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Do you know the laws of the heavens? Can you set their dominion over the earth?ﬂ
Job 38,33

Vi3, jaké jsou fddy nebes? Ty jsi je ustanovil, aby dozirala na zemi?
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Introduction

A lot has been written about the effects of gravity on light rays. This is due to
the fact that it represents both one of the basic predictions of general relativity
and a powerful tool how to extend our knowledge about the Universe.

Although it became almost notoriously known that in vacuum the ray with
impact parameter b propagating in the vicinity of a gravitating object with mass
M is deflected by the angle

AGM

b’
where ¢ denotes the speed of light and G is the gravitational constant, studies of
light propagation in the vicinity of various astrophysical objects still reveal many
unanticipated facts. Note that this formula is obtained in the linearized regime of
the Schwarzschild metric, i.e., in the simplest case possible, but it is good enough
to beat the Newtonian prediction.

During recent decades many new measurement techniques have been devised
and enabled completely new ways how to observe the Universe. Along with better
measurements also more detailed analytic descriptions of the systems are needed.
This is also the case of light propagation.

In fact, light waves traveling across the Universe, no matter whether they
span over distances near or far, are driven by several competing factors. It is not
only the gravitational field of objects the light is passing by, interactions with a
medium through which it propagates are also substantial. Then, in calculations
presented in this thesis aiming to describe real astrophysical systems it has to
be assumed that ultimate light trajectories are given by a composition of effects
caused by gravitation, refraction, and dispersion.

In real astrophysical applications, the medium through which light propagates
is typically plasma — the so-called fourth state of matter with many unintuitive
properties. In comparison with the vacuum case the deviation of light rays is
somewhat different than one would naively expect. This is shown in this thesis
as well. It should be mentioned that plasma in the investigated systems can take
many realistic types. When propagating around compact gravitating objects,
plasma is usually in the form of a hot (~ 108 K) accretion disc, while around less
extreme objects it is believed that cold plasma occurs.

It has to be recalled that effects on light rays caused by the plasma presence
are often negligible. However, there is a strong dependence on the wave frequency
and the impact starts to be significant in the radio band. Moreover, if the wave
propagates in a dense atmosphere, refraction cannot be disregarded either.

Analytic description of both the gravitational field and the medium of refrac-
tive and dispersive properties acting on the light trajectories is much easier when
the Hamiltonian formalism is used. This approach was originally introduced by
J. L. Synge in his book Relativity: The General Theory |Synge, [1960], where the
basic Hamiltonian was derived in the geometrical optics approximation. Since
then, it has been applied in many studies. These works are often focused on
calculations of the deflection angle in a cold plasma around a specific gravitating
object and on the description of other parameters related to light bending.

This work follows the previously obtained results and provides new applica-
tions of the formalism with a special scope on problems which are typically not
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considered in the literature. It can thus bring new legitimate aspects in the field.
However, it somewhat exceeds this approach since it also contains results related
with the topic in a broader sense (especially the last chapter).

Throughout the text, I tend to call a gravitating object around which the
light bends as “a black hole”, while the formalism is more generic. It does not
have to be necessarily the most extreme gravitating compact source, but any
object of a sufficiently large gravitating field, e.g., a star. Except in the case of
specific examples, the term “black hole” is used only as a formal descriptor in the
text, keeping in mind that it is completely unimportant whether the object has
a horizon or not.

The thesis consists of six chapters. In Chapter [1] the formalism applied in
the rest of the thesis is introduced. Some recent findings related to the topic are
also summarised there. Chapter [2| presents several general relations derived for
an axially symmetric stationary spacetime surrounded by a medium of refractive
and dispersive properties. In Chapter [3| the formulae obtained in Chapter
are applied to specific systems and their validity is demonstrated. Chapter {4| is
focused on the calculation of the deflection angle around a spherically symmetric
object in a moving medium defined in two specific situations. Chapter [5| presents
a completely different approach to study the light rays in a cold plasma around an
object described by the Kerr metric, in terms of allowed regions for rays. Technical
details related to the construction of the accessible and forbidden regions are
provided in Chapter [6]

The notation of indices throughout the thesisis 7,7 =1,2,3; o, 5 =0, 1,2, 3.
Unless specified otherwise, it is assumed that G = ¢ = 1 and the signature reads
(=, +,+,+).



1. The Hamiltonian Formalism
for Ray Propagation in
Relativistic Spacetimes

This chapter is dedicated to the theoretical description of the formalism which
is applied in the majority of the thesis. Since there is a lot of detailed literature
about this topic, it is not intended to provide a complete summary of all of them.
Complementary to that, the Hamiltonian formalism adjusted for a description
of light trajectories influenced simultaneously by the medium and gravitational
field is set into a broader context of a more general theory and also main terms
frequently applied in this context are thoroughly introduced. Moreover, the in-
tention was also to discuss the relevant parameters from a different perspective
than usual and to highlight some typically overlooked aspects of the theory. First,
the geometrical optics approximation is introduced, as it is the main assumption
under which the work is performed.

1.1 (Geometrical Optics Limit

Relativistic geometrical optics seen as an approximation of the Maxwell equations
formulated in the covariant form is typically adapted for a non-dispersive isotropic
medium, but it can serve well also in dispersive and anisotropic media if certain
conditions hold in the instantaneous local Lorentz rest frame of such medium.
These conditions are [Bicak and Hadraval, |1975]

« typical wavelength \; of considered waves is short in comparison with the
typical scales on which the properties of the medium (i.e., the refractive
index, the velocity) vary,

« the waves are locally monochromatic, i.e., the variation scales of wave prop-
erties (the amplitude, wavelength, polarization) are large in comparison
with /\t>

» the characteristic curvature radius of the spacetime is much larger than \;,
e the medium varies negligibly over one typical wave period.

As it basically relies on a comparison of two characteristic scales in the system,
geometrical optics is also sometimes called two-scale method and it corresponds
to approximate solutions based on the WKB methods [see, Breuer and Ehlers,
1980, 11981].

This approximation allows one to study the motion of photon particles in
terms of rays, interpreted as worldlines of the light signals. In this approach
there are thus three basic assumptions [Anile and Pantanol |1979)

« an existence of rays, a congruence of curves, is guaranteed,

« conservation equations of field square amplitudes along the rays exist,



e a transport equation for the polarization vector of the field along the ray
can be derived.

To describe the geometrical optics approximation more rigorously, following
Breuer and Ehlers [1980, [1981], let me introduce a linear differential operator
which is a function of some real parameter £, namely

J

D(e) = i gl

AR (1.1)
j=0 k=0

Matrix A}, is of dimension (m x m) and its elements are forms of degree r in
the partial differential operators 0/0x®, where a = 1,...,n. Their coefficients are
smooth, real, and functions of x € R". Because D(e) maps R™ functions on R"
onto functions of the same kind, relation

D(e)-U(e) =0 (1.2)

represents a linear, homogeneous partial differential equation of order p which
additionally depends on some parameter €. This expression is solved via an m-
vector U on R". The analysed relations are complex in general, but they are
effectively real in the given application.

An asymptotic form of solution U can be written as

Ulr,2) = D50y (g, ) R oi1256) 3 (5> Vi (2), (1.3)
n=0 ¢

where S denotes the eikonal, which is generally a complex function, while am-
plitudes V', V,, are from C™, defined on R™. The next question is how to find S
and V,, in the limit ¢ — 0 (which effectively corresponds to the geometrical optics
approximation). The gradient operator d, written as

d=(0/0z",...,0/0z"™), (1.4)

can be applied in the identity

o~ (0/2)5@) go(i/9S@) _ g 4 (l> ds (1.5)
€

which transforms equation D(e/¥)5V) = 0 into L -V = 0, where
L(g) = e~ (/5@ D (g)e/)5@), (1.6)

Note that L(e) contains also wave covector dS. Using the identity for d in the
definition of D(e) leads to

L(e) = f:gij, (1.7)

where differential operator L; is of order j. Moreover, the form of Ly can be
derived when i0S5/0x% is plugged in 3-F_, Al instead of 9/02*. Then, operator L
is a complex (m x m) matrix even when D(e) contains real coefficients, functions
of 2% and polynomially of 9S5/0z°.



Applying the identity (1.5)) in the relation D(¢) - U(e) = 0 with approximate
solution for € — 0 returns

p oo n
>eiL;- 3 (5) Vat) ~ 0. (18)
The zeroth-order solution reads

Ly-Vy =0, (1.9)

which effectively requires
det(Lg) = 0. (1.10)

This is a polynomial of degree mp in 0S5/0x® with real coefficients depending on
x®, while Ly can be complex. It is called the dispersion relation and it specifies a
principal variety in R?" of generally many branches, the cotangent bundle of R™.
Moreover, since it is a partial differential equation of the first order of degree mp
in S, it represents the eikonal equation as well.

Taking a real factor of the polynomial det(Ly) associated with one or more
branches of the principal variety as H(z,dS), the eikonal equation can also be
written as

H(x,dS) =0, (1.11)
solutions of which are from R?" and have to satisfy the canonical equations
oH . OH
P = ——nr, dS=——. 1.12
T 9ds) oz (1.12)

The projections of characteristic strips in R?" where the solutions given by the
canonical equations hold onto R™ are called rays. Infinitesimal parts on the ray
where S = const. are given by values of dS. Moreover, the dispersion relation
and canonical equations lead to the ray velocity with respect to any observer to
be the phase velocity, if & # 0 on the ray.

