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Introduction

The Kerr spacetime, discovered in 1963 by Roy Kerr is one of the most impor-
tant solution’s of Einstein’s equations. It describes the geometry surrounding a
rotating black hole. Black holes are widely accepted by the scientific community
as real physical objects. Recent observations suggesting existence of black holes
with large rotational parameter a [I] bolster the importance of the Kerr solution.

One of crucial aspect of understanding the observations of black holes lies in
understanding behaviour of electromagnetic field around these objects. These
fields play a vital role in various phenomena like jets and accretion disks. The
electromagnetic field interacts with the underlying geometry in a fascinating and
non-trivial way. For example the rotation can induce electric fields from purely
magnetic fields and vice-versa.

A important consequence of this interaction lies in the Meissner-like effect.
The Meissner effect is usually understood as the expulsion of magnetic field lines
from a superconductor once its cooled below the critical temperature T.. In
Kerr spacetime a similar Meissner-like effect was discovered, where the flux of
any stationary axially symmetric electromagnetic fields across the rotating black
hole horizon goes to zero when the black hole becomes extremal i.e. when it’s
rotational parameter a is equal to the mass of the black hole M.

This thesis leverages the so-called Newman-Penrose (NP) formalism. A for-
malism that reformulates the traditional tensorial expression in general relativity
into complex forms, it turns out that such a formalism allows one to perform
perturbations of the metric tensor in an elegant way. We build upon the work of
J. Bi¢ak and L. Dvorak [2], who found the solution of arbitrary stationary elec-
tromagnetic test field in Kerr spacetime with the source located outside of the
black hole, by to deriving a new source — a non-axial current loop. Such complex
source should offer valuable insight into the intricate interaction of the test field
and the geometry. We also explore the Meissner effect, proving that non-only the
the flux vanishes for the extreme black hole in the axially symmetric case, but
also both invariants of electromagnetic field vanish.

Before presenting these results we briefly summarize the NP formalism, the
results of J. Bicak and L. Dvordk and any necessary mathematical tools.



1. GR preliminaries

General relativity was introduced more than a hundred years ago by Albert Ein-
stein. Unlike in Newtonian theory, where the background is a fixed Euclidean
space (R3) with a separate time parameter (R), and gravity is treated as a force
acting on this manifold, general relativity relativity combines spacetime into a
four-dimensional Lorentzian manifold (M?*). Gravity is then understood as the
curvature of spacetime itself, caused by the distribution of energy and matter in
the system.

Mathematically, the curvature in Einstein’s theory is described by the Einstein
field equations, in geometrized units where the speed of light in vacuum ¢ and
the gravitational constants GG are set to unity, the Einstein field equations are

1

RW—2

Ry + ANgy = 81T, (1.1)
Here, R, represents the Ricci curvature tensor, I is the Ricci scalar, g, is the
metric tensor that describes the geometry of spacetime, A is the cosmological con-
stant, and 7T),, is the stress-energy tensor representing the distribution of energy
and matter.

The stress-energy tensor 7T}, describes the energy density, momentum density,
and pressure of the matter and non-gravitational fields present in the system. If
we consider consider an electromagnetic source, described by the current density
tensor J* and governed by the Maxwell equations

VP = dr Y,

Flefal — . (1.2)

The stress-energy tensor for an electromagnetic field can then be written as

1 L 1 LK
T = - (FWF s = 39 FuF ) . (1.3)
In general relativity, as in any field of physics, symmetries play an important
role. Symmetries are described by Killing vectors, which are vector fields that
satisfy the Killing equation

£§g,uu = gu;u + gu;,u = 0. (14)

Intuitively, this equation says that the metric is unchanged under the action of
the Killing field or in other words, the symmetries described by Killing vectors
are such that the geometry of spacetime remains invariant.



1.1 Kerr Metric

In 1963, Roy Kerr discovered the so-called Kerr metric which depicts the space-
time geometry surrounding a rotating black hole asymptotically approaching flat
spacetime. This solution is determined by just two quantities, the black hole
mass M and the rotational parameter a, which is just the angular momentum
divided by mass a = J/M.

It’s important to note that there exist no Birkhoff theorem for rotating black
holes. Which states that any spherically symmetric vacuum solution of the Ein-
stein equations must necessarily be the Schwarzschild solution. Thus ”it
is not true that the spacetime geometry in the vacuum region outside a generic
rotating star (or planet) is a part of the Kerr geometry. The best result one can
obtain is the much milder statement that outside a rotating star (or planet) the
geometry asymptotically approaches the Kerr geometry”. [3].

The metric takes a relatively simple form in the Boyer-Lindquist coordinates

de?, (1.5)

2 L2
d32——(1— ZMT) dt2_4Marsm 0 z Asin® 0

1.2 3 2
v S dtdy + Adr + Xdo* +
where

A =71%—2Mr +d?,
Y =1+ a’cos? 0,
A= (r* 4 a®)* — Ad®sin® 0 = 2Mr(r® + a®) + AX.

The Kerr metric is stationary: it has a Killing vector field that is timelike at
infinity, and the metric is azisymmetric: it has a Killing vector field which has
closed spacelike trajectories. These two commuting Killing vector fields are

oz Lt
AL Y =5
ot Op

For a — 0 the Boyer-Lindquist line element reduces to the Schwarzschild whereas
for M — 0 (while keeping a constant) the line element reduces to Minkowski’s
line element in oblate spheroidal coordinates.

The metric components have singularities at

=

(1.6)

Y=0 <= 7"2+a20082(9:O:>7":0/\9:g, (1.7)
2m  a?

A=0<+= 1-—+5=0 = r=rys=M*VM*—a* (1.8)
N

The first corresponds to a real physical curvature since the Kretschmann invariant
K diverges,
wge, | A8MP
K = Rop, R = —~%— (7"2 — a? cos® 9) (22 +167* cos O(r* — E)) . (1.9)
The A = 0 surface are null hypersurfaces. Forming the horizons of the black hole
usually called the outer r, and inner r_ horizon. The coefficient g;; in the metric
(1.5) changes sign on the spacelike surfaces ro; where

ro1 = M £ VM2 — a2 cos? 0. (1.10)
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Figure 1.1: subsection of Kerr spacetime with @ = 9/10 in units of Mass. Static
limits are red and event horizons are blue. The ergoregion is colored opaque red.

rsing [M]

The outer surface where r = r; is the surface of infinite redshift since g, =
guwt"t” = 0. The outer/inner horizons and the outer/inner event horizons coincide
at the poles where 6 = 0, 7. In the region r, < r < ry; the coordinates ¢ and r
are both spacelike but it is still possible to escape to infinity, this region is called
the ergoregion. For the case of extremal black hole a — M the two horizons
coincide ry = r_ = M. Furthermore a > M the black hole singularity becomes
naked. Since there exist no reals roots of , this means that no horizons are
present. Usually while not taking in mind theories like quantum loop theory
the naked singularities are thought to be non-physical since they, among others,
violate causality.

As we can see from and , for the Schwarzschild case a — 0 there is
just one horizon for outside of the coordinate singularity and surface A = 0 also
becomes the surface of infinite redshift.

Eddington-Finkelstein-type coordinates

The Boyer-Lindquist coordinates do not behave nicely near the horizons.
For an infalling photon or test particle the coordinate time ¢t — oo as r — 7,
exactly as in the Schwarzschild case. Moreover, an infinite twisting of worldlines
around the horizon happens since ¢ — oo [4]. To alleviate these problems we can
introduce Eddington-Finkelstein-type coordinates. Introducing an advanced null
coordinate v and a new angular coordinate ¢ such that

"2 4 g2
dv =dt + +

dr, o = dop + %dr. (1.11)



The metric ([1.5)) takes a new form in these coordinates

2M
ds? = — <1 — Zr> (dv — asin® @ dy)?

+ 2(dv — asin® § de) (dr — asin? Odep) + X(d6? + sin? § dyp?).

(1.12)

Such a form of the metric is clearly non-singular at A = 0.

Doran Coordinates

Relatively recently Doran [5] introduced a new form of the Kerr metric. This
form is particularly well adapted for analyzing the motion of free-falling time-like
observers. Making it useful for studying physical phenomena around rotating
black hole. The coordinates are also chosen such that the solution is well behaved
at the horizon unlike the Boyer-Lindquist coordinates. Consider the coordinate
transformation

2Mr(r? + a?)

df = dt + dr,
A (1.13)
N av2Mr
dp = dy + ——=——dr.
Vi 4 a2
Then the line element (|1.5]) takes the form
2
. 2Mr(r2 +a?) , _
2 _ 295
ds® = —dt + L dr + S (dt a sin 0dg0> (1.14)

+ 2d6? + (r* + a®) sin® 0dp.

Clearly, such coordinates are regular at the horizon A = 0. For the vacuum case
a — 0, M — 0 we recover the Minkowski metric with spherical coordinates.

1.1.1 Embedding

Visualizing general relativistic solutions poses at least two major hurdles: first,
we’re not just dealing with three-dimensional space, but with the four-dimensional
space and time. Second, this spacetime is often described using specific coordi-
nates, which can mislead us and make it difficult to understand its true shape.
One of the more useful visualization is the use of embedding diagrams. Such
diagrams are created by choosing a surface and embedding this surface into a
flat-space metric. Such has been explored in [6].

Consider a 2D sub-manifold M, defined by taking t = const., ¢ = const., of
the 4D manifold Kerr manifold M with the metric line element in Boyer-Lindquist
coordiantes . Taking the part of spacetime outside the outer horizon we get
the induced line element

2
do* =% <m + d92> : (1.15)

A
since is independent of ¢t and ¢, the sub-manifold is the same for any
value of ¢, and thus has the same intrinsic geometry. We further consider the
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Figure 1.2: Embedding of M{Y in R? for a = 1/2 using the Boyer-Lindquist
coordinates. With highlighted curves of constant § and r. The horizon r, is
magenta.

conformal transformation of the manifold M"® — M¢ defined by

X [r2dr?
2 _ QZ 2 _ QZ_
dog, do = < A

2 27"2
+rde ), 0= (1.16)

Since this is a conformal transformation, the angle of intersection of any curve is
the same in M as in M{?. We further consider the embedding of M{’ in R?, we
choose cylindrical coordinates (z, R, ©), the line elements are then related by

r2dr?

