Schwarzschild geometry is given by

M A2
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e There is an apparent horizon at r = 2M.

e There is a curvature singularity at » = 0.
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The solution is not asymptotically flat as it approaches the Melvin universe in
the far away region:
2 ina2
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Light rings, shadow and gravitational lensing

The motion of light can be described using Hamilton’s equations:
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We can split the Hamiltonian in two parts:

A =T1(r,0)+ V(r,0,E, L),

T(r,0) = g"(p,)* + §%(py)*,
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There exist a critical value B.. such that

e Undercritical: For B < B, there are two light rings outside the apparent
horizon.

e Overcritical: For B > B_, there are no light rings at all outside the apparent
horizon!

The exact value of B is:
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How can a black hole have no light ring?

Stationary Black Holes and Light Rings
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The ringdown and shadow of the astrophysically significant Kerr black hole (BH) are both intimately
connected to a special set of bound null orbits known as light rings (LRs). Does 1t hold that a generic
equilibrium BH must possess such orbits? In this Letter we prove the following theorem. A stationary,
axisymmetric, asymptotically flat black hole spacetime in 1 4 3 dimensions, with a nonextremal,
topologically spherical, Killing horizon admits, at least, one standard LR outside the horizon for each

rotation sense. The proof relies on a topological argument and assumes C? smoothness and circularity, but
makes no use of the field equations. The argument 1s also adapted to recover a previous theorem

establishing that a horizonless ultracompact object must admit an even number of nondegenerate LRs, one
of which i1s stable.




Topological charge of black holes

Asymptotically flat case
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Topological charge of black holes

Asymptotically flat case
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How does a black hole without LR look like?

In order to simulate the shadow and gravitational lensing, we apply backwards
ray-tracing techniques:
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For an overcritical case:
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Final Remarks

Magnetic fields can play an important role around black holes in
astrophysical realistic environments.

We can explore the symmetries of Einstein-Maxwell's equations to obtain
novel solutions in General Relativity.

Strong external magnetic fields can give rise to intriguing phenomena such
as black holes without any light ring.
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