In the lowest-order approximation, where U can be found from

U = /95y (1.13)
the deviation between the exact solution U and the approximate one is given by
U -UO| =0(). (1.14)

It is hence seen that ¢ governs the accuracy of the obtained solutions and more-
over, the described approach indeed represents an approximation method.

To provide a more physical context, in typical applications which are discussed
below, it holds p = 3, m = 3, n = 4. In this case, the solution U can be
interpreted as plane, monochromatic waves which, under the assumption ¢ < 1,
can be expressed as

a(z,e) R eli/I5@ 3 (€> (). (1.15)
n=0 N
The asymptotes a,(z) have to be defined such that the linear approximation is

still legitimate, i.e., they have to be sufficiently small.
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In the complementary view, there are two scales, say \; and L;, corresponding
to the scale of the typical wavelength and background variations, respectively.
Then, parameter ¢ is defined as € = \;/L;. The limit € — 0 can thus be performed
in two separate ways:

(i) Ay — 0,

In the case (i), the background scale L; is fixed and all terms in the dispersion
relation are of the same order in €. Moreover, it is typically assumed that L; =1
and thus € = )\;. In contrast to that, case (ii) suggests to fix \; instead, which
leads to different powers of ¢ in individual terms of the dispersion relation. Setting
M\ = 1 gives € = L; ! and the corresponding dispersion relation may be expressed
in terms of dimensionless covariant directional derivative given by L,V.

Although both approaches (i) and (ii) are based on the same assumptions and
are valid in the scope of the geometrical optics, the difference between them lies
in the domain of validity. In the case (i), the wave itself is approximated in the
given domain along with fixed inhomogeneity and the corresponding accuracy
increases with decreasing wavelength. However, a range of original wavelengths
is kept in the case (ii) and it is the spacetime which is approximated in order to
improve the description and reach smaller inhomogeneity. The latter method is
hence more suitable for describing the effect of matter on waves, e.g., dispersion,
as it is already included in the lowest order approximation. This is not true
for case (i). Choice of an appropriate approximation has to be set numerically
from the realistic values of relevant parameters in given physical systems. Due
to unknown error estimates for particular cases in corresponding systems it is
not always possible to decide unambiguously which approach is more suitable.
However, when dealing with the light propagation in a medium, main interest
lies in studying the dispersion effects and case (ii) is hence typically chosen.

1.2 Rays and Waves in the Hamiltonian Theory

To provide a slightly different, but still useful, insight into the topic, rays and
waves are studied from the perspective of the Hamiltonian formalism in this sec-
tion. It is useful to look at the Hamiltonian presented in the following section
from a more general perspective which is the main aim of the following para-
graphs. There are two different ways how to introduce the Hamiltonian, and
since these involve specific features in relativistic physics, it seems useful to in-
troduce the formalism from this broader point of view. Both descriptions were
originally presented by Synge| [1960].

General theory
Initially, the existence of a spacetime metric g, is not assumed. In this more
general description only a Hamiltonian surface ¥ is required, situated in an 8-
dimensional space with for now unspecified coordinates (z%,y,). A 7-dimensional
subspace is described by an equation in the form

H(z,y) =0. (1.16)

8



Note that it is X which is defined, not H(x,y). As the surface ¥ can be associated
with a large variety of functions H(x,y), there is some kind of freedom which of
them will be chosen to represent ¥. Regardless of the exact choice, it still holds
that a displacement (dz®, dy,) is part of ¥ iff

OH . OH.
@(M +87ya(5ya—0 (117)

It leads to the conclusion that the expressions 22t 9% must reach definite values

) ) 0z’ Oya
at given points of X.
Let me consider an integral along an arbitrary curve o in X as

I= / (yadz® — 1Hds). (1.18)

It is assumed that there is an additional varied curve on X given by running
parameter s fixed at the same ending points as ¢ and [(s) represents a Lagrange
multiplier. It is a so-called side condition given by the second term in /. For such
an integral the extremals are relevant, and hence its variation in the form 67 = 0
is required. A standard variational calculation returns

01 = [ya02°] + / <5yad:va — 0x%dy, — Holds — lg;iéxads — lgz/{éyads> .
(1.19)

From the condition 61 = 0 for any dz®, dy,, and dl, with restriction dz® = 0 at
both ends of o, one gets
dz® OH  dy, OH

ds l@ya’ ds l@a:a’ =0 (1.20)

The Lagrange multiplier {(s) remains ambiguous, but for a given H it is possible
to choose s such that the extremal equations take the Hamiltonian, or canonical,
form, i.e.,

dz® 0 dyq 0
0 _OH  dya O (1.21)
ds Yo ds ox®

The constraint H(z,y) = 0 is necessary to determine the extremal by values of

(%, yo) when s = 0.

A different interpretation of points x® and y, can be also applied, taking
now as a starting object a 4-dimensional spacetime with coordinates x®. The
Hamiltonian surface ¥ is then not characterized as a 7-dimensional subspace,
but rather as a set of 3-dimensional spaces of y associated with each point of
the spacetime. Additionally, there is again the equation H(z,y) = 0 with z®
fixed, associated with the given space of y, which effectively forces to consider
this space as 4-dimensional. Since coordinates in the space of y are y, and to
keep the description invariant under any transformations of x coordinates in the
given spacetime, then y,dz® has to be invariant. This necessarily leads to the
fact that y, transforms like a covariant vector and it justifies the introduction of
y coordinates with subscript indices, contrary to x coordinates.

In this geometrical interpretation the curve to be extremalized is z® = 2%(s),
associated with a vector field y, = yq(s). Although it is the same geometrical

9



construct as before, its understanding is different, putting more emphasis on the
points of spacetime given by sets of x. Hence, if there exists an extremal between
two points A(z') and B(x), it can be written as

S(z',x) =S(A,B) = /AB Yadx®. (1.22)

Note that this integral is also known as the Hamilton principal or characteristic
function. Variation of this function gives

0S8 = yo 02" — y 02" (1.23)

Since differentials dz® and d2'* are again arbitrary, this returns two equations

oS oS

e, 22y 1.24
A Yo (1.24)
A corresponding substitution into H(x,y) = 0 leads to the form
S
=) = 1.2
H (az, 0x> 0, (1.25)

which is the well known Hamilton-Jacobi equation. Notice that an analogous
equation holds also for (z/,y').

A set of extremals in the given spacetime forms a (simply connected) domain
D of an arbitrary dimension — typically two, three, or four. In ID there is a vector
field y, given by the extremals. Moreover, circulation along an arbitrary closed
curve defined as

7( Yada® (1.26)
C

can be introduced in D. If circulations along all closed curves in D are equal to
zero, the extremals form a coherent system. Such extremals are called rays.

In a coherent system, where A is a fixed point in D and point B from D varies,
the integral

B
(A, B) = / Yada® (1.27)
A
is independent of the integration path. With constant b, the relation
I(A,B)=b (1.28)

restricts B to a subspace in D which can be denoted as a wave. A set of waves
given by changing b does not depend on A. In other words, integrals of the total
differential equation y,dz® = 0 are waves. It is important to mention that this
equation is integrable, as the only relevant system is coherent. Rays and waves
are thus defined by a set of extremals only from coherent systems. Both the
simplest and the most general examples of coherent systems are discussed below.

The simplest coherent system can be constructed from a set of extremals
starting at fixed A and forming . Then, for the principal function S(A, B) and
for a closed curve C' in D one gets

%yad:ca - %jds —0. (1.29)
0

1



Thus, it can be seen that the system is coherent. The waves associated with this
system are given by
S(A, B) = const., (1.30)

where B generally varies. Since I(A, B) in the coherent system is only a function
of B (point A is fixed), S can be called a one-point principal function and the
wave equation can be written as

S(z) = const. (1.31)

The most general coherent system is constructed when a subspace W of ar-
bitrary dimension in the spacetime is considered and a vector field ¥, on it is
chosen, such that

H(z',y') =0, v 02’ =455" (1.32)

It is assumed that the function S on W is positioned at (2'*,y.). The given
relations are required for every displacement dz’“ on W.

Then, all possible extremals are led from points at W with initial values
(2%, y,). In the domain covered by the given extremals an arbitrary point B(z)
can be associated with the function

Sy = [ ¥ pada® + S'(A). (1.33)

The integral is computed along the extremal. At point A the extremal aiming to
B leaves subspace W. Variation of B yields

6S(x) = yadz® — y,02' + 05" = y,2°, (1.34)

where the differential condition given above for y, was applied. The obtained
relation corresponds to a differential in the domain of extremals, and the circula-
tion hence vanishes. Thus, the extremals form a coherent system of rays, where
waves are given by S(x) = const. and S(x) is the one-point principal function.

It was shown that the general Hamiltonian approach relies on an existence
of a surface 3 along with the corresponding equation H(z,y) = 0. Additionally,
when a Riemannian spacetime with a metric g, is assumed, there are two kinds
of fundamental curves — geodesics and the Hamiltonian extremals. However, no
direct relation between the two can be determined. This can be performed in
terms of geometrical optics, where the Hamiltonian extremals are interpreted as
optical rays and geodesics do not play a significant role. More details about this
aspect are provided below.