A

+72d6? = dz* + dR* + R*d6. (1.17)

Taking z = z(r) and R = R(r) we get the set of equations

R(r)*> =17,
(dzir)>2 _ g - (d](i(ﬁr))z‘ (1.18)

One of the solutions of this is

() = /+ ,/ﬂ;Adr. (1.19)

Such an integral is always positive and well defined above the outer horizon.
It can be explicitly solved in terms of elliptic integrals. For the Schwarzschild

case we recover
—2Mr 4+ r2
a0 = 2V2My\| ————. 1.20
<)oy = 23201y 21T (1.20)

The embedding can be seen in Fig. [1.2l For the extremal case r — r,,a — M
the function z(r) — —oo, so that the horizon is moved to logarithmic infinity.
We embedded the part of the metric for which » > r,. The whole slices of the
metric ¢t = const., p = const. cannot be embedded [7]. This is because the
Gaussian curvature changes sign in the Kerr metric. For the same reason it is

7



not possible to embed the metric in the Doran coordinates (1.14]) even thought
there is no coordinate singularity. We’ve explicitly provided the embedding of the
t = const.,p = const. space, the procedure for embedding ¢ = const.0 = const.

is completely analogous.



2. Tetrad Formalism

Sometimes, instead of dealing with a local coordinate basis, it is useful to proceed
by choosing a suitable tetrad basis of four linearly independent vector-fields. We
can then project relevant quantities on this chosen basis.

We will now introduce two formalism which we will later utilise: (a) the NP
formalism: which is useful for many calculations in GR, (b) the observer tetrad
formalism: which is useful to relating quantities in GR to actually measurable
quantities. Before that we quickly introduce general tetrad formalism. A more
exhaustive a rigorous introduction can be found in [§].

A tetrad basis is composed of four linearly independent vector-fields chosen
ideally to represent underlying symmetries of space-time. First we need to define
the tetrad basis. Consider four linearly independent vectors

ew’, a=0,1,23. 2.1
(a)

We have introduced new set of (tetrad) indices which are distinguished by being
in parentheses.
The associated covariant vectors to (2.1]) are

C(a)j = €(a) Gij- (2:2)
The tetrad indices behave as normal indices but they form a different basis

Name s =ewi, 1@, = ;. (2.3)

We assume that the matrix 7, is constant. We also define the inverse relation

as
)

i b b a 7
6((1)62( ) = 5((0,))7 e(a)6§- ) = 6] (24)

It is clear that any tensor can be projected onto the tetrad frame as

T(a)(b)(c)...(H)(V)(C)m — €(a)i€(b)j€(c)k o 6(u)me(V)ne(C)o o T 0 (2.5)
We also define derivatives as
A.v) = e’ A e’ + e e e A (2.6)
This equation can be rewritten as
At = @’ A e’ + Yomm A, (2.7)

where the definition of (@) called Ricci rotation-coefficients is clear from

comparison of equations (2.6) and (22.7)).

2.1 Observer tetrad formalism

Let us first agree on convention for the observer tetrads, instead of numbering
the tetrad indices with numbers a = 0,1, 2,3 we will when possible denote the

9



indices with appropriate coordinate symbols, this has the added advantage of
telling us against which basis we're expressing the tensor. Thus for expression in
Boyer-Lindquist coordinates the indices take the values a = t,r, 0, ¢.

As mentioned above sometimes the choice of a tetrad can simplify the problem,
but this it’s not it’s only application. If we want to relate covariant quantities to
actually measurable quantities we need to consider a family of physical observers
— a congruence of time-like world-lines with a tangent four-velocity field of the
observer e’(‘o) = v*, with v#u, = —1, and a suitable orthonormal spatial bases
{e’é)}i:m,g. In such a physical tetrad the metric locally takes the form

N = diag(—1,1,1,1). (2.8)

The choice of tetrad is up to us, but the only sensible tetrad are the ones which
represent some kind of possibly real physical observer. After that we usually
choose the tetrad is the manner so that they represent the physical properties of
the system or can be written simply in some convenient coordinates so that the
resulting expression are not too complicated.

ZAMO

A somewhat common choice of an observer tetrad in Kerr spacetime this is the
zero angular momentum observers (ZAMO) tetrad. Such observers have zero
angular momentum with respect to infinity. Of course, since the rotation of
geometry imposes frame dragging, the observer will always have non-zero angular
velocity with respect to infinity near the horizon r,. These observer posses an
important geometrical property: they are orthogonal to hypersurfaces of constant
t [9].
Consider an observer with the four velocity

u=u"(8, +©9,), (2.9)
with u’ being the normalization factor such that u#u, = —1. The angular mo-
mentum per unit mass of such observer is

- 2M
L =u, = gppu' (@ — ACZ?“)’ (2.10)

where A = XA + 2Mr(r* + a*). The ZAMO observer are characterizes by

W=w= 2]\1{1“’", then u! = \/ﬁ. The whole tetrad is then given by

en) = ut(at + w@w),

A
e() = \/;&,

e = X8y,

¥ 1
o) = \/;smea“"'

Such observer move with ¢ = wt + const and stay at r = const., = const. and
have a clear meaning anywhere above the outer horizon r

By radially boosting the ZAMO observer it is possible to create a family of
free falling observers. These observers still have zero angular momentum and fall
along the coordinate lines § = const. The whole tetrad is given in [10].

(2.11)
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Doran tetrad

The ZAMO tetrad has no physical meaning on the horizon » = r, . For inquires
about near horizon behaviour and even behaviour under the horizon it is more
appropriate to choose some more well defined tetrad. One of such is the Doran
tetrad [5]. Which is natural to the Doran coordinates (1.14).

The tetrad represents observers who are freely falling along radial trajectories,
starting at rest at radial infinity while maintaining @ = const, = const.. This
tetrad has the four-velocity

= —di. (2.12)
It holds that
i1V, = 0, (2.13)

so the Doran observers really do form a congruence of free falling timelike ob-
servers. Such motion is almost Newtonian and the proper time of the observer
coincides with the coordinate time ¢. The whole tetrad in the Boyer-Lindquist
coordinates takes the form

2Mr(r? 4 a?)

u=¢&y = —dt — A dr,
3 2Mr , X(r? 4+ a®
& =1\ (dr — asin® 0dy) + Tdr, (2.14)

€ = \/Ede,

V2Mrasin 0
&) = %dr + V2 + a?sinfdep.

2.2 Newman-Penrose Formalism

Newman-Penrose formalism [I1] is a special case of tetrad formalism, where we
choose two real vectors and a complex-conjugate pair denoted 1, n,m and m.
Which satisfy

1*l, = n"ng = m*mg = MM, = *mg = n*m, = 1“M, = n*m, =0, (2.15)

and
I"n, = —m%m, = 1. (2.16)

Under these conditions the metric tensor can be expressed as
Jab = —lanp — lyng + mamy, + mymy,. (217)

The basis is identified as

eg=1 e=n e;=m, e =m. (2.18)

It is also customary to define special symbols for the diractional derivatives

aa — aa — (za < —(za
D:laxa, A:TL% (5:m%, (5 mama.

(2.19)
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If the (2.16]) equations are to be satisfied the matrix 7)) must take form

01 0 O
10 0 0
Ma®» =10 0 o0 -—1 (2.20)
00 -1 0
Usually twelve special symbols are defined for Ricci rotation coefficients
=300, =306, ATIWwe, V=720,
P=T6)10@) H=72@6E)y  T=73)M@), T = 72)@)0E):
1 1 2.21
e=50eon Treen) 7=50000 TIewe) (2.21)

1 1
a=50enw trewew) F=50006 trewe)-

Finally the so called intrinsic derivative is also defined

Al = A — 1™ Yy @ o) Am)- (2.22)

As we can see from the Einstein equations , the Riemann curvature tensor
is of prime importance in GR, the tensor describes the non-commutativity of
differentiation when applied to a dual vector field. The Ricci tensor, a derived
quantity from the Riemann tensor, describes the deformation of such an object.
Finally the Weyl tensor, which measures the tidal forces on an object moving
along geodesics, is defined as a trace-free part of Riemann tensor, i.e.

1
Cabed = Rabed — ga[aRd}b - gRga[cgd]ba (2-23>

where R is scalar curvature and R,, = Ry’ is the Ricci tensor.
Projecting the Weyl tensor into tetrad basis we get [§].
1
Caw@@ = Raee@ ~ M faie = 50w nae: (2.24)

with R(q)) denoting the tetrad components of Ricci tensor and R the tetrad
components of the scalar curvature

Ry =" Ram@@, B =1""Ruae. (2.25)
In NP formalism Weyl tensor is represented by 5 complex scalars

Yo = ~Cayen)e)
= =Cay@n)e)
U2 = =Caye) @) (2.26)
U3 = —Cayo@@);
Y1 = =C)@e));
and the 10 independent components of Ricci tensor are represented by four real

scalars (®gg, P11, Poo, A) and three complex ones Wqg, Voo, Usy along with their
complex conjugates.

1 1 1
Uoy = 5R(1)(1), Uy = 1<R(1)(2) — Riyw), Yo = §R(2)(2)’

. 1 , : (2.27)
A= o0 Uy = 5R(1)(4), Wy = 53(4)(4% Wy = §R(4)(3)'

12



2.2.1 Petrov classification

In the NP formalism we can elegantly formulate the Petrov classification scheme
of the Weyl tensor, which describes possible algebraic symmetries of the tensor [4].
For non-conformally flat spacetime (Cypeq # 0) we usually classify spacetimes by
the Petrov-Penrose classification of the Weyl tensor. Consider the transformation
(so called null rotation about n)

n=n m'=m+btn, I'=14b"'m+ bm + bb*n (2.28)

where b is a complex parameter, let us quickly note that multiple classes of
transformation of type exist, for example Griffiths and Podolsky [4] classify
the Weyl tensor by null rotations about 1 (class I), here we follow Chandrasekhar
[8] who classifies the Weyl tensor under the transformation (2.28)) (class II). Under
this transformation the Weyl scalars transform as

W) = Wg + 400, + 6b° Wy + 46° W5 + b0,
W) = W) + 300, + 3b°U3 + b° Uy,
Ul = Uy + 2bW5 + b* Wy,

5
We can immediately see that
Uy =0 < Uy +4bV; + 6b°Vy + 40° V53 + b* = 0. (2.29)

This quartic equation has four roots from which we can recover new 1, which we
call the principal directions of Weyl tensor. Depending on the roots we classify
the spacetimes as

type I : four distinct roots

type II : two identical roots, two distinct

type D : two pairs of identical roots

type III : three identical, one distinct

type N : four identical roots
In type D spacetimes the we can have such a tetrad that
Ug=U;, =V, =U3 =0,y #0and kK = 0 =v = X = 0 - this is content of
Golber-Sachs theorem [12].

We will later, by explicit calculation show, that the Kerr metric is of the

Type D. This will allow us to utilize special relation which hold in this type of
spacetime to completely solve the Maxwell equation for a given test field source.