Riemannian spacetime
The theory for rays and waves can also be constructed in the Riemannian space-
time with the exclusive usage of tensor g,s. This can be derived when for the
Hamiltonian surface ¥ the equation H(z,y) is expressed in the form

H(x7y> = /Hl(l’,y)?‘[2<l’,y)7‘[3($7y) - 07 (135)
where

Hi(2,y) = 0°%Yays, Ho(z,9) = 6Pvays +1, Hi(z,y) = ¢ yays — 1. (1.36)
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A subspace of three dimensions
where z are fixed and ¢*’ are con-
stants is thus split into sheets, where
either Hy, Ho, or Hz equals zero (see
Fig. . Vector y must reach its ex-
tremal value on one of these sheets.

From the Lagrange formulation
given above the corresponding equa-
tions for extremals read

dx® d
—— = 19"y, % = —19" Ys¥y,
(1.37)
and because [ is a scalar function,
changing the parameter s can lead to
the equations

dx® Ay, 1

el 47 e By
Figure 1.1: Hamiltonian surfaces in the  ds g9 s 99 st
Riemannian spacetime (adapted from (1.38)
Synge| [1960]).
Due to that the following holds:

=0 for Hy =0,

dat i’ o =1 for Hl =0 (1.39)
gaﬁ ds ds =g yay,@ - or 2 — Y '
=1 for Hg = 0.

It can hence be seen that the Hamiltonian extremals are geodesics, namely null
ones for H; = 0, timelike for H, = 0, and spacelike for Hz = 0. Note that this is
generally not the case when a medium is present, which is discussed in detail in
the following section.

From the obtained relations the Hamilton principal function can be written
as

B B B
S(A,B) = /A Yo dr® = /A 9P yaysds = L/A ds, (1.40)

where ¢ = {0, —1, 1} for null, timelike, and spacelike geodesics, respectively.
The first canonical equation presented above can be used to express

dxP
Yo = gaﬁg- (141)

From y,0z% = 0 one can show further for null rays that

dx® dz® dx”?

e R 1.42
Yogs T 99705 ds 0 ( )

which demonstrates that in this class rays both are orthogonal to waves and lie

in them, while in the remaining cases rays are solely orthogonal to waves.
Similarly to the previous approach, a coherent system can be constructed,

setting the subspace W and the corresponding function S’. In the case when W
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is only one point of the spacetime, S’ is constant, so that 65’ vanishes, and solely
the condition H(z',y’) = 0 has to be solved. In order to satisfy that, vector
Yo has to be taken such that its end point lies on either H; = 0, Hy = 0, or
‘Hs = 0. Hence, these extremals are either null, timelike, or spacelike geodesics,

respectively.
Especially in the case of null geodesics one gets y,dx® = 0 along the rays,
which returns S(z) = S’ = const. However, waves alone are defined by the

condition S(z) = const. and the null geodesics originating at point W thus form
a single wave, a null surface corresponding to the null cone. For timelike and
spacelike geodesics waves are obtained by considering constant elements along
the rays, forming hyperboloids. These curves effectively correspond to those
presented in Fig. [1.1]

When W is a timelike curve given by the relation 2'* = 2'*(p), where param-
eter p remains constant along the ray, the function S’(p) and the vector y/, have
to obey

,dr’™dS'
Ty
The latter expression corresponds to a flat 3-subspace which breaks the surfaces of
‘H into sheets, where suitable y exists. When only intersections of the 3-subspace
with H; = 0 are assumed, one gets a system of null rays and waves. For the
option S = const. there exists no y with extremal given from H; = 0, such
that the second equation given above holds. It is worth mentioning that this
conclusion corresponds to the fact that any null vector is not orthogonal to a
timelike vector.

H(x',y') =0, (1.43)

1.3 Synge’s Formalism

The pioneering work in analytical calculations of light propagation in a medium
around a compact gravitating source was performed by [Synge| [1960]. Although
this work might seem a little old fashioned, it experiences a huge revival, which
is supported also by more than 1 000 citations within last 10 years.

To give a more physical essence to the relevant variables, the canonical quan-
tities are further denoted as z® and p,. Meaning of the spacetime coordinates
for the former set is maintained, while the latter one is discussed more in detail
below.

To describe the ray propagation through a refractive, dispersive medium char-
acterized by refractive index n and 4-velocity V¢, the corresponding Hamiltonian
takes the form

M, pa) = 5 [o%poms — (0~ Do,V (1.44)

The spacetime metric ¢%° characterizes a gravitating object, while n and V¢

define the medium which surrounds it. Furthermore, the dependence of photon

frequency w(x®) as measured by an observer at rest with respect to the medium
at point z¢ is derived from

w(z®) = —p, V7. (1.45)

Both the wave phase speed and w(z®) are assumed to be measured in the rest
frame of the medium.
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In accordance with classical optics, the medium can be described in terms of
the refractive index and its other properties via the medium equation, which in

this case takes the form N
Pap

P14 1.4
C I Gy A
Note that this expression is based on the relation between the wave phase velocity
vpp, for which n = v;hl. Moreover, the definition relies on the fact that the
specific form of the refractive index is given by the medium description known
from outside and in this sense it enters the medium equation as a known quantity.
Note that can be also applied to derive the Hamiltonian (|1.44)).

As discussed in previous sections, a substantial constraint laid on the Hamil-
tonian is H(z* p,) = 0. In a more physical context it corresponds to energy
conservation in the system which restricts the initial values, while it is sustained
by the canonical equations.

The covariant component p,, regarded as fundamental in H(z%, p,), is the
frequency 4-vector which is typically treated as a 4-momentum component of a
photon. However, it should be mentioned that photons in plasma are usually con-
sidered as “phenomenological”, meaning that the derivation of their 4-momentum
from the quantum theory of the electromagnetic field in a medium is not unique.
Moreover, unlike photons in vacuum, their 4-momentum in an arbitrary medium
is neither tangent to the photon worldline, nor parallel-transported along it |[Bicak
and Hadravaj, 1975]. However, the most intuitive way how to define p, is such
that the corresponding photons can be directly related with photons associated
with wave packets in a given medium. In this sense rays discussed in terms of
geometrical optics and throughout this thesis represent the “history” of photons.
For more details about this description, see |Bicak and Hadrava, [1975].

Using the Hamiltonian , we get the equations of motion (canonical equa-

tions) in the form

dz® OH  dp, OH
= = _ ) 1.4
ds  Op, ds ox™ (1.47)

It is necessary to mention explicitly that although sometimes stated in the liter-
ature, s is generally not an affine parameter. This is due to the inhomogeneity
caused by the plasma which prevents s from following the affine reparametri-
sation. However, if imply geodesic, then s is an affine parameter in the
equation of the geodesic. Additionally, note that dispersion effects here naturally
enter the equations of motion because n is in this case a function of w which is
from (|1.45) a known function of p,.

As discussed above, a known definition of n determined from other parts of
physics such as plasma theory can be applied to the formalism to study light prop-
agation within such a medium. For instance, in the cold plasma approximation
the Hamiltonian takes the forml[l

1
H(x®,pa) = 5 |07 paps + wi(2%)] (1.48)

where w, is the electron plasma frequency, related to the electron number density
N, through

2 a
2/ .\ __ € Ne(l' )
wplet) = €Mme

(1.49)

'For details on deriving this relation from 1) see Chapter
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Parameters e, ¢y, and m, represent the electron charge, vacuum permittivity, and
the electron mass, respectively.

Note that the derivation of Hamiltonian can be also performed in full
generality, based on Maxwell’s equations, the equation of motion for the electron
fluid, electron charge conservation equation and normalisation of 4-velocity. This
calculation can be found in Perlick| [2000]. Notice that this relation can be used
only for light propagation in a non-magnetized plasma.

A more general approach was performed by Breuer and Ehlers [1980, |1981],
where the case of a magnetized cold plasma was studied. The corresponding
Hamiltonian can then be expressed as

-2
H(2”, pa) = wi(wh — wp)(wg — b — wp)? (1.50)

— (wf = F)wi@L(wf — F —wp) +wp(@r - B)7),
where k' is the wave 3-vector (i.e., p* = K w?), and wt is the Larmor angular
velocity defined as &, = (—e/m.)B.

If B =0, one gets

-2
H(z%, pa) ~ —wp + k 4+ w2 =p>+wl = g"psps + w2,

and this expression corresponds to defined without a magnetic field.

Note that although there is a significant importance of a description which
includes the magnetic field, besides Breuer and Ehlers| [1980],1981] only Broderick
and Blandford| [2003] seriously studied such systems. This tends to be a serious
issue when speaking about applications to real physical systems. For this reason,
one of the future research directions in this field should definitely be focused on
this topic.

1.4 Applications of Synge’s Formalism

As mentioned in the previous section, many works based on Synge’s approach
have been published during the last several years. At this stage it might be
useful to provide a brief overview of the main findings presented in these studies.
Thus, it can easily be seen how results presented in this thesis contribute to the
current state of the field.

One of the earliest studies developing the formalism of Synge was probably the
one by Bicak and Hadraval[1975], where more astrophysical context was provided.
Furthermore, an extensive description of this subject, in a broader range, was
provided in a monograph by |Perlick| [2000]. Among others, the deflection angle
around a Kerr black hole in a cold plasma was given there.

Recent attention to the Synge approach probably started with papers by
Bisnovatyi-Kogan and Tsupko| [2009, [2010], where light deflection was studied in
the weak-field approximation and a cold plasma was assumed. The Schwarzschild
metric was used to define the gravitating object and plasma was considered both
homogeneous and non-homogeneous. The main conclusion of these studies was
that a plasma effect on light deflection occurs even in a homogeneous medium.
The deflection angle around a slowly rotating object in a cold plasma in the weak-
field limit was studied by Morozova et al|[2013]. In the corresponding systems,
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Bisnovatyi-Kogan and Tsupko| [2010] and Morozova et al.| [2013] also described
possible effects on gravitational lensing in terms of image magnification.

A strong gravitational field of a Schwarzschild black hole along with a homo-
geneous cold plasma were assumed for calculating the deflection angle by [Tsupko
and Bisnovatyi-Kogan| [2013]. Relativistic images were also studied within this
work, which includes derivation of their angular positions and magnifications.

Ray tracing of light in the vicinity of a Schwarzschild black hole in plasma
was investigated in a series of papers by [Rogers [2015] 2017a,b|. Several profiles
of plasma density were assumed and its relevance in comparison to the gravita-
tional effects was analysed. Moreover, the dependence of photon trajectories on
frequency was discussed in detail.

On the contrary to the spherically symmetric spacetime, practically the only
axially symmetric spacetime almost exclusively studied is the Kerr case. Light
propagation in the Kerr metric in the presence of a cold plasma was studied in
detail by Perlick and Tsupko| [2017, 2024]. The main result of the work by Perlick
and Tsupko| [2017] is a general formula for the plasma electron frequency which
satisfies the separability conditions for the Hamilton-Jacobi equation that are
necessary to completely solve the problem. Furthermore, the black hole shadow,
the deflection angle, and different types of orbits were discussed in this study.
The continuation of the research on this topic in [Perlick and Tsupko [2024] is
devoted to more specific types of photon orbits, resulting in additional effects not
observed in vacuum. The deflection angle in the weak deflection limit up to the
second order is also presented by the authors.

Application of the Synge Hamiltonian to the Robertson-Walker spacetime
was performed in Schulze-Koops et al. [2017]. The findings show that possible
cosmological redshift and distance measurement fluctuations due to plasma are
small, but they lead to measurable values in the radio frequency band. Note that
light propagation in a plasma in the Friedmann universe was studied already by
Bicak and Hadrava/ [1975].

The deflection angle for a stationary spacetime in a cold plasma in the weak-
field limit was calculated by Crisnejo et al.|[2019]. Contrary to the studies pre-
sented so far, a technique based on the Gauss-Bonnet theorem was applied in
this work. The orbit equation in the equatorial plane was presented and terms of
the deflection angle up to the third order in the weak-field approximation were
obtained.

Dispersion effects caused by the presence of a plasma on the light rays around
a Kerr black hole were analysed by Kimpson et al. [2019a]. Implications for
observations of pulsar rays bent near the galactic center were discussed. [Kimpson
et al.| [2019b] followed this setting and investigated possible ways how to test
general relativity in the given framework. This can be obtained in terms of the
time-frequency signal which can be directly measured. The study suggests which
factors are relevant in order to calculate the time-frequency dependence in order
to compare them with observations.

Light propagation around a Kerr black hole surrounded by a cold plasma of
various profiles was described by [Sareny and Balek| [2019]. Moreover, star distri-
bution functions defined as the angular dependence of the density of background
star images were introduced. Examples for vacuum and a few plasma distribu-
tions were plotted and discussed.
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A detailed analysis of the light-deflection angle around a spherically symmet-
ric spacetime surrounded by a general dispersive medium characterised by its
refractive index was given by Tsupko| [2021]. The derived general formula was
applied to particular media and corrections to the vacuum case were discussed.
Note that in these calculations the medium was assumed to be static.

Following the preceding discussions, some recent works considered more spe-
cific systems. [Matsuno| [2021] calculated the deflection angle around a gravitating
object characterized by the Kaluza-Klein metric immersed in a cold plasma. The
ray behaviour around a neutron star given by a spherically symmetric metric in
a cold plasma was analysed by [Briozzo and Gallo| [2023].

Another feature frequently studied in this field is the so-called black hole
shadow. The shadow occurs due to the presence of an event horizon which is
magnified by the gravitating effects of the black hole. As a result, the shadow is
much larger than the event horizon itself. The form of a shadow of an arbitrary
spherically symmetric black hole embedded in a cold plasma was calculated in
Perlick et al.| [2015]. Note that a useful general form of a spherically symmet-
ric gravitating object which was further applied in other studies was probably
originally introduced in this work.

Some recent works calculating the black hole shadow in a plasma are, e.g.,
Badia and Eiroal [2023], Briozzo et al. [2023], Zhang et al. [2023], Kobialko et al.
[2024]. A detailed review of analytical results related to the black hole shadows
was presented by Perlick and Tsupkol [2022].

Several works focused on gravitational lensing problems also assume the pres-
ence of a plasma. Er and Mao| [2014] considered two astrophysically motivated
forms of the lensing objects and studied gravitational lensing in the presence of
a cold plasma. They assumed that the lens can be either a spiral or elliptical
galaxy, defined the respective plasma density in such a galaxy and analyzed var-
ious parameters of strong lensing, such as the magnification, time delay, image
positions, etc. This study argued that the effect of plasma depends on the galaxy
redshift, as the ionized gas gets denser. Moreover, the presence of a plasma
causes a change between the image positions in different frequency bands which
can be applied to determine the plasma density of the lens galaxy. [Er and Mao
[2022] analyzed effects of a plasma in the lensing galaxy on strongly lensed fast
radio bursts. They found the plasma effect to be apparent especially for low ra-
dio frequencies and proposed that the detection of lensed fast radio bursts could
constrain both the mass and the plasma distributions in the lens. The effects of
plasma on microlensing were investigated by [Tsupko and Bisnovatyi-Kogan| [2020)
and the time delay due to plasma was discussed by [Bisnovatyi-Kogan and Tsupko
[2023]. Sun et al. [2023] considered a system composed of a star, its stellar wind,
and a planet and analysed additional lensing effects due to the plasma.

A majority of studies based on the Synge formalism hence assume as a medium
surrounding the gravitating object a cold non-magnetized plasma. It is the sim-
plest plasma approximation with unexpected properties and astrophysical appli-
cations (see Section[4.1)). However, in real physical systems it is not the only one.
Furthermore, the gravitating object is usually assumed to be either spherically
symmetric (Schwarzschild) or an axially symmetric Kerr black holes. For inves-
tigations of the validity of the description by the Kerr metric, a more general
approach should be taken. This is typically not the case.
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2. Light Propagation in a
General Axially Symmetric
Stationary Spacetime

In most of the studies based on Synge’s approach [e.g., Rogers, 2017a, Tsupkol,
2021}, Briozzo and Gallo|, 2023], spherically symmetric spacetimes were considered.
In some other works [e.g., Morozova et al., 2013, |Liu et al., 2017, |Perlick and
Tsupko| 2017, the Kerr metric was considered. However, none of them assumed
a general axially symmetric spacetime, similarly as it was performed for a general
spherically symmetric spacetime in [Perlick et al.| [2015]. Before analyzing the
light deflection, we study a system with an axially symmetric object surrounded
by a cold plasma and find general conditions for both the spacetime and the
plasma which guarantee that the equations describing the light propagation are
integrable. Results presented in this and the following chapter were published in
Bezdekova et al.| [2022], Bezdékova and Bicak [2023].

2.1 The Generalized Carter Constant

Due to conventional notation, let me assume that an axially symmetric station-
ary metric is defined in coordinates (t,,r,9), and the metric coefficients are
only functions of r and ¢. They are independent of ¢ and ¢, as we assume the
existence of two Killing vectors which are related to these coordinates. In order
to study the deflection angle, it is necessary to derive an integrable system which
requires the existence of a (generalized) Carter constant [Carter, [1968]. For this
reason, one has to find conditions under which the existence of the Carter con-
stant is guaranteed. As it is demonstrated further, this is closely related to the
separability of the Hamilton-Jacobi equation for light rays in a plasma in a given
spacetime.

The separability of the Hamilton-Jacobi equation is an entirely local property
and for this reason, the specific physical interpretation of the coordinates is quite
irrelevant. This means that whether ¢ runs over all R and ¢ runs between 0 and
2m is in fact not important. From this point of view, the assumed coordinate
system is not necessarily restricted, but coordinates are required to guarantee
an existence of two commuting Killing vector fields that span timelike surfaces.
This coordinate system is further denoted as (¢, p,r,v9) (due to its natural and
usual understanding), but the coordinates can be basically arbitrary. Let me
further mention that standard spherical coordinates — these typically denoted as
(t,,r,9) — can be inappropriate for finding the Carter constant, while defining
the desired symmetries in another system can be much more convenient. This
fact is discussed further in Section 3.1l

The separation of the Hamilton-Jacobi equation is possible if and only if the
plasma density is independent of ¢ and ¢, or more generally, of the coordinates
which do not occur in the metric coefficients. Moreover, since the possible sepa-
ration depends on the chosen coordinate system, if the Hamilton-Jacobi equation
separates, then it separates in a coordinate system in which the metric coefficients
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Gtrs Gt9, Gors Jpu, and gy vanish. Hence, the axially symmetric stationary metric
can be written in a general form as

ds® = —A(r,9)dt* + B(r,9)dr* + 2P(r,9)dtdp + D(r,9)d9* + C(r,9)de* . (2.1)

As outlined above, there are two Killing vector fields 9/0t and 0/0¢ which span
timelike surfaces. Meeting this condition requires AC' + P? > 0, B > 0, and
D > 0.