2.2.2 Maxwell Equations in NP Formalism

For our purposes, Maxwell equations are most important. As with any tensor,
the EM tensor can be projected onto the null tetrad; since the EM tensor is
antisymmetric we get three complex scalars

G0 = Ejlimja
1 o o

g = Ejminj-

13



From these NP scalar we can reconstruct the Maxwell tensor as follows

Where square brackets over indices indicate antisymetrization and c.c is com-
plex conjugate.
The source free Maxwell equations are

Fjw =0, g"Fy; =0 (2.32)
these take the form

b111) — Poja) = 0, Paj1) — P10y = O,

(2.33)
O13) — Poj2) = 0, Po3) — P1y2) = 0.

The source-free Maxwell equations with zero four-current (3.3) can be written
explicitly in terms of directional derivatives and Ricci rotations coefficients as

D¢y — 0o = (kK — 2a)do + 2pd1 — Ko,
Doy — 0y = — Ao + 211 + (p — 2€) s,
01 — Ago = (1 — 27)po + 271 — 02,
02 — Ay = —vdo + 211 + (T — 28) 2.

(2.34)

We want to quickly note that the NP formalism in neatly implemented (al-
though with missing documentation) in the Mathematica package xAct [13].
We’ve used this package for nearly all tensorial and NP calculations

14



3. Maxwell equations

Although we have already formulated the Maxwell equations in the so called
NP formalism. We still want to give a short review of Maxwell equations in
the more traditional tensorial formalism. A more exhaustive introduction to
electromagnetic theory can be found in [14]. From this we will be able to discuss
the invariants of the Maxwell field which are, as any invariant in GR, of prime
importance.

On a general four dimensional manifold M the Maxwell equations can be
formulated as

dF =0

3.1
d«F=1] (3.1)

Where F = dA is the Maxwell tensor, d is the exterior derivative and J is the
current 3-form which satisfies the continuity equation

dJ =0 (3.2)
In a coordinates basis d," the equations (3.1)) (3.2) are

Flefinl — 0,

3.3
FoP g = Ar . (3:3)

The electric field E and magnetic field B can be identified by defining an
appropriate observer four-velocity u and projecting the Maxwell tensor F onto
this four-velocity.

1
Bt = ——e"Pu, F,,,

2 (3.4)
E¥ = FHq,,.

As we can see the equations are of course, in adherence to the principle of gen-
eral covariance, covariant. However it is important to remember that, although
the Maxwell tensor F is a physical quantity, we usually discuss the components
in relation to a specified coordinates. Thus the components can change depend-
ing on the coordinates we choose. It’s often useful to find some truly invariant
quantities — scalars. These can be easily constructed from the Maxwell tensor.

1

SFPFog = B*Bo — E°E, = ||B|]® — [|E|?
2

9 (3.5)
1 af _ a 2 2
<4F *ﬁ@Q _ (B°E,)* = (B-E)

The square in the latter equation was taken to construct a true scalar. Otherwise

the expression B-E is a pseudoscalar since E is a tensor and B is an pseudotensor,

this can be seen at first glance since there is the Levi-Civita tensor in the definition
of the magnetic field.

We can understand these two scalars as follows. The latter of states

that if the electric and magnetic field are perpendicular in any reference system,
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then they are perpendicular in all systems and that we can always find a reference
system in which E = 0 or B = 0. The former clearly related that the comparative
magnitudes stays the same in all reference systems. Since the two invariants
are fundamental, any other invariant of the electromagnetic field can be
constructed from these two. We will now illustrate by calculating other possible
invariants.

First we define the self-dual form.

*‘F=F—i+F (3.6)

where * is the Hodge dual. Such form is convenient since it allows us to encode the
electric and magnetic field into a single complex vector. Consider some observer
four-velocity u - u = —1 we then get

*Fyu, = E* 4 iB® (3.7)

We can now encode the invariant into a single complex scalar

i*F“b*Fab = ;(F“bFab +iF® % Fy) = 2iB*E, + B°B, — E°E, (3.8)
If the scalar above is zero we say that the electromagnetic field is null [4] which is
equivalent to formulation above that the electric and magnetic fields are orthog-
onal, have equal magnitude and propagate at the speed of light.

When analytic results are not available, we use numeric results usually ac-
companied with graphic visualization. For this real invariants are preferred, we
can make the invariant real by taking the hermitian conjugate

CFETF = (B - |[BI)? + 4(B - BY, (39
Even thought the scalar above is real, it should be noted that it still holds that
the field is null only if the scalar * F%* F W F Ty s zero, since it’s split into two
non-negative parts. To infer the meaning of the scalar (3.9)) we will now express
some identities in the NP basis, we can do this since all basis are equally good
for invariants.

Consider the energy momentum tensor T%, expressing this in the NP

basis and we get
Gt —Fatr —Fah —Fitn
@ —Podo —P1d1 —P100  —Pod1
T =2\ 55 G o et | (3.10)
G100 G201 P20 P10

Computing the eigenvalues of this we get

M=o = —Xs = =i = 2/ (8 — 60n) (3 — Bud) (3.11)

Since the eigenvalue equation Tv = Av is basis invariant, the scalar ); is an
invariant quantity, this can be seen by expressing it terms of the two invariants
of the electromagnetic field. Expressing the invariant (3.9) in the NP basis we
get

*F* F o F % F oy = 256(2 — doda) (62 — dody) (3.12)
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Working out the factors we get

1 —
8\/ *FOF S = A = =\ (3.13)

Thus we get that the invariant is in fact the square of the eigenvalue of the
energy momentum tensor of the Maxwell field. Let us now define the Poynting
vector as

P = —T"y, (3.14)

expressing the Poynting vector in terms of the electric E and magnetic B fields
Pt = ;ua(BbBb + EyE®) + €%pequ’ BB (3.15)
this definition recovers the standard three vector Poyting in the tetrad indices
P = €@ BYEY, a=1,2,3, (3.16)
with and the zero element is
PO = (IEJ + [[BIP) (317
calculating the norm of the Poyting vector we get the relation
PP, = Ty TUbu, = Ay = — s (3.18)
Thus the invariant takes a clear meaning, it is simply the square root of the

norm of the Poyting four-vector and as is clear from the eigenvalues (3.11]) this
is independent of the choice of four-velocity u.
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4. Solving the Maxwell equations

We will start from Teukolsky’s article [15], in which he, among others, derives
linearized equations for gravitational and electromagnetic fields of a rotating black
hole. It turns out that the standard calculation procedure, in which the metric
perturbation is taken into account, gives too complex results and inseparable
equations. Teukolsky therefore uses the NP formalism - for each NP quantity and
for each NP tetrad vector X, it holds that X = X4+ Xp, where X 4 is the quantity
corresponding to the background and Xp its perturbation. By substituting into
the NP equations and leaving only the terms linear in B, we obtain the desired
equations.

First we have to choose an appropriate tetrad. For the sake of consistency
with other related works we choose the so called Kinnersley tetrad. Such tetrad
is appropriate due to the fact that many of the Ricci spin coefficients k, o, v, A, €
are zero and all but one of projections of Weyl tensor are zero.

1= i[(r +a%) 8, + A, + ady|
n:212 (1 +a?) at—Aar+aa} (4.1)
m = \/_Q [msm 00, + 0y + 7‘98 }

The full Ricci rotation coefficients ([2.21)) then read

1= 30p°p, T = —zasinpp,

™= Jzasinfp’, v =+ 5(=M +71)pp,

a=—-B+m, b= —ﬁ cot Op, (4.2)
1 1

o iacosf —r
Where we also defined p. Since we are in Type D spacetime with an appropriate
tetrad the only non-zero Weyl scalar is

\112:—

M
= (4.3)

4.1 Electromagnetism in Type D spacetime

Omitting the index g, the linearized equations for the perturbed electromagnetic
field are

(D —2p)p1 — (6 + 7 — 2a)¢pg = 27, (4.4)
(0 =27)¢1 — (A + p—27)¢o = 21y, (4.5)
(D — p+26)ps — (3 + 27)éy = 21J, (4.6)
(0 =T +2B)ps — (A+20)py = 21 J,. (4.7)
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The lower index next to J denotes the projection of the four vector J* + tM*,
where we also included the magnetic current vector M* onto the NP tetrad
components. For example J; = (J* + iM")l,,.

Utilising the following commutation relation, which hold for any Type D met-
ric 2],

(D—ecte—20-p)0—27)—(6—B—a+m—2r)(D—2p) =0, (4.8)

and applying (6 — 8 —a@+7 —27) on (4.4) and (D —e+€—2p—7p) on (4.5) we
get by the difference of these equations

(D—e+e+2u+n)(A+p—27)

- 4.9
+(—5+B+a+27'—ﬁ)(5+71'—204)}¢0:27TJO, ( )
with
Jo=0—-f—a—-21+7)J,— (D —€+€—2p—70)Jn.
Under the interchange of 1 with n and m with m we get
[(A+vy=742u+7) (D —p+2e) (4.10)
—@+a+B+2m—7)(0—7+28)| p=2mS,
with B B
Jo=(A+y—F+2u+0)Jm— (0 +a+ 5421 —7)J,. (4.11)

Astoundingly, not only equations (4.9)) and (4.10)), but also the equations for
gravitational field and neutrino field can be summarised in the so-called Teukol-
sky’s master equation [I5]. In Boyer-Lindquist coordinates with the (4.1)) it reads

((7“2 + a?)? 2 sin? 9> 0% N AMar 0% <a2 1 ) 0%

A o2 A Otdp  \ A sin?6) 002
.0 o 1 0,. oY a(r— M) icosf\ OY
_ A s 7 A5+17 _ . 27y 9 v
oA o) T snaae M 0ae) — 2 < A sintd) 9p

M(r?* —a?) _\ Oy ) ) B
—28<A—Q Ejt(s + cot” 0 — s)ip = AnXT.

(4.12)
For electromagnetic perturbations we recover our fore-mentioned (4.9)) (4.10) by

plugin in {1 = ¢9,s = 1,T = Jy} or {¢p = p~2¢,s = —1,T = p~2J5} respec-

tively. Furthermore Bic¢dk, Janis [2] showed that these equations are separable
for stationary solutions by utilising the ansatz.

2
ry —7T_
¢1 = ( i 0 > ZOle 1Y2m(0790)7
lm

) (4.13)
Ty —T_
¢2 - ( i 0 > Z2le(7ﬂ) _1Y2m(97¢)'
I,m
Where 37, ,,, abbreviates >772, S, Y, are the NP spin-weighted spherical

harmonics (see appendix [A.1)). The factors before the sum have been introduced
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in [2] to further simplify the equations. Utilising the orthonormality of the spin-
weighted spherical harmonics and the equations for ¢, we obtain [2]

PCRy)  [a®m? — 2iam(r — M)
A—s A 1+ 1)| 2Ry = 47y, (4.14)
Where

2r 3 2 o
o Jo (ry —r_)?