In addition to the dependence on coordinates, the metric coefficients can be
in principle functions of arbitrary many parameters. As an example, in the Kerr
metric there are two additional parameters — the mass M and the spin a. How-
ever, from the perspective of the equations of motion these are solely parameters
(constants), and it is hence not necessary to state them explicitly in order to find
the complete solution.

Non-vanishing terms of the inverse metric to are
grr — 5 1 ’ 91919 _ 1 7 ggogo — A(T7 19) . ’ (22)

(r, 1) D(r,9) A(r,0)C(r,9) + P?(r,0)
it —C(r, ) to _ P(r,9)
S T A 0Cr0) + P2(r0) Y T A 9)Cr,9) + P2(r0)

Since the separation can be performed only if the plasma frequency wﬁ(xo‘)
is solely a function of coordinates r and 1, let me set wf,(r, 9). Hence, when a
spacetime is defined by the metric (2.1), the Hamiltonian (1.48) can be written
as

. 1 p% p% piA(T, )
H(a® pa) = 5 B(r,0) " D(r,0) " A 9)C(r,0) + P2(r,0) 2
2
S S —— 2L — T

A(r,0)C(r,9) + P2(r,9)  A(r,0)C(r,9) + P%(r,9)

One can directly infer that p, and p, are constants of motion because it is
clearly seen that %—t{ = 0 and % = 0. In an asymptotically flat spacetime, the
constant —p; has a direct physical meaning for a ray reaching infinity, i.e., the
frequency measured by a stationary observer at infinity [see, e.g., |[Perlick and
Tsupko|, [2017]. For emphasizing direct connection to its physical meaning, let me
denote —p; as wy. Two more constants of motion in the system are still needed.
One of them is the Hamiltonian itself, since H(z%, p,) = 0. In order to derive the
Hamilton-Jacobi equation, the Hamiltonian is typically expressed as a function

of 2% and 22 rather than of * and p,. For this reason, let me introduce the

oz
action S which can be written in a separated form as
S(t, o, 1,09) = —wot + pup + S, (1) + Sy(V). (2.4)
The Hamilton-Jacobi equation is then derived from
. 0S

which leads to the form

1 (dS () 1 [(dSy(9)\’ PRA(r,9)
O_B(r,ﬁ)< dr ) +D(m9)< 75 ) T Ao 1 ) 2

B cugC'(r, ’19) . 2w0papp(r> 19) + OJ2 (’I“ 19)
A(r,0)C(r,9) + P2(r,9)  A(r,9)C(r,9) + P?(r,9) pr s
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Note that this condition holds for arbitrary p, and wy. Thus, to find the sepa-
rability conditions the only freedom is to multiply the equation by an arbitrary
non-zero function F(r, ), i.e.,

o e} (SE) ) S (SO) s roi e
+ F(r,9) [pi A(r,9) — wiC(r,9) — 2wopy, P(r, 19)} ,

A(r,9)C(r,9) + P%(r, )

Equation is regarded as separable if and only if its individual terms are
either a function of r alone or a function of ¥ alone for arbitrary p, and wy. Terms
independent of p, and wy will be discussed first. The functions dS,(r)/dr and
dSy(9)/dvy are generally non-zero for light rays; separability can be achieved if

F(r,0) _ F(r,9) _
B9 = Fr) and i G), (2.8)
which gives
B(r,9)  G(v)
D(r.0) ~ F(r) (29)

This is the first necessary condition for separability which has been found. If
the quotient of functions B(r, ) and D(r,?) is not in the form given by (2.9), one
knows that separability cannot be achieved. Moreover, this is true for light rays
moving both in vacuum and in a medium of any plasma density. Additionally,
if condition holds, the function F'(r,v) can be found either from the first
or equivalently from the second equation in (2.8). The function F'(r,v) can be
defined unambiguously up to a non-zero constant factor which can exist because
G(U¥) and F(r) are unique up to a common non-zero constant factor. Further-
more, the function F(r,v) is defined solely by the metric coefficients, i.e., it is
independent of the plasma. From the requirement given above that B(r,d) and
D(r,9) are positive, it is also obvious that F(r) and G(¥) have to be both positive
and F(r,1) is hence positive, too and it is further secured that it has no zeros.

Applying conditions in the Hamilton-Jacobi equation returns

0= F(r) <d5;hf7")> + () (W) + F(r,9)2(r ) (2.10)
F(r,v)

+

2A(r,9) — wiC(r,9) — 2 P(r,9)).
A(r,9)C(r,9) + P2(r, V) (P2A(r, 9) = w3C(r, ) = 2ui0p, P, )

One more term independent of p, and wy is the term with plasma frequency
wg(r, 9). In order to satisfy its separable character, it has to be the general form

fr(r) + fﬁ(ﬁ)

wp(r.0) = F(r,d)

(2.11)
where f,.(r) and fy(¢) are arbitrary functions of r and ¥, respectively. In this
condition, it is obvious that the function F(r,v) introduced in the previous step
has to be non-zero, and it is determined uniquely, up to a constant factor, by the
metric alone without any relation to the plasma frequency itself.
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Let us now look at the terms from |D proportional to p?o, wg, and pywo,
respectively. There has to be an additional condition set on A(r,4), C(r,v), and
P(r,9) in order to satisfy the separability which reads

F(r,9)
A(r,9)C(r,9) + P%(r, )

X(r,0) = X,.(r) + Xy(9), (2.12)

where X stands for A, C, or P.
If all separability conditions discussed above are satisfied, (2.7)) can be rewrit-
ten as

F(r) (d%ﬁr)) + fi(r) +piAT(r) — W Cr(r) — 2wop Pp(1) = (2.13)
—G(v) (CZS;@) — fo(0) = p2As(9) + wiCy (V) + 2wop, Py (V) = —K.

The Hamilton-Jacobi equation expressed in the form given above allows one to
introduce the parameter K independent of both r and 1, i.e., a new constant of
motion. Hence, the parameter IC will be called the (generalized) Carter constant
below.

Let me further make two crucial observations. It is important to realize that
if the Hamilton-Jacobi equation for light rays does not separate in vacuum for
the given spacetime, it does not separate for light rays in plasma either, whatever
the plasma density is, i.e., plasma itself cannot cure possible non-separability
stemming from the spacetime definition. On the other hand, if the Hamilton-
Jacobi equation for light rays separates in vacuum, there exists a range of plasma
densities, defined by condition (2.11)), where F(r,?) is given by the metric, but
functions f,.(r) and fy(¢) are arbitrary, defined to separate for light rays in the
plasma as well.

The Carter constant found in is associated with a conformal Killing
tensor field both in vacuum and in plasma. To show this, recall that definition
sets the Carter constant only on the hypersurface H = 0. The Carter
constant can be defined over the entire cotangent bundle (z%, p,), but one has to
introduce

(e, ps) = K (@) — 5 F() + 3 u(0) (2.14)
where
K™ (@) p,p, = SG0) — sFOW+ 3 (As() — A2 (2.19)
1

—5(Co(9) = Co(1) 9} + (Po(9) = Po(r) ) p,pr.
A symmetric second-rank tensor field K*”(z*) depends on the metric coefficients,
but not on the plasma density. When performing a straightforward calculation,
one finds out that the function K(x®, ps) can be expressed in two equivalent forms
as

K(x®,pg) = =F(r)p} = Ac(r)p} 4 Cp(r)p} = 2P, (r)pope — f(r) + F (r, ﬁ)H(fva(? p,a)),
2.16
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K(z%,pg) = G(9)p5+ Ao(9)p}, — Co(0)p; + 2Py (9)pope + fo(¥) — F (r, 19)7'1(900(‘,1?6))-

2.17
When assuming that H = 0, i.e., under a specific choice of the hypersurface,
expressions and lead to the function IC defined by of exactly
the same form as the Carter constant introduced in ([2.13)).

Moreover, the Poisson bracket {C,H} vanishes on the hypersurface H = 0
because K is a constant of motion. This is true for arbitrary definitions of f,.(r)
and fy(9). Choice f,.(r) = 0 and fy(¢) = 0 returns the Poisson bracket in the form
{K"™ (x*)p.p., 9" (2°)p,p, } which is zero on the hypersurface g* (z”)p,p, = 0.
Hence, K (z®) is a conformal Killing tensor field of the spacetime.

2.2 General Form of the Photon Region

After finding the necessary and sufficient conditions for the existence of the Carter
constant and hence integrability of the equations of motion, the parameters rel-
evant for the light description in the vicinity of an axially symmetric object in
a plasma can be studied. One of them is the so-called photon region, i.e., the
region where light rays move along a sphere with r = const. defined in the Boyer-
Lindquist coordinates. For the compactness of the expressions, let me further
write A, instead of A, (r) etc., bearing in mind that these functions are actually
functions of the argument they carry as an index.

It is now useful to rewrite dgf and % in 1} by applying = = p, and

% = pyg, respectively. From simple algebraic manipulations of (2.13)) we derive
F(r)p2 = =K — f, — p2 A, + wiCr + 2wop, P, (2.18)
Gy = K — fo — pBAs + wiCy + 2wopy Py. (2.19)

Since the photon region is defined as a set of all light ray trajectories entirely
present on the hypersurface r = const., ¥ = # = 0 has to be satisfied along
these rays. The dot means the derivative with respect to the curve parameter
present in Hamilton’s equations. These light rays will be further called “spherical”
although r does not have to be necessarily a radius coordinate. The corresponding
equations of motion are

= "B o DT (220
They return
B*(r,0)F(r)i* = =K — f, = pL Ay + Wi Cr + 2wop, P, (2.21)
and
D(r,0)G(0))" = K — fy — p2Ag + wiCy + 2wop, Py. (2.22)

Along an arbitrary spherical light ray there are two equations which have to hold
and take the form

0=-K—-f — piAT + weCy + 2wop, Pr = R(r), (2.23)
0=—f —p2A, +wiC) + 2wop, P, = R'(r). (2.24)
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The derivative with respect to r is denoted by ’. From these two equations it is
possible to express, for every spherical light ray, the constants of motion K and
p,- The general formulae take the form

wo P! Al

o =0 (11 - s (- i), (2.25)
AT ! 2/ 2

K T (ff = wiCr) = fr +&3C, (2.26)

w3 P! A, P! Al
+2 21, (Pr— 7 ><1i\/1—wgp,2(f’—w0 )).

The remaining pair of the equations of motion reads

o= oH _ PLA(r, V) B woP(r, V) (2.27)
Ip,  A(r,0)C(r,9) + P2(r,9)  A(r,9)C(r,9) + P%(r,0)’ '
P oH woC (7, 1) PP (r,9) (2.28)
Ap: A(T, NC(r,9) + P2(r,9)  A(r,9)C(r,9) + P%(r,9) '
The inequality
K — fo> piAlg — wCy — 2uwop, Py (2.29)

has to be satisfied because the left-hand side of (2.22) cannot be negative. Ex-

pressions ([2.25) and (2.26)) can be further plugged into inequality (2.29)) which

gives the final formula
£ P, AP a (N
A’ ( - C. | +C, + 2A’ P. A 14,1 P2\ 2 C! 2
f19 f/ , Pl A19P/ f/ ,
> wg A’ —C | —Cy+ 2A’ A Py 1,1 Pr o —-C].

(2.30)

The inequality establishes the photon region because a spherical light ray
is present at every point (r,v) where the given condition holds. Note that there
can be up to two solutions corresponding to the plus or minus signs before the
square root.

There are two kinds of spherical light rays — stable or unstable when regarding
perturbations in the r-direction. Considerably significant are the unstable rays,
for they can be used as limit trajectories of light rays that reach the photon region
from infinity. A spherical light ray is unstable if

0<R'(r)=—f— piA;f + wi O + 2wop, P! (2.31)

2.3 Black Hole Shadow

Thanks to the separability of the Hamilton-Jacobi equation for light rays, it is
possible to obtain the analytical formula for the boundary curve of the shadow.
This will be done for the case when the defined spacetime describes a black hole,
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with a general form given by , but the chosen procedure can be applied also
to other compact objects, e.g., wormholes or neutron stars.

The shadow is typically calculated for an observer located at fixed coordinates
(ro,¥o) outside the black hole horizon. To adequately describe the configuration
of the system, a suitable orthonormal tetrad has to be introduced. It takes a
general form

€y = }/16,5 + 1/2890’(7,0’190) s (232)
1

0= —— 8, , (2.33)

D) o0
€3 = Yali +Yid | o) (2.34)
1

3= — —— 9, (2.35)

B(r9) 090

The functions Y7, Y53, Y3, Y, are defined by the orthonormality conditions
gleg,e0) = —1, glea,e2) = 1, g(ep,e2) = 0. Their specific forms have to be
obtained individually for a given metric. Component e, can be treated as the
4-velocity of an observer. In full generality, the orthonormality conditions for the
chosen form of the metric are

—A(r,0)Y? + 2P(r,9)Y1Ys + C(r,9)Yy = —1, (2.36)
—A(r, )Y + 2P(r,9)YsYy + C(r, )Y =1, (2.37)
—A(r, 0)Y1Ys + P(r,0)(Y1Ys + YaY3) + C(r,9)Y2Y, = 0. (2.38)

Note that there are only three equations — for four unknown functions
Y1, Ys, Y3, Yy Due to that, one of the unknowns has to be chosen arbitrarily.
Although this statement might seem to be rather artificial, it is only a consequence
of the fact that any normalized timelike vector in the two-space spanned by 0,
and 0, can be chosen for the 4-velocity.

Furthermore, let me define the tangent vector to the light ray

A(s) = (r(s),9(s), (s),t(s))- (2.39)
It can be written as _ .
A =70, + 00y + pO, + 10, . (2.40)

The dot again has the meaning of the derivative with respect to parameter s
used in Hamilton’s equations. Because this tangent vector can be defined at an
arbitrary point, it can be in principle defined also at the point of the observer.
At this position, the tangent vector takes the form

A = —éaeg + B(sin O cos e, + sin O sin ey + cos fes)

. 241
(Toﬂgo) ( )
The positive functions &, 3 will be defined below, while 6 and 1 are the observer’s
celestial coordinates — the colatitude and the azimuthal angle, respectively. The
Hamiltonian (1.48)) gives the parametrization of light rays in the form g(\,\) =
—wy and then

d2—B :w;

. 2.42
(TO/&O) ( )



Additionally, & is given by

a =g\ eo) = g(\, Y10, + Y20,) = Yi(tgu + pgip) + Yaltgr, + 0g,,)  (2.43)
= le(_wO) + Yvagm

and hence

B = \/(=Yiwo + Yap,)? — w2. (2.44)

In agreement with previous definitions, the derived expressions have to be calcu-
lated at the point of the observer, i.e., at (ro,Jp). The condition & > 0 governs
the orientation of the light ray from observer’s position into the past, which means
that wy = —p; is negative.

As a further step, it is desirable to find a relation between the celestial co-
ordinates 6, ¢ and the constants of motion p,, K. This can be performed when
comparing the factors before 0, and 0, in and with the usage of

[2:32)-[2:35). This gives

7 = —[fcos (9#, (2.45)
B(r, )
¢ = —aYs + Bsinfsin Ys. (2.46)

In order to find the specific formulae for the given system, the expressions
for the dotted variables (2.21)), (2.22), (2.27), (2.28), and the factors &, 3 ,
derived above have to be plugged into the obtained general relations. After
doing that, they read

1/2
K+ fr+p2 A, — wiC, — 2wop, P,
sinf = 1+ Jr 1 0 . 0Py 7 (2.47)
F(r,9)((=Yiwo + Yap,)” — w?)
(ro,90)
sin e = (Ay + Ay + F(r,0)Y?)py — (Pr + Py + F(r,0)Y1Ya)wo
- 1/2
F1/2(r,9)Yy [F(r, 9) (~Yiwo + Yopy)’ + K — fo + p2 A, — wiC, — QWOPSDPT] o
TO,VO
(2.48)

In order to discuss the shadow, all light rays that come from the observer po-
sition into the past have to be considered. As a boundary of the shadow, light
rays asymptotically approaching the spherical light rays forming the photon re-
gion outside the horizon consisting of unstable spherical light rays are taken. In
principle, both kinds of light rays have the same constants of motion p, and K.
Due to that, expressions ([2.25) and (2.26]) can be plugged into to express
coordinates  and 1 as functions of the radius coordinate r =, (p, and K de-
pend on this radius). This allows one to derive the boundary of the shadow on
the observer’s sky as a parameterized curve in terms of r, between its minimal
and maximal values. These limits are given from the condition siny = 4+1. The
boundary values can hence be calculated from

(Ar + Ay + F(r,0)Y)p, = (Pt Py + Fr,0ViYo)wo| = (249)

(roYo
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1/2
£F(r, 0)Ya [F(r,0)(~Yiwo + Yapp)? = w2) + K+ fr + p2 A, — wBCy — 2opy P |

(ro,9o) .

In comparison with the vacuum case, the shadow in a plasma is also a function
of wy. As was already discussed above, in the asymptotically flat spacetime wy is
the light ray frequency measured by a stationary observer at infinity. The light
rays considered in the current calculations are parameterized in the past-oriented
direction, and wy is hence negative, while the positive frequency w,,s measured
by the observer at (ro,¥o) reads

Wobs = Y1(—wp) + Yop,. (2.50)

The 4-velocity of this observer is determined by the tetrad factors Y; and Y5.
When Y; = 0, the light rays of the same wy return the identical w,,s, but this is
not true for Y # 0.

2.4 General Formula for the Deflection Angle

The deflection angle « is given in full generality as
a=Ap—m. (2.51)

Recalling that motion along a straight line would be Ay = 7, the deflection angle
represents the deviation from this case and hence the subtraction of 7. The term
Ay is given from the relation dp/dr and is calculated further below. However, at
this stage it should be mentioned that in fact it consists of two parts which are
identical but for the sign. This is important for the final form of A¢ which can
be thus expressed in the form

R [e%) 00
dp dp dp
A:—/—d /—d :2/—61. 9.52
¥ ooal’r’ T+R drr Rdrr ( )

For this reason, the + sign present along with dy/dr in the following expressions
disappears in the final formula for a.