—A d a0 1

Jo=—x— V2= — —— + -] Jm
2 212302 {\/_ (87“ A dyp + g) e

0 t 0 dasinf) Xp
(& 9 =251, .
* (aa sn00p | o ) A (4.16)

We could have derived similar equations for ¢y. But in [2] a relation has been
found between Ry, and ?Ry,,,, by applying differential operators to the Maxwell
equations we get

2ry —r_ )2 (d  iam d dam
0 2+ T ) )2
Ry = = (dr + ) (dr + ) Rip,. (4.17)

Since no separated equation for ¢; exists. We can utilize the normal Maxwell
equations. Thanks to axial symmetry we write

—iam

ae0.0)= 3 (1=1)7 7 o (w) (4.18)

m=—0oQ

Using this ansatz, [2] we are able to express ¢, as function of %y;,,.

The homogeneous part of the equation (4.14) is of the Fuchsian type. The
equation has three regular singular points {r_,r,,co}. We can transform such
equation into a hypergeometric form. For our equation the transformation reads

) 1 i m
le(JZ) - (1 - ) 2ylm(x)7
- v um (4.19)
T = — L = )
T+ —Tr_ 7"+ —Tr_
we get
w(x—1) 2yl —2iZy "y — 1L+ 1)y, = 0. (4.20)
The two solutions are
2 (1 1)2% (= 1), Bl +1,1—1,2—2iZn,7)
= - T\T — — b, 4 — 214y, T),
Yim a: 2T (4.21)

QyH = (—2) ' R (LI + 1 — 207,20+ 2,7),

where 5F; denotes the hypergeometric function of the second type [16]. The
solution I corresponds to the inner solution r < ry where rg is the location of the
source. The solution /1 corresponds to the outer solution rqg < r. These solutions
were chosen such that the functions ORZIm and 2R{m are admissible at the horizon
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r+ and such that OR{WI1 and 2R117{1 are admissible at infinity. Finally the complete
inner solution is

2 aim 1\ "#m 2 9 T
- 1—--— Ym7
%o %J(ZH)( ) gz (¥l ) 1Y,

T

V2(ry —7r) i, 1\ ~#m d
¢1 2? + ;2 230+ ) (1 — $) —zasm@df ( ylm) 1Yim
+ I+ 1)) [Q ar <2lem) —(ry ) ylm‘| OYZm} ;
2 —iZ
Ty —1T_ 1\ ~vom
¢2 _( i Q2 ) Zalm (1 - ) 2Y1m 71Y2m
Im

(4.22)
For the outer solution we can just replace oy, with 3y, and 2y! with 2y!f. To
determine oy, and Gy, we take the full solution of inhomogeneous equation ({4.14])

47r2J V2RI (€)
?Rim () = d
: /5 lIan2le7€> 5 (4 23)
/ 47r2J 2RI (€) Qe '
£(¢ R{é, R}, &)
where ' _
WERI 2RI ) — (20 + D)IT(2 — 2iZ,,) (4.24)

I+ D)0 +1—2iZy)

is the Wronskian at the points £&. Comparing (4.23) with (4.45) while regarding
the substitution (4.19)) and solution (4.21]) we get

“Jin(8) * R (€)

Uy = —4m W<2Rlln{w 2Rllm7£)/ 5(5 _ ) d£7
) ) (4.25)
Bim = —4m W(*R}%,? R}, €) / szg(é) _Rllsn(g)dg.

Lastly, we need to determine the constants £, and Ej,. To do this we employ the
Gauss theorem, which can be written as

21
/ / GV2FT|, . dfde = dme(ry), (4.26)

where 7 is the total charge inside the ”sphere” of radius rg. Expressing out the
F'" explicitly

*+4d*)  dasing zaA sin 0
g2 ransmo

Where c.c. denotes the complex conjugate. Only the axisymmetric terms (m = 0)
contribute to the integral (4.26)) owing to the integration over . Keeping this in

gbo + c.c. } |r=ro- (4.27)
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mind we only need to evaluate

/1 \/MOYZO(QO) _dasin 915/20(9’0)] d(cosf) =

ro — ia cos f (ro — iacosf)?
_ sin 6 ae (sin6,Y5(60,0)) 0 B . (.28
/ [ ro — ia cos 6 * 90 (ro — iacos0) " 1Yjo(60,0)| sin 66

sin 0 1%0(9 0) .
_/ a0 < ro — tacos 40 =0,

where we utilized

: 0 (sinf 1Yi0(6,0)) . (4.29)

Y0(0,0) = ——r— —
ool8,0) I(1+1)sing 00

and also
/1 (r2 + a?) ¢Yi(6,0) N iasin 0 _.1}/}0(9, 0) d(cos ) =
1| /Il + 1)(ro — iacosf)2  To—iacosf (4.30)

=((1—1))"Y2 /11 0Yi0(6,0)d(cosf) =0,

where we utilized

1 0
— =7 0Y00
(i +1)00
Taking these integrals into mind the integral (4.26)) reduces to

L\ Yi(0,0) = 9,0). (4.31)

27 /1 <( (r§ +a*) E + c.c.) d(cosf) = 4w (E + E) = 4me(ry), (4.32)

—1 \ (19 —iacosf)?

where
EFE=FE, < ro<ri E=E, < rg>rs.

Similarly for "magnetic charges”

2T
/ / GV2EH _ dBdyp = dme(ro). (4.33)

We get that
E—-FE=0. (4.34)

So finally we arrive at the solution
1
E = 56(7’0). (4.35)

For a source located in the region (rq,79) with the total charge e and with zero
black hole charge we get

E,=0, E,=-e. (4.36)
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4.1.1 The extremal case

We will repeat the previous section for the extremal black hole a = M. Although
it is possible to take the limit @ — 1 in the final results from the previous section,
the expression in the extremal case take a simple form so that they might be of
interested when studying this special case. These results were also introduced in
[2]. We start for the equation (4.14) which holds for a = M as

(M —r) — (14 1)| ®Rypn = —47*J1pn,

) dQ(Qle) mM((Zi +m)M — 2ir)
dr? (M —r)?

(4.37)
where now
2w 3 s
2 im = / / (r — M cos 9) (r + 1M cos 0) sin@JoM 2 Y ,d0dp.  (4.38)
o Jo

The equation (4.37)) is most easily solved following two transformations, first

consider taking
r

“Rip(w) = €™ By (@), @ = 32 =1, (4.39)
which results in the equations
2 2y () = 11+ 1) 2y () — 2im 2y, () = 0. (4.40)
Further taking
_ —2im
2ylm(X) =7 ln(ﬁ)» X = z (441>
results in
xn"(x) — (x — 20 = 2)1'(x) — In(x) = 0. (4.42)

The two solution of this equation are [2]

nl(il) - (_Qim)QH_leX X_(gH_l)q)(l - lv _2l7 _X)7

(4.43)
=120+ 2, ).

Where & is the hypergeometric cofluent function. Transforming back into y and
T we get
zyl(,;) = g!Hle 2meg(1 — 1, -2, 2im/ ),

(4.44)
208 — 3710(1,21 + 2, —2im/x).

Further the derivation is exactly analogous to the derivation in the previous
section only now (r, —r_) is replaced by M and a is replace by M the final forms
of ¢; take the form

23



2

¢O|a M — Z l+ )exp(lm/x) d ( ylm) 1Ylm|a M,

V2M

¢1‘a M = Q2

Apm . d
Lzm: I exp(im/x) {—za sm9df ( ylm) 1Yim

¢ iy (4.45)
+ [I(1+ 1)) [g ;; (vhn) — MZy{m] oYlm} =21,
P2la=n1 :%22 Zalm <1 - 1> o 2yllm ~1Yim|a=n-
9" Im z
The coefficients ay,,, B, are now given by the formulas
i = 25 i / Tin( €677 * iy (€)26 (4.46)

Bim = QZH T [ hn(©6 2R,

We’ve provided the derivation the full solution to the test electromagnetic
field in Kerr spacetime as an infinite sum [2]. We want to inform the reader that
for some specific cases, especially in the axisymmetric case, closed expressions
can be found. Even more in some cases the so called Debye potential was found
and the whole field can be expressed in terms of one complex scalar. A detailed
discussion of the point charge in terms of Debye potential can be found in [I7].

4.2 Meissner effect

By the Meissner effect, which was first introduced in [I8], we understand the
expulsion of magnetic fields from a superconductor. This happens when the
superconductor cools below some critical temperature T,.. In GR a Meissner-like
effect also arises. The test electromagnetic field are "expelled” from the horizon
of extremal black hole a = M. Such an effect was first found noticed by Wald in
[19]. The electric and magnetic flux across some region ¥ can then be simplify
defined as

ib, + @, = /EF (4.47)

In accordance to the Gauss theorem, such an integral over the black hole horizon
would always be zero, since the black hole has zero charge. There are many ways
to quantify the amount of flux coming into the black-hole. For axisymmetric
fields we can intuitively take the region as the upper (or lower) hemispere. For
non-axisymmetric field the construction is more complicated (see for example
Bicak and Janis [10]). We also quickly want to note that we will work in the
general case a < M as long as we can so that the expression may be utilized for
other calculations, in the end we will take the a — M~ limit.
Writing out the integral explicitly we recover over the black hole r = r

i®, + @, = / / Fpoloer, dipdd, (4.48)
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with
algpg

20
We now show how the integral above always behaves when we take the limit
r — ry for the axisymmetric case. To calculate these it is preferable to utilise
the ingoing coordinates ([1.11]), in these coordinates it hold that the component

(4.49) is the same " Fy, = *Fy,, and schematically the integral changes to f027r dp —
Jo " dep. First we rewrite (4.45) into the coordinate 9

*Fy, = sin? 0 — 2i(a® + 1)y sin 6 — v/20a¢p, sin® 4. (4.49)

2 A IYZm(€7¢) . — N
Z 21l —1) o FH(2—1,2+1,2 —2iZ,,,
& W+ 1) i ) 253 ’ ’ )
(lxe—1)+z+2iZ,

z—1

+<1+2¢Zm ) 2F1(1—l,2+l,2—2iZm,:c)},

P = Ay, 0 2(M? —a®)(x — )z _1Yin(0,9) 21 (1 = 1,24+ 1,2 — 2iZ,,, x)
Ilym

2V 2c mV M2 — a? '
¢1 :Z l(ll—l—l)gg {2F1(2—l,2+l,2—212m,x)

l,m

- { 11+ 1) 0 6Yim(0, 1)) — iasin 6 mm(e,@u)} (@ —1)(1—1)
+ l\/l(l +1)oYim (0, ) (—4 (M2 —a?)x(z—1)+ (l(z—1)+x)o+ ZiQZm>

+iasin® 1Yy, (0,¢) (l(x — 1)+ x + 2iZm)12F1(1 —1L,2+1,2—-2iZ,, a:)}
(4.50)

When calculating limit we cannot just take the limits of ¢; but we need to
take into account the whole equations . From rudimentary analysis it is the
general knowledge that a sum of limits is a limit of sums if both limits exist and
are finite. Similarly for product, a limit of a product of functions is a product of

limits when both limits exist, are finite and non-zero. Taking this into account
we can split (4.49) into the expressions

_ 16y, (a® — M?)
A Ado =2 =07

DRI =1L241,2—2iZ,,1),

2\/§Oélm\/ M? — a?
(14 1)(ry —iacosf)?

Tlggqsl :Zz (27 — 1) oV (1 = 1,2+ 1,2 — 20 Z,,, 1)

lym

{ I(1+1) [¢M+ (M2 — a?) +acos9} 0Yim (6, )

+ asin® 1Y, (0, @Z))},
Jim 62 =0
(4.51)
In the first we had to take A¢q since the product rule for limits doesn’t hold.
Finally, after a straightforward simplification we can explicitly write out (4.49))
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8v/2 ay,, sin 0
*F r=r_ — T 177 4N 9
o | =Tt Z l(l—i—l)gi

Im

(27 — 1) o FL(1 = 1,2+ 1,2 — 2iZ,,, 1)

{ W+ D)(MPr, — Ma®)o, Yim(0,0) + (Ma¥i — id2r2 (45

—(M?* —a*) o4 Z)sin 6 1Yy, (6, 1/1)} 5

where we denoted o, = g|,—, = 74 —idacosf. Directly from the expression
above we can prove the Meissner effect. For stationary axially symmetric sources
J' = J(r,0) Vi € {0,1,2,3} and for the extremal black hole @ = M the integral
(4.15) over the variable ¢ reduces to integral over the spherical harmonic, then

further considering (4.25)) we get
27 _ _

/0 ,1Ylm((9, (p)d(p = 71Ylm((97 O>27T5m70 — Oym = Oélodm@. (453)
For these types of sources we get

lim *F9¢’azm=alo5m,o =0 (4'54)
x—17t
a—M

We thus recovered the expulsions of electromagnetic axisymmetric fields for ex-
tremal black holes. So the Meissner effect says that locally the electromagnetic
flux at the horizon of any vacuum axisymmetric stationary solution of the Maxwell
equation is zero. This also implies that, for the extremal Kerr black hole, the
flux across the lower (or upper) hemisphere of any stationary electromagnetic so-
lution is zero. Since for any field we can formally split it into two parts, the part
perpendicular to axis of symmetry F* and the part parallel to axis of symmetry
Fl. The former part has of course zero total flux across the horizon, this is given
by the symmetry of the problem, for the latter the Meissner effect holds.
We now shortly discuss the history and relevance of the Meissner effect.

History

It would be cumbersome to provide an exhaustive list of all articles discussing the
Meissner effect, we thus just the outline of the most important developments in
Meissner effect. The history of the Meissner effect begins with the Wald’s solution
[19], where they first derived the homogeneous magnetic field aligned along the
symmetry axis of a rotating black hole. They have done this by noticing that
a combination of the axial and timelike Killing vectors generates this solution.
Later King [20] noticed that flux across the lower hemisphere of this solution goes
to zero as the black hole becomes extremal a — M. In 1976 Bic¢ak and Dvorak [2]
showed that this is the case for any axially symmetric test electromagnetic field
proving it in a similar fashion to the proof given above. More recent developments
have been in numerical methods for general relativistic magnetohydrodynamics,
such have been done in for example [21].
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Figure 4.1: The and magnetic ®,, flux across the lower horizon of the Kerr black
hole of the homogeneous magnetic field of the homogeneous magnetic field [5.5
The flux is divided by the black hole area A, = 4w (r2 + a?). We can see the
Meissner effect starts to prevail at large values of a.

Relevance

The Meissner effect isn’t some artifact of the extremal case. This is because the
flux behaves in a continuous manner as a — M. This can be seen in 4.1l Thus
the Meissner effect is surely important to understanding the fundamental physics
behind the "expulsion” of electromagnetic fields which is yet not understood,
although it has been discussed in many articles like [22]. There is an ongoing
discussion about wether significantly reduce or even eliminate the Blandford-
Znajek mechanism. For a detailed discussion we refer the reader to [23] 24]. The
Meissner effect was found to be true in more general metrics like the Magnetized
Kerr-Newman one discussed in [25].

4.3 Invariants

We already defined the electromagnetic invariants and explained their meaning in
Section[3] To calculate these invariants at horizons we express the Maxwell tensor
F in terms of the NP tetrad (2.31) while keeping in mind the normalization of

the tetrad (2.15)) and (2.16]). Using these we get after a long but straightforwards
simplification

1 . — — —2
ZF PFup = ¢oa + Gy — &7 — b1,
1 _ __
ZFQB * Fa,B - <¢% - ¢12 - ¢0¢2 + ¢0¢2) eaﬁ'yLlaan’ymb <455)

=i (62— 1" — God2 + Bs)

The scalar eamlo‘nﬁmVWL is best calculated in the NP basis.

We now consider an axially symmetric test electromagnetic field. According
to [10] the NP components at horizon (A = 0) for the extremal Kerr black hole
(a = M) behave as

do ~ AUV 6 A2 gy o AUFD/Z (4.56)
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Reordering the sums in (4.55)) we get

1
§FQIBF015’(&:M,A=0) = 07

1 (4.57)

EFO“B * Fa,@’(a:M,A:O) = 0.
Thus, in the context of axisymmetric test fields surrounding an extremal Kerr
black hole, the magnitudes of magnetic and electric fields become equal at the
horizon ||B||? = ||E||?, and the two fields are perpendicular to each other E-B=0,
this does not hold for the non-extremal case and can be formulated in terms of a
single invariant as

Atla=n1,a=0 = 0. (4.58)
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5. Fields lines and visualization

Before discussing the source term we will take a short detour and discuss visual-
ization of Electromagnetic fields in GR. The electric and magnetic field lines are
defined as tangent to the Lorentz force.

da* dax*

— =F¢ — = B, 5.1
ds ds (5-1)

These vector fields are not what the local observer measures. The local observer
measures the projection of these fields onto it’s own tetrad {e;}i—0123, €0 = u.
As before we denote the projection of vector fields with the bracketed indices we
have the relations

B = —e(®) x frvy, = — 4 F@OO,

@ — eLa)FWuV — p@® (5.2)

The relation between the vector field projected onto a tetrad and the coordinate
one is

- _ v ot Bk
B = —xF*" u = e B,

— v _ ot (k)
EF = FHF u —e(k)E )

(5.3)

Instead of integrating the field lines on the manifold and then projecting these
integral curves onto a flat plane for purposes of visualization we can identify the
orthogonal projection with the flat plane and find the integral curves there. This
has the advantage that the field lines are as they would be measured by the local
observer. This can be more physically appropriate for some applications.

We define the field lines for the orthogonal projections as

de@ gl qp@  Bl)
ds  he ' ds  he

(5.4)

we have included polar (or spherical) Lamé coefficients h, , we do not sum over
a or (a). For an orthogonal frame the Lorentz force is obviously tangent to the
field lines.

We discuss the differences between the tetrad field lines and the coordinate
ones in the section below after introducing the homogeneous magnetic field.

5.1 Homogeneous magnetic field at infinity

Since we are dealing with perturbations the magnetic field doesn’t affect the ge-
ometry, on the other hand the geometry affects the field. A field that would be
homogeneous everywhere in Minkowski’s space (a = 0, M = 0) to be homoge-
neous only at infinity. Furthermore near the horizon of black hole the geometry
"induces” a electric field from a purely magnetic field at infinity.

The full form of magnetic field homogeneous at infinity was given in [2]. Let
us consider asymptotically, at large distances, Minkowskian coordinates {z =
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rsinfcosp,y = rsinfsing,z = rcosf}, in these coordinates the field takes
the asymptotical form B, = Bsina, B, = Bcosa, B, = 0. Without any loss of
generality we took B, = 0, we also later parameterized the field by it’s magnitude
B and the angle from the z-axis a.

The electromagnetic field tensor then has the asymptotical form (r — oo)[2].

Ft'r" — Ft@ — Ft(p _ O,

Fr@ _ sin 2

B sin a,
r

B
F™? = — (cosav — cot 0 cos pBsin ) ,
r

B
Fo? = — (cotf cosa + cospsina) .
r

From comparing the asymptotic form of (4.45)) and (5.5)) we get that the only

nonzero coefficients are

a;; = i\/gB sina, a = i\/zB cosa, -1 = —i\/gB sin av. (5.6)

Writing out explicitly the scalars (4.45)) while reparametrizing by the angle from
the z-axis o and the magnitude of the field B: By = Bcosa, By = Bsina

bo = 55 {M?;n_am) [cosw (4Ma§ + al (3 — cos(29)) + 2iA cos 97’)

+ 2 (—2]\/[2 +A(o—2r) + 2(2 + M (o — 2r))r) sin(w)} + i cos asin 0}

1cosaAsinf isinasin @
¢1 = { [cosy ((0 — 2r)r + M (=0 +71))

V2(2X — 4gr) " 2(2 +2(0— 2r)r)

+a(M — o+ 2r) Sinw]},

_ pJeosa(a(3+ cos(26)) (M —r) — 2icos Oa’ + r?)
el 1727
+icosa {cos[(o—2r)r+ M(—o+7r)]+a(M -0+ 2r)sine} siné}
2(X+2(o—2r)r) ‘

(5.7)

with 0 = r —1a cosf as before and ¢ being the Kerr ingoing coordinate.

a rT—rTr
Y= 1n< +>+g0
Ty —T- rT—T_

We do not provide the full form of the tensor F since the field is more elegantly
described in terms of the NP scalars, but for the convenience of the reader we have
expressed the tensor F in terms of the NP scalars in Boyer-Lindquist coordinates
along with projections to the tetrad fields in the appendix [A.2]

Since we have several visualization techniques we split the discussion into
the field aligned with the axis of symmetry. Such field is probably the most
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astrophysically relevant, the direction of the field will eventually be the same as
of the axis of symmetry, but since the time it would take to align both directions
is probably long [2], the oblique case is also of interest.

Aligned field

The field is aligned with the axis of symmetry for o = 0. As we discussed in
above we have a plethora of ways to visualize the electromagnetic fields. Different
visualization techniques are shown in Fig. [5.1]reveal significant discrepancies. We
will now attempt to summarize the field behaviour for different observers.