In this section, in comparison to the previous text, the form of the Hamilto-
nian will be considered. Moreover, the medium is assumed to be at rest
in the chosen coordinate frame, and its individual components hence are V¢ = 0,
V* = (—gy)~ /2. Then, the Hamiltonian takes the form

a 1 _
H(2%,pa) = 5 [9%Paps + (0 = Dpgy"] (2.53)
As already discussed, for a fully general dispersive medium n = n(z®, w(z®)).

Moreover, from the relation between the photon frequency w(z®), the momen-
tum p,, and the medium velocity V¢ (1.45)) and by applying the above-mentioned
assumption, one gets

w(a®) = —pi(—gu) . (2.54)
Using the form of the metric (2.1)) leads to the expression
1

(2.55)

w(r,9) = —ptm.
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Furthermore, assuming the metric (2.1]) also yields

N O I 3 P2A(r, 9)
H@pe) = 5\ 56y Y D) T A 0)C () £ P D) (2.56)
piC(r, ) 2pipp P(r,0) pi(1—n?)

A(r,0)C(r,9) + P2(r,9)  A(r,9)C(r,9) + P2(r,9) A(r,9)

The relation —p; = wy can be again applied in the following relations, and it
will be further assumed that the medium has a refractive index n = n(r,w(r)).
By applying the Hamiltonian (2.56)), the equations of motion read

. OH pLA(r,9) — P(r,9)wo
7T Op,  A(r0)C(r,9) + P2(r, 9)’

. _OH
" op, T B(ro) (2:58)

(2.57)

The condition H(z%, p,) = 0 can be used for deriving an equation for compo-
nent p,. In such a defined system its form is

B wyC (1, 0) + 2wop, P(r, 9) — pRA(r,9)  wd(1 —n?) p3
pr= £y B(r, 79>J A(r,0)C(r, 0) + P2(r, ) A9 D(ﬁfﬁ)'
(2.59)

Combination of the relations given above gives an equation of motion for the
rays in the form
dp ¢  B(r,9) pyA(r,9)— P(r,9)wo

ar 7 pr A(r,90)C(r,9) + P2(r,9) (2.60)

In the following calculations, it is assumed that the rays lie in the equatorial plane,
i.e., ¥ = m/2 and py = 0. An expression for a total deflection angle can be then
derived in a fully analytical form. Moreover, studying the rays in the equatorial
plane is the most intuitive case and it is also a natural choice, considering further
the well-known Bardeen-Petterson effect.
Plugging the expression for p, (2.59)) into (2.60|) gives
P(r
d£ _ j: A(T)B(r) (%g B ﬁ) (2 61)
dr VA@C(r) + P2(r)

" (C(T) o N P(r) (1- nQ)A(r)C(T) + P2(r)>—1/2'

Alr) wf Two Alr) A%(r)

This equation actually describes two parts of the ray trajectory, with the r co-
ordinate either decreasing or increasing along increasing ¢. Motion in each part
corresponds to a different sign in relation (2.61) — + when r increases, while —
for r decreasing.

After some algebraic manipulations, formula can be rearranged to take

the form
2 (C) . P() 12
n + >3

dr




Following the notation introduced in previous works [e.g., Perlick et al., [2015],
the function h?(r) can be defined, and in this case it reads

h2(r) = n? (ig:g + Zié:i) . (2.63)

For photons moving in the vicinity of the Schwarzschild black hole (when P(r) =
0 and the remaining metric coefficients have corresponding forms) in vacuum
(when n = 1), the function h?(r) has the physical meaning of the photon effective
potential [Misner et al., [1973].

Moreover, in the cold plasma approximation, the refractive index n can be
rewritten as

n?=1-— Zéi:; —1- wi(;)A(r), (2.64)

where relation for the photon frequency w(r) modified for the case of the
equatorial plane was used. Note that the form of the plasma frequency w,(r)
has to be specified from the properties of the medium surrounding the compact
source and it enters the equation as an additional parameter. Furthermore, note
that equation characterizes only an unmagnetized cold plasma, while when
considering magnetic field, the corresponding dispersion relation would be more
complicated, with a non-isotropic tensor needed to describe the medium. In a
cold plasma the function h?(r) thus is

RA(r) = A(T)Og(; Fr) (1 - ww(OT)A(r)> . (2.65)

When going back to the more general case, the deflection angle formula in an
axially symmetric stationary spacetime with a refractive medium characterized
by refractive index n finally takes the form

. , ~1/2
a= 2/$ A(r)B(r) LY IR (2.66)

g VAMICE) + P20) | (re _ 2oy?

wo

Parameter R denotes the minimal value of the r coordinate which a ray can reach,
i.e., it is the turning point of the ray. Thus, this point is defined by the relation

dr

arl o 2.
i 0 (2.67)

r=R

Considering the form of the equation of motion (2.62)), the condition for R is
analogous to a situation when

hY(R) = (7:;;’ . ig) . (2.68)

The fraction 22 has the well-known physical meaning of the ray impact parameter
b, and expressmn - hence actually describes a relation between R (in terms
of the function h?(R)) and b. This relation is very useful, because while R is a
coordinate-dependent variable, b is a frame-independent dimensionless quantity
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which is commonly used for the description of light deflection. In the case of a
general axially symmetric spacetime and plasma, the impact parameter can be
expressed as a function of R as

(2.69)

When using definition (2.68)), the deflection angle can be expressed in the compact
form

—-1/2

by A(r)B(r h2(r)
a=2 -1 dr —m. (2.70
[\t Gl - 5 =y -

With the help of equation , the deflection angle can be further expressed
as a function of b. However, there are more elegant ways how to obtain the
dependence of the deflection angle on b, and at this stage, it was sufficient just
to briefly outline how it can be performed in the chosen approach.
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3. Applications of the General
Formulae

The general expressions obtained in Chapter [2]will be applied here to demonstrate
their relevance for particular cases. Separability of different spacetimes with the
usage of the conditions derived in Section is discussed in Section [3.1] and

various applications of the deflection angle formula obtained in Section are

presented in Sections [3.2] 3.3} and [3.4]

3.1 Separability of Chosen Spacetimes

As was already outlined in Section [2.1], the derived formulae can hold in principle
for an arbitrary frame system and it is hence necessary to carefully choose the
suitable coordinates. Moreover, the derived conditions can be used to directly
decide whether in the given spacetime the equations for the rays are separable.
This is shown for several examples in the following section. Moreover, if the
separability can be performed, in particular cases the Carter constant is found.

3.1.1 The hairy Kerr metric

First, let me use the general expressions for the case of the hairy Kerr metric.
As it is a straightforward generalization of the Kerr metric, which was already
studied by Perlick and Tsupkol| [2017], the derived results can be easily compared
with their previously found relations. A generalized form of the Kerr metric in
Boyer-Lindquist coordinates is [e.g., Islam and Ghosh| 2021]

2 M 2 darM
ds? = — <1 _ 702(7~)> dt? + %er + P2do? — ”72“) sin2ddtdp  (3.1)
p p
2a2r M
+ (7’2 + a® + arpQ(T) sin? 19) sin? 9dy?,

where A = 72 + a® — 2M (r)r, p* = r*> + a® cos® 1. The expressions are formally
the same as defined for the Kerr metric, which can be derived as a special case
when M(r) = m = const.

The terms introduced in Section 2.1l in this case are

2

B(r, ) = %, D(r,9) = p, (3.2)
F(r,9)=p* F(r)=A4A, GW) =1, (3.3)

A = —a;, Ay = sin"? 9, (3.4)
C, = e —ZGQ)Q, Cy = —a’sin® 9, (3.5)
P, = —a(TQAJF aQ), Py = a. (3.6)
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The relations are formally identical with the equations found for the Kerr metric,
but A now contains a general function M (r).

When the form of w’(r, 1) is taken as it was defined with (2.11) and the
above-defined expressions are considered, the two equations defining I take the
form

s, \’ 45\ 2 )
) ( drr> +hrtpp A —wiCr—2wop By = A ( d;) +fr_Z(ap<p+<7’2+CL2>W0>2
(3.7)

and
dSy\” ds,\’ P 2
9) (dﬁ) +fﬁ+piA‘9_ngI9—2w0pson9 = (dl9> +f19+<sin¢19 + asinﬂwo) .
(3.8)

The derived formulae are formally identical with relation (27) presented in |[Perlick
and Tsupkol| [2017].

A significant disagreement between the case of the Kerr metric and the hairy
Kerr metric arises in the expression for the photon region. Indeed, applying the
general expression derived in the previous chapter to the hairy Kerr metric
gives

2

r?A filr— M —rM’) fr+fol 2. o
_Jr — 1 > .
(r = M — M (1i¢1 272 2 a“sin“ v > (3.9)

2
1 '(r— M —rM
v Sy <M(a2 — %) +rM'(r? +a2)irA\/1 G 5 ! )> +a25in219] .

r—M 2r2wg

When one wants to reproduce the result for the Kerr case as it was obtained by
Perlick and Tsupko| [2017], it is necessary to set M’ = 0.