The ZAMO coordinate field lines exhibit expulsion of the field lines for the
extremal case a = M. As anticipated as we approach the horizon (r = r,) the
angle of approach of the field lines diverges, signifying a complete expulsion of
the electromagnetic field from the horizon. Consistently with this expulsion both
the electric and magnetic field completely vanishes at the horizon r = r,..

However, the ZAMO tetrad field lines present a contrasting view. The field
lines do no exhibit any expulsion at all. The angle of approach remains finite
as we approach the horizon. Perhaps in accordance with the Meissner effect the
electric and magnetic field also completely vanish at the horizon. This view agrees
with the behaviour of the norm of the magnetic field ||B|| shown in fig. [5.2}

For the Doran observer coordinate and tetrad field lines experience some ex-
pulsion at the horizon. However this expulsion does not strictly adhere to the
Meissner effect. Here the field remains non-zero at the horizon and the situation
is more subtle, if we zoom in on the horizon we can see that some of the tetrad
field lines start at the horizon and then plunge back in Fig. [5.3] Such field lines
start to appear at around a =~ 0.9M. The coordinate field lines for the Doran
observer stay strictly at the horizon, since B” is zero everywhere at the horizon.
As can be seen in Fig. the norm of the magnetic field ||B|jon the horizon is
not zero as in the ZAMO case.

We also show the electric field lines Fig. [5.4] since these are subordinate to
the magnetic field lines, we plot just the field lines for the Doran observer. And
we also projected the ZAMO tetrad field lines on the embedding in the figure
Fig.

Finally we also note another difference between the ZAMO and Doran ob-
server, for ZAMO observer the tetrad fields stay at constant ¢, this is because
the ZAMO observer corotates in a natural way around the Black hole. But the
Doran observers move at constant ¢ so the field lines are shifted in this direction
as can be seen in Fig. 5.7

To summarize the Meissner effect, if formulated as expulsion of field lines from
the black hole horizon in the extremal black hole case, seems to be coordinate
dependent effect. Different observer and different visualization techniques dis-
play different levels of expulsion from the horizon, even thought it always stays
true that the flux through the black hole Fig. [£.54] and Fig. electromagnetic
invariants vanish. Thus the Meissner effect should not be formulated as expul-
sion of the magnetic/electric field lines, but should stay strictly confined to the
vanishing flux or invariants, even thought this is not intuitive from the point of
classical electrodynamics.
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Oblique field

The oblique field @ = 7/2 can really only be sensibly visualized as 2D graph in
the § = m/2 plane, since the field lines starting in this plane stay confined to
this plane. The Meissner effect is completely gone since it’s experienced only for
aligned fields. We here only quickly note that since the field is dependent on the
coordinate ¢ it is important to utilize some other well behaved coordinate as the
coordinate ¢ winds infinitely around the horizon. This is visualized in Fig. |5.5]
As noted in [26] for ZAMO observer there exist closed loops of magnetic lines
which start at the horizon and end at the horizon. For the Doran observer the
field lines coming from infinity can either hit the horizon. Or can continue past
the black hole. There exist no closed magnetic loops as in the ZAMO case.
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(a) ZAMO coordinate field lines (b) Doran coordinate field lines
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(¢) ZAMO tetrad field lines (d) Doran tetrad field lines

Figure 5.1: Comparison of two different visualization techniques for field lines
of homogeneous magnetic field for a = M. We can see substantial difference.
Especially for the ZAMO observer, for which field lines as measured by the local
observer (tetrad field lines) actually ”hit” the black hole.
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|B|| [arb. units]

Figure 5.2: Norms of the magnetic field ||B|| at the horizon r = r plotted with

|IB|| [arb. units]

1.0

(a) Doran observer (b) ZAMO observer

respects to the rotation of the black hole a and the coordinate 6.

Figure 5.3: Field lines which start at the horizon for the tetrad Doran observer
a= M.
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(a) Doran tetrad field lines (b) Doran coordinate field lines

Figure 5.4: Visualization of induced electric field for the extremal Kerr black hole
a= M.

2 r sin@ sing [M]

0

r cosd [M]

0

rsinf cos¢ [M]

-2

Figure 5.5: Oblique field a = 0.998M ZAMO Tetrad field lines, magnetic field
lines starting at 7/2 are blue, mag field lines at 7/4 are red. We can see the
infinite winding effect of the ¢ coordinate.
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Figure 5.6: Magnetic field lines (red) of Homogeneous magnetic field aligned with
the axis of symmetry for orthogonal ZAMO magnetic field projected onto the
embedding of Kerr black hole a = 1/2M into E?. The curves are also projected
onto the flat x — z plane (dashed).

r cosé [M]

rsing sing [M]

2

4
rsing cos¢ [M] 6

Figure 5.7: Full 3D plot of the magnetic field lines projected onto the Doran
observer tetrad. For the extremal Kerr black hole a = M. Only a few lines
starting at r cos = 2 are shown for the sake of clarity.
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0.0

Figure 5.8: A function on the black hole horizon r = r, of the homogeneous
magnetic field parameterized by the angle of the field to the axis of symmetry
« and the rotational parameter of the black hole a. Qualitatively, the graph is
similar to the homogeneous magnetic field.

To visualize how the Meissner effect depends on the direction of the homo-
geneous magnetic field we then take the eigenvalue \; and integrate it over the
whole black-hole we get a function A that is dependent on « and the rotation

parameter a.

27 ™
Ala, a) = /O /O AT sin 6 df do. (5.8)

The function behaviour can be seen in Fig. [5.8. We can clearly see how the
field becomes null for the extremal black hole a = M and the aligned field o = 0.
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6. Source terms and fields

In this section we describe the source terms while also deriving the coefficients
Qum, Bim. We first start with the simplest case, the point charge, these have been
already derived in [2]. Then we will move to a charged axial loop which we later
generalize into a non-axial loop and a disk.

Any source must of course satisfy the continuity equation

e () =0, (61)

Vel = g o

with (—g¢)'/? = L sin# being the metric determinant in Boyer-Lindquist coordi-
nates. The same equation holds for the magnetic current vector M*.

6.1 Point charge

The simplest non-axially symmetric source is the point charge. A point charge
at the point rg, 0y, g is described by the following expression in Boyer-Lindquist

coordinates .

J= mat 5(7" - 7”0)5(9 - 90)5(90 - 800)‘ (6‘2)

Following steps derived in Section [4.1) we then calculate

2 Lm =eA [2\/§(T+ — 7“_)2@0] - {ia sinfy 1Y 160, ©0)d (r — 1)
(6.3)
am — —
+ {A Sin 90 —1Ylm(907 (po) — \/l(l + 1) OYlm(eo, QOO)} 5<T — ’l“o)}.
0

Employing (4.25)) we get

A 2re I+ (l+1-2iZ,) ( 1 )"Zm
" T V2 (ry — 1) (ro +iacosby) (2 + DIF (2= 2iZ,,)
' — [
(o)™ {— Y Sin0yY i (00, 00) —F(I+ 1,0+ 1
re—r_ X
—2i 2y, 2l + 2; 9561) + 1+ )] 1y (B0, 00)
F (z,z+ 1—2iZ,, 2l + 2;3:51)} :
2me (+DT(+1-2iZ,) ( B 1>iZm (6.4)
V2(ry —r_) (rg +iacosfy) (21+ 1) (2—2iZ,,)

Zo

blm =
Zo

: [— Y (1= 2iZ,)sin05Y i (B, 00)
T+ —Tr_

CF(L+1,—1,1 = 2iZy; 20) + (114 D]Y2Y 1 (B0, 90) 20 (x0 — 1),
F(14+2,1—1,2—2iZ; x0)]

1
Ea = O, Eb = 56.

Here we want to note that again for axisymmetric case 6y = 0,y = 0 only
the modes with m = 0 are non-zero.
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(a) Magnetic field (b) Electric field

Figure 6.1: Magnetic and electric coordinate fields lines with respect to the ZAMO
observer for the extreme Kerr black hole (a = M). The charge is located at
r = 3/2M and is visualized magenta, the outer horizon r, is visualized black. No
truncation error can be seen because we’ve used the closed form derived in [17].
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6.2 Axial current loop

Consider an current loop in the equatorial plane lying at 0 = 7/2, r = ry > r,.
We will consider a axial current loop with the charge ¢ and the current [ as
measured by the ZAMO observers. To relate these quantities to the four-vector
J" we consider the form.

J— (%qzoat + ca@> 5(r — 1o)8(r — 7/2). (6.5)

In ZAMO coordinates this the third component four-vector has the form

[ ate — gpace’ — e (6.6)
The observer meassure the current as

T aro = 16(&" = &)3(&" — &). (6.7)

We can relate

. | Mag Ag
1
C=r, Ay + ”Ao (6.8)
where we denoted Ag = Ap—y0, X0 = Xjrmrg,0=005 Ao = Ajr—rg,60=6, -
From (4.16) we then find
2 =2 IR 42 (6.9)
with
A6 _
2JR = “=0m0 4 Y (/2,008 (5 —
= 3y oy U0 A (/2,08 = 7o)
— (UL + 1)) Y 1 (7/2,0)5(r = 19) },
Ab,,
2Jh =~ “— [(Mae/Ao) + w1 (Do/Ao)'/?| (6.10)

[Z(Tg + a2)_1?lm<ﬂ_/2’ 0)5/(7, B 7"0)
+ {i?“o —17lm(7r/2, 0) —a((l+ 1))1/2 O?Zm(ﬂ_/Q, O)} 50— TO)}‘

The splitting of is in correspondence to different physical situations. For

L

static charged axial ring with no current QJZ% =2JL for a current loop with no

charge 2 J;,, = ?J,,e = 0. For a current loop with charge have the consider the

whole equations (6.9)).
From equation (4.25) and following the notation above we get

R L
Qim = Oy + Xl

6.11

with
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. dmo2me L+ D _
Apm = . —.Z'()>
V2(ry —r_) (rg +iacosfy) (204 1)!