The last remaining formula to calculate is the expression for the hairy Kerr
black hole shadow. However, this relation is exactly the same as for the Kerr
metric derived by Perlick and Tsupko| [2017], except that the definition of A
would be as defined above and hence more general. From this point of view,
stating this expression explicitly here would bring nothing new, and it is hence
omitted.

It should be also mentioned that the physical systems defined by the two
metrics (Kerr, hairy Kerr) differ substantially, although their formal appearance
is very similar. A physically legitimate definition of the function M (r) is that it
proportionally decreases with increasing r, while the matter stress tensor emerges
along with the presence of a non-constant M (r) by maintaining energy conditions.

3.1.2 The Hartle-Thorne metric

The Hartle-Thorne (HT) metric describes both the interior and the exterior parts
of a neutron star. Its form for the external gravitational field of a rotating star
accurate to the second order in the angular velocity can be found in the Appendix
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of [Hartle and Thorne| [1968]. This metric reads

dsQ:—<1—2Ajﬂw+2iz> {1+2P2 cos ) []\j; (3.10)
o
+<1—2i_w+27:£2>_1{1—2P2 cos 1)) []\Z; 1_7“>
2@ ]\jj/MQz _1)] 0?
+7? {1 + 2P (cos V) l = < 2.;\4) + = Q- JQ/M

<1“(7“2]142]\4)Q% (4 -1)-@ (5 - 1>>] } x {d192 +sin® ) (dp - i‘;dt)Q} .

The constant factors M, J, and () denote the mass, the total angular mo-
mentum, and the quadrupole moment of the star, respectively. The function
Py(cos 1) is the Legendre polynomial of order 2 with the argument cos, while
the associated Legendre functions of the second kind with the argument 7 — 1

are denoted by Q"' (ﬁ —

Glampedakis and Babak [2006] showed that the Hartle-Thorne metric in the
given coordinate frame separates the Hamilton-Jacobi equation for geodesics only
when J =0 and Q = 0, i.e., in the Schwarzschild metric. Otherwise, even for the
specific choice Q = J?/M # 0 which corresponds to the Kerr metric, separability
cannot be achieved.

Because the derived statement holds for lightlike geodesics, it is obviously still
true for light rays in given coordinates in a plasma, regardless of the definition of
the plasma density. In the following calculations these findings will be recovered
with usage of the general conditions presented above.

To simplify the long expressions in the HT metric, let us introduce a compact
notation in the form

2M  2J? . J?
5Q— J*/M . 2J
R VER T
Moreover, Q" will be used below rather than Q" (ﬁ — 1).
Let us further introduce
M 2
Ma =1+ 2P5(cos?) [ <1 + ) + KQz} , (3.12)
5M
My = 1 — 2Py(cos ) [ (1 _ T) 4 KQ%} , (3.13)
2M 2M
M, =1+ 2Py(cos?) |—j (1 + ) + K| —————Q3—- Q3| |. (3.14)
r r(r—2M)
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The particular metric coefficients presented in (2.1)) then read

A(r,9) = AiM 4 — jir® sin® I M., B(r,9) = A7 ' M, (3.15)
C(r,9) = r*sin® IM,, D(r,9) = r*M,,
P(r,9) = —jir® sin> Y M,

From the derived expressions it can be clearly seen that the ratio of terms B(r, 1)
and D(r,9) equals

Br9d) Mz (3.16)

D(r,9)  AiriM,
However, from the separability conditions it follows that this ratio has to be a
function of ¥ alone — G(¥J) — divided by a separate function of r — F(r). The
definitions of Mp and M,, clearly demonstrate that their dependence on r and
9 requires that the separability can be performed only if J =0 and @ = 0, i.e.,
for the Schwarzschild metric. In the case when Q = J*/M(# 0) (Kerr metric)
the suitable frame transformation to Boyer-Lindquist coordinates can be applied.
It is well known that in this coordinate system separability can be achieved.
An explicit form of the desired coordinate transformation can be found, e.g., in
Glampedakis and Babak| [2006] and it is discussed in more detail further (see

Section |3.2.1)).

3.1.3 The Melvin universe

The Melvin universe is a specific solution of the Einstein-Maxwell equations with
a uniform magnetic field. It was originally derived by Bonnor| [1954] and 10 years
later rediscovered by Melvin| [1964]. A detailed analysis of the geodesics in the
Melvin spacetime can be found in Melvin and Wallingford| [1966].

The Melvin universe can be described by a metric of the form

ds® = @ [(14 p*)*(=dt* + dp* + d=*) + p*(1 + p*) 2dg?] (3.17)

where a is a positive constant taking the role of an overall scaling factor, ¢ denotes
the time coordinate, and p, z, and ¢ are the cylindrical polar coordinates. For
the purpose of further calculations, let me introduce A(p) = 1 + p*.

Separation in spherical coordinates
As was already discussed in Chapter [2| metric terms have to obey several con-
ditions in order to find the individual separated terms and the Carter constant.
Although the coordinate system can be arbitrary and the obtained expressions
can be then written in the system of choice, the most natural frame is provided
by the spherical coordinates (¢, r, 1, ¢). However, metric is expressed in the
cylindrical coordinates (¢, p, z, ¢). Hence, let me use a coordinate transformation

t =t, (3.18)
p =rsind, (3.19)
z =rcos v, (3.20)
© =, (3.21)
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which allows one to express the Melvin universe in the spherical coordinates. It
then transforms to

ds® = a° {AQ(T, V) (—dt® + dr® + r*d¥?) + r? sin® YA (r, 19)d<p2} , (3.22)

where A(r,9) = 1+ r?sin?¢. In the case when A(r,9) = 1, metric (3.22) would
correspond to the Minkowski spacetime.
Applying the notation from Section [2.1] individual metric terms yield

A(r,0) = @A*(r,0), B(r,9) = a*A*(r,9), (3.23)
C(r,0) = a’r?sin® 9A(r, ), D(r,9) = d2r2A2(7", ),
P(r,9) =0.
These terms return the functions
B(r, ) =r 2 =  Fr) =ar’A*r9), F)=r* GW) =1, (3.24)
D(r,9)
and

A(r,9)C(r,9) + P*(r,9) = a*r?sin® ¥. (3.25)
However, plugging these expressions into (2.12)) when searching for separated
parts of A(r, ) returns
F(r, 0)A(r, )
A(r,9)C(r,9) + P2(r,9)

= A'(r,9)sin™? 0 = sin® I(r? + sin "2 9)* £ A, + Ay,

(3.26)
which obviously cannot be separated, while the remaining terms are
F(Tv 19) 2
c(r,9)=r"=0C,, 3.27
A 9C ) + Py ) =T (3.27)
F
(r, ) P(r,9) = 0. (3.28)

A(r,0)C(r,9) + P2(r, )

Hence, it is evident that due to the lack of feasible separation of the term A(r,d),
it is impossible to determine the Carter constant in this coordinate frame.

Separation in cylindrical coordinates
However, when different, more suitable, coordinates are used instead of the spher-
ical ones, the separation can still be derived. For this reason, let me do the same
procedure in the cylindrical coordinates p, z in which the Melvin metric was
originally introduced, see (3.17)). Using the original notation of Section , the
discussed metric terms are

Alp, z) = @*N*(p), B(p, 2) = a®A*(p), (3.29)
Clp,2) = @’ p*A>(p), D(p,z) = a*A*(p),
P(p,z) =0.

Notice that these terms are only functions of p. For this reason, it is simple to
find

=1 = F(pz)=a*A(p), Flp)=1, G(2)=1, (3.30)

35



and moreover

A(p, 2)C(p, 2) + P(p,2) = a*p?, (3.31)
which further yields
A, = p 2\ (p), A, =0, (3.32)
c, =1, C. =0, (3.33)
P, =0, P.=0 (3.34)

Naturally, the derived results are not unique, as an equal constant can always be
added to X, and subtracted from X,, where X denotes A, C, or P.

In order to find the Carter constant, substituting the individual parts of A,
C, and P into (2.13]) returns the Hamilton-Jacobi equation in the form

ds,\? ) ds. \? _
(%) + 5o+ stoonio) - = (5] ~re =k 639

which corresponds to the results obtained in Melvin and Wallingford| [1966].
Then, the photon region can be described by the expression

A !

L (. RFACEY) (3.36)
In vacuum the entire spacetime basically represents the photon region. Since the
separation in the Melvin universe was finally performed in cylindrical coordinates
rather than in spherical coordinates, the photon region is filled with “cylindrical
light rays” rather than with spherical light rays. Moreover, these cylindrical light
rays are not restricted to a spatially limited compact region, and there is hence
no meaningful definition for a “shadow” in the Melvin spacetime.

Let me briefly mention that one can assume in principle a more general case
when analysing an exact solution of the Einstein-Maxwell equations describing
either a Schwarzschild or a Kerr black hole embedded in a Melvin universe. For
the Schwarzschild case see Ernst| [1976] and see Ernst and Wild| [1976] for the Kerr
case. Moreover, a shadow of either of these black holes was recently discussed in
Lima Jr. et al|[2021], [Wang et al. [2021], respectively. Unfortunately, the light
ray equations are not separable in these cases.

3.1.4 The Teo wormhole metric

One more example demonstrating how to apply the derived general formulae when
searching for the generalized Carter constant is a stationary and axisymmetric
metric describing a rotating traversable wormhole obtained by [Teo| [1998]. The
necessary