: _ l
. {_ W Sinfy_1 Vi (66,0) —F (14 1,0+ 1,20+ 2 25")

Ty —T_ T

I+ D]V 19 (00,0) F (1,14 1,21+ 25 257) },
dmo2me I+ D!

b = (6.12)
" NV2(ry —71_) (ro +iacosfy) (204 1)!
-{—r mr sinflp — 1V (6, 0) F (I + 1, —1, 15 29) + [I(1 + 1)]V/2
+_ —_
Yo (60, 0) w0 (0 — 1) F (1 +2,1 = 1,2;10) },
1
Ea:O, Ebzﬁe.
and
Smodm (14 1! | 2+ a?
L _ m0 1/2 ! 0
= Mae/Ag + 71 (Ag/A -
fm \/§(r+—r_)(2l+1)![ ae/ Ao+l (Bo/Ao) }( 7o) [an—r_

= [ _ _
1Yo <72T, O) —F (l + 1,0+ 1,20+ 2; xgl) + {”’0—13/10 (; 0>

Zo
_all(l+ 1]V (g())} P(L1+1,20+ 2;x51)] ,
L wodn (L1
2 (r =) (204 1)
P41, -1, 15 20) + {iro_ll_/lo (;T o) i+ 1))

r2+a? S T
[Mae/Ag + 71 (Bo/Ao)"?] [zro e ( o)

Jr_f

Yoo (go)} o (w0 — ) F(1+2,1—1,2;20)],
1
Ea = 07 Eb = —€.

2
(6.13)

Where again for a charged ring we set o & zero, for current loop with no
charge we set e = 0 and for a current loop we charge we take the full solution.
The field of the current loop with no charge is visualized in Fig. [6.2]
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Figure 6.2: Magnetic field of axial current loop for a = 3/4M located at r = 6M,
the black hole is visualized black with the loop being magenta. At r = 6 we can
see truncation error, we have taken first 10 [ of sum.
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r cosé [M]

r sin@ sing [M] 1

Figure 6.3: The construction of the non-axial current loop. The normal of the
plane of the axial loop n = {0,0,1} coincides with the axis of symmetry. The
normal of the plane of the non-axial loop is denoted n' = {0, T, 1}, the angle
between the planes . The axial loop is plotted red, the non-axial is plotted
green. The parameters of the plot are T = 1/2 ( = a = 26.56°), ry = 6M.
The plot is visualized in units of Mass.

6.3 Non-axial current loop

We will now generalize the current loop above by allowing the current loop to
be tilted, instead of localizing the coordinate 6 to the equatorial plane 6 = 7/2
we allow to loop to smoothly vary in the 6 coordinate as the function of ¢. We
consider the ansatz

J=(f8+gYcospd+hd,)d(r—ro)dO— g — Tsiny). (6.14)

Where in general f = f(¢,0,¢),9 = g(t,0,¢),h = h(t,0,¢), the current vector
now also has a non-zero J?. The T constant symbolizes the “deflection magni-
tude” from the axial current loop. In reality this also defines the normal of the
plane where the non-axial current loop is the coordinates {z = rsinfcosp,y =
rsinfsinp,z = rcosf} as n® = {0,Y,1}. To make the geometrical situation
clear we have provided a visualization in . We could also parameterize by
the angle between the current loop and the equatorial plane a, but the equations
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take simpler form in the T parameter, these two are related by

1
V1I+7T2

We could now directly solve the continuity equation while correctly han-
dling the Dirac deltas as distribution and introducing test function L*(R). A
more elegant approach is inducing a metric on the current loop and solving the
continuity equation there, we denote the induced metric by g.

(6.15)

Cos =

g = G|{r=ro,0=r/2+Tsinp}> (616)
this metric works out to be
oM Mrasin(f
g = (14 Moy Mrasin®) 4,4
= ~ roa” sin
+ T?3 cos? p + sin’(6) <7’0 +a® + L ) dy?,

where 3 = 12 +a? cosf,0 = 7/2+ T sin ¢. The determinant of the induced metric

is
Baet = T2 (2M7"0 — i) cos? o + <2M7“0 — i — a2> sin? 0. (6.18)

On such a metric the induced current vector J takes the form
J=fO0,+ (h+g)0, = f0,+ 2F9,, (6.19)

where the definition of F' = F(p) is obvious. The continuity equation on the
induced metric takes the form

where x* = {t, p}. Working out this equation explicitly at T = 0 we get
f = const, (6.21)

and

F'(y) b (o) (a2 sin(26(y)) (A — azé/(go)z) +2 (azA —a*+ (r3 — 2)2) 9”(4,0)) |

Flp) 2a4 sin? é(gp)él(g0)2 — 2a?2A (sinQ(é(go)) + é’(gp)2>
(6.22)

This differential equation can be simply solved by exponentiation, denoting
the right hand side of (6.22)) as F(y), we thus arrive at

Fip) =exp [ deF (). (6.2
which can be easily solved by using the substitution
u = 2a"0()?sin®(0(¢)) — 20°A (0'(p) + sin*(0(¢)) ) , (6.24)
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finally leads to

Fe) = eXp/%du — exp (_ og |ul + cons )

2

C
\/|A0 (14 T2 (14 cos(2¢)) + cos(2Y sin )) — 2T2a? cos? ¢ cos?(T sin p)| '
(6.25)

We here note that it is not physically appropriate to relate the constant to the
ZAMO observers, since they do not measure such a loop naturally, this only makes
sense in the case of zero tilt, where the constants take for form A = ¢/(27%),C =
o VAo (M aq/(mAo) + 1/ /AO). Constructing a class of physically sensible
observers which circularly orbit in the non-equatorial plane at a constant radius
is not feasible, since such orbits experience precession [27]. To provide a intuitive
insight, we plot the behaviour of the function F(p) in (6.5). The final source
terms thus takes the form

J=(f0,+ F(p)Y cospdy + F(p)0,) 6(r —r9)d(0 —m/2 —Msing),  (6.26)

where f = conts. Finally, we should now calculate the 2.J;,,, from the current vector
but we weren’t able to do the integral over ¢ analytically, for any following
graphs and results we’ve calculated the constants «;,, and [}, numerically.

We can now repeat the procedure of finding integral of the eigenvalue A, this
is shown in the Fig. [6.6l It is clear that the Meissner effect holds for such a
solution. In the graph we can see that the A is not constant in the parameter T
for a = 0 this is because we have taken the constant C' to unity for each Y. But
in reality it is clear that the constant must be dependent on the parameter T in
such a ways that for T — 0 we recover the axial current loop.

The full 3D field line plots of non-axial field can be hard to read even in the
simplest case of homogeneous field. We resolved to visualizing the vector field

instead. Choosing a full 3D plot, we’ve visualized the vector field on a center cut
sphere, see Fig. [6.4]
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Figure 6.4: The ZAMO magnetic vector field of non-axial current loop. The
parameters of the plot are 0, =7, T = 1/3, a = 3/4M, ro = 4M. The black
hole is visualized black, the current loop is visualized green. The vector sizes as
well as their color correspond to their magintudes with logarithmic scaling
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Figure 6.5: Behaviour of the F(p) for different Y for a = 1/2M.
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Figure 6.6: The A invariant of the non-axial current loop. The constant C' was
taken such that the plot is normalized to 1 at T =0,a =0
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6.4 Field of a current disk

Lastly we will reformulate the work of Vlasiakova [28] in the NP formalism, where
she modeled a field of a current disk. We will generalize the work by considering
non-zero rotational parameter a but we will not consider a continuous current
profile rather modeling the disk by superposing multiple current loops.

Consider a current loop located some distance r,, with the current I,,, we
can then model a disk located between ry = ry; and 7, = 792 as having the
four-current

N
Jé.lisk = Z Jl%op(/r’fh [n) (627)
n=1

By the linearity of Maxwell equations we can infer

N
n=1

the sum above is more of a symbolic representation, we need to note that our
solutions are split into the inner and outer solution,

N oD <y, ,
¢i - {¢(I[)n v, < T ’ 1= 07 ]-7 2. (629>

)

For a continuous current profile the sum goes over to the integral

b = /TN (7, [(F))AF, i=0,1,2. (6.30)

T0

It is not clear what radial profile of current I(r) should be, so we consider multiple
possible profiles which can be seen in [6.7]

We finally provide plots of the behaviour of B, in Fig. and B in Fig.
6.10] as functions of r. We can see that the non-zero value of a changes the
behaviour of such field significantly.

I(r) = (T)"Ml (6.31)

I[M1]
1.6
1.4] — n=-
[ n -
12 n=0
1.0 L n=
— n=2
0.8
3 n n n 1 n n n 1 n n n 1 n n n 1 n N
0.6+ 4.2 4.4 4.6 4.8 5.0 r[M]

Figure 6.7: Radial current profile for disk located between r = 4M and r = 5M
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Figure 6.8: Magnetic field of disk using 5 loops between ro = 4M and r5 = 5M
with constant current I(r) = I, the disk is plotted magenta, the horizon r, is
visualized black
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Figure 6.9: Behaviour of the radial field B,) on the outer horizon r = r,. The

difference between the a = 0 case and other can be easily explained by considering
that the outer horizon isn’t a spherical but a quasi spherical.
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Figure 6.10: Behaviour of By at § = /2, the "bumps” are where the loops are
located.
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7. Magnetic fluxes

In this final section we will follow the article [10]. Which discusses the magnetic
fluxes around general hemispheres of the Kerr black hole. In the extremal case
a = M we will find the hemisphere of maximal magnetic flux for the homogeneous
magnetic field and compare this results with numerical results for the non-axial
current loop.

Let us first discuss the derivation of the Eq. (4.48). Consider the tensor
do®f = 2dx[1adx§],

5 (7.1)
dz{ ={0,0,d6,0}, dz; ={0,0,0,dp}.

where [ | denotes anti-symmetrization. Such a tensor enables one to define the
surface of a black hole invariantly. Surface element of the black-hole is then

1
dS =4/ ’2daabd0“b lrer, = /A4 sinfdfde = (r? + a®) sin 6d6dep. (7.2)

Identical results comes when transforming the quantities in general coordinates.
The total area of a black hole A is

A= /OTr /027r dS = 4n(r? + a?). (7.3)

Consider now the electromagnetic field Fig and it’s dual xF7;, and some ar-
bitrary 3-volume with the volume 3-form d=; and with the surface 0= with the
surface 2-norm d x &,,. We can utilize the Gauss theorem to define appropriate
fluxes. For the electric charges we have

F dx &y = 72 *Fy dg? = / oFta  dZ,. (7.4)

0=

And for the "magnetic charges” we get

7(6_ N 7({)” Fly de® = / 2% Fla, d=, = 0. (7.5)

1]

Thus the magnetic ®,, and electric ®, flux across any surface (non-necessarily
closed) is given by

o, — / Fyda® Adab, @, = / Fy dz® A dat, (7.6)
o= o=
Where A denotes the exterior product. As already noted in Sec. we can write
this in terms of a single complex quantity (4.48)). Consequently, if the the area is
part of the horizon of the black hole S we get

®,, = / Fy, dodyp, @, = / «Fp,, dodo. (7.7)
S S

In [I0] the integral was derived for arbritrary hemisphere.
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7.1 Hemispheres of maximal flux for the
extremal Black hole

In this section we will consider only the extremal black hole a = M, while setting
the mass of the black hole to unity M = 1. Since an flux of arbitrary axisymmetric
(part) field is zero, the hemisphere of maximal flux will always be such, that
it’s axis of symmetry lies in the equatorial plane. All such hemispheres can be
parameterized by a single angle 8 € (—m, 7). Thus the integrals reduce to

B+m/2 B+m/2

®,, = / Fp, dodyp, @, = /
0 B

" Fy d0do. 7.8
B—m/2 /0 * b¢ 14 ( )

—7/2

Let us now consider an arbitrary field that is homogeneous at infinity any such
field will have non-zero only the terms with [ = 1. We can integrate the field
explicitly for arbitrary aq,, we get

o T e L d6d
m|l:1 — /ﬂ—ﬂ/? /0 chllzl 2

- \/f [cos B (14 2i)ay_1 — (1 — 2i)an; + (=1 + 2i)ag_q + (14 2i)any)

+ sin(ﬁ) ((1 + 22')@171 + (1 - Qi)@ll + (1 - 22')06171 + (1 + Qi)@n)] .
(7.9)

We’ve provided the expression in such a form, to emphasize that no terms ayq, this
is actually the general case for every [. In the case of the field of the homogeneous
field derived in the section [5.1] this reduces to

hom- — 7B (cos f — 2sin B), (7.10)

this result matches with the results of [I0] and can be derived for arbitrary a < M
and M, the full expression reads

Phom- — 7B, (ri cos 3 — (ri + M2> asin B) . (7.11)
For By > 0 this has the extrema at the points
hom- — _ arctan 2,
hom. (7.12)

= m — arctan 2,

min
which we have determined by the second derivative test, but from the geometry
of the problem it’s obvious that the minimum will be located at m — 3,42
Let us now repeat the procedure for the non-axial current loop. Here we need
to be careful with convergence, taking [ = 16 and the loop radius » = 10M, we
can derive the equations for of flux for arbitrary constants ay, analytically
although the expression is too long to provide here, we then substitute numerically
calculated components «,, of the non-axial current loop. Deriving this equation,
numerically solving the equation for the extrema and then checking if we are at
maxima or minima with the second derivative test we arrive at the of at a list of
£ indexed by the values of T where the flux is maximal. The variance of this list
is of the order 107 with the mean value being

Bloob — 2 6755. (7.13)

max
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Figure 7.1: 2 Visualizations of hemispheres of maximal flux. The hemispheres
are colored magenta. The extremal black hole is visualized opaque. (a) the
homogeneous magnetic field is visualized blue, (b) the non-axial current loop is
visualized blue.

The difference of the angles between the loop and the homogeneous field is

[loop _ ghom 9 G755 | (arctan 2) = —g, (7.14)

where the absolute error such a results is 0.002. The result can be intuitively
understood, we vary the loop of the direction of y = rsinfsinp, but the ho-
mogeneous magnetic field has the direction x = rsin# cos ¢, thus the maximal
hemispheres are only shifted by 90°. It is not quite clear why the hemispheres
should be the same (expect for the shift 7/2), because the field are very differ-
ently even for the extremal case. We also want to note that we’'ve received the
same result when varying varying the loop diameter from rq = 40 to ry = 4. For
lower values of r < 4 we've run into more problems with numerical calculations
and the error grew (although the error was not larger than 0.05). It could be
possible that the non-circular profile of the loop located near the horizon causes
the hemisphere to shift slightly, but as we’ve already said, we suspect that this
was just a numerical error of the calculations.
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Conclusion

This thesis explored the application of NP formalism for the Kerr spacetime.
We’ve built upon the work of prof. Bicak who derived the solution for arbitrary
stationary electromagnetic test field. Using these results, we identified the source
term and the associated electromagnetic field of a non-axial current loop.

Further we analyzed the solution by calculating the electromagnetic invariant
(eigenvalue of the associated energy momentum tensor) on the horizon. Revealing
expected behaviour but also showing possible problems with the solution.

We've also explored the Meissner effect, providing full mathematical proof
in the Kerr spacetime. Notably we noticed that not only the flux of arbitrary
stationary axially symmetric electromagnetic field across the extremal black hole
vanishes but also that both of electromagnetic invariants vanish. We then dis-
cussed different possible visualization techniques of the electromagnetic field lines,
these visualizations revealed a surprising diversity of configurations.

Finally, we determined the hemisphere of maximal flux for the non-axial loop.
And shown, how this is related to the known hemisphere of maximal flux for the
homogeneous magnetic field.
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A. Appendix

A.1 Spin Weighted Spherical Harmonics

We will follow the article [29], where they in detail describe the spin-weighted
spherical harmonics. The spin-weighted spherical harmonics represent the spher-
ical harmonics with additional s that represents the U(1) symmetry. First we
consider the three dimensional Euclidian space with the coordiantes {r, 8, ¢} and
introduce the orthonormal triad a, b, ¢, where ¢ points in the radial direction and
a, b are tangent to a sphere of radius ». We complexify the triad by introducing
the complex vector m and it’s complex conjugate m

V2m = a + ib. (A.1)

Of course a and b were defined up to a rotation angle ¥ so that now m and m
are defined up to a phase m’ = e®”m. We're now able to define the spin-weight s,
we say that a quantity 7 is of the spin-weight s if it transform under the rotation
angle v as

n = e"¥n. (A.2)
From this we can, for example see, that the vector c is of the spin-weight 0 since it
does not change under the rotation. We will now introduce the 0 operator, such
operator is not important only in deriving spin-weighted spherical harmonics,
but in a whole tetrad formalism in GR called the GHP (Geroch, Held, Penrose)
formalism [30], which is a special form of the NP formalism already introduced.
Here we simplify define the 0 operator by it’s action on a quantity n with the s

o i
00  sinf ¢

on = —(sinf)® l ] (sinf)°n, (A.3)

which implies that the O operator raises the spin-weight by 1 since
(B)’ = '+ (). (A4)

In the same sense one can define the conjugate operator 0

. s | O t 0 s
on = —(sind) [69 — sin@(%] (sin®)°n, (A.5)
which lowers the spin-weight by one
(Bn)" = &'~ (D). (A.6)

Consider now the ordinary spherical-harmonics Y}, (0, ¢) we can define the
spin-weighted spherical harmonics ,Y},,,(0, ¢) by

(A7)




Spin-wieghted spherical harmonics are undefined for |s| > [. Explicitly these can
be written as

% <l ; S) (’f Ji jj m) (=1)1F=seim? (cot §/2)F ™

k

(A.8)

Such spin-wieghted spherical harmonics form a complete orthonormal set for each
value of s. That is any spin-wieghted function of the wight s can be expanded
into such a series of ;Y,,(0¢). Finally we note that the spin-weighted spherical
harmonics have been numerically implement in the Mathematica package Black
hole pertubation toolkit [31], which we have used for the numeric calculations.

A.2 Maxwell tensor and it’s projection

Since in the text we provided the forms of the NP quantites g, @1, 2 we will
here provide the whole Maxwell tensor along with the projection of the self dual
form [3.6to the ZAMO u and Doran a four velocities and their appropriate tetrad
projections in the Boyer-lindquist coordiantes [1.5]

First the tensor F has the components in the Boyer-Lindquist coordiantes

iaposin®  iaps(o — 2r)sinf

F,=—p1 + + c.c.
S NS V2A
Yy Ao . .
Fyy=— — — tapy sin @ + c.c.
YT V2e V2(20- 4r)
1Apq sin 0 . _ )
Fiy=—"——+-*% — 2r)sinf + c.c.
to \/§<2@ _ 47’) \/5902(9 )
_ Yipa(0— 2r
.= ﬁ@@o - \(/ﬁA) + c.c.

7o ipo(A +2Mr)sin®  ipa(2 — 2r)(A +2Mr)sin
T 2yR(o— 2r) V2A

alApposin?0 |

T v

— ayp; sin? 0 + c.c.

(0 — 2r)sin?0 + c.c.
(A.9)

Fyp = —ip1 (A +2Mr)sinf +

where c.c. denotes the complex conjugate. Then we denote the projection of the
self-dual form to the four-velocity of the ZAMO observer as £¢ = *F*u, is

E'=0,
e — _2A1/2Zl/2901 B iaAY2Y 2 p0sin 6 inv/2a0% %@, sin 0
- Al/2 \/§A1/2Q AL2 A\1/2 ’
0 A32¥120 B VA2 05122 B 2iaAY2¥120, sin 6 (A.10)
o \/§A1/2Q AL/2 A1/2 )
cb _ IA2Y1200sin 6 iv/2AY2 08120, sin 6
T V2AY2p B Al/2 '

o8



We remind the reader that (modulo sign) the electric E and magnetic B field are
real and imaginary part of £ respectively. Projecting this to the ZAMO tetrad

we get
£W =0,

o) _ 2001 iv2a0Xpysind  iapy(o — 2r)sinf
STan T aiea T mae

ooy _ _V2AV20802  AMpy(g —2r)  2iaA?Tpysin (A.11)
o Al/2 B V2AL/2 N A1/2 ;
g0 — AP0’ 0 s cin?
=T 7= 1 09 Sin” 0.
V20

For the Doran tetrad we denote the projection as €& = *F4,

2t \/MT (AA;; 2Mr) (2\/52901(A o) + iaAY.pg sin 6 N 2iaX%py sin 9) |
0 0—2r
201 (A4 2Mr)  iaApysind  iv/2ap;sin
- by V202 o—2r
&0 Apo(A + 2Mr)'/? 2ia¢p; sin 0
T M2 4205 (A + 2Mr)1 2 %
. 2 (V2A + 2V/2Mr + 2M 22 (A 4 2Mr)Y?)
Ap — 2Ar
o 2V2Mrap (A +2Mr)'/? . 1o CSCH(\/ﬁE +2MV2 P 2(A 2Mr)1/2)
Ax Ao —2r)
ipo (V25 — 2MY2r1 (A + 2M7)1?)
sin 620% '

=T

Y

£

(A.12)

and finally projecting to the Doran tetrad

2M1/27’1/2

g(t) —0,
_
(A +2Mr)1/?

) (A +2M7r)/? ,
& = |2 eV -

1ap QML/2p1/2 .
A ea(vV2r A+ 2Mr)1/2) sind |
20) Apq B 2iap; sin @ (A.13)
C2MY20rY2 4 \20(A + 2M7)H2 (A4 2Mr)1?

02 (2MY25r 12 4 BN(A + 2Mr)V?)
+

)sin@

Y

Ap — 2Ar
; 2M1/2p1/2 : 2M1/2p1/2
2(6) _ _ZEW@DOW_ - Rityr) N i5320, (V2 + i)
20 Ao —2r) '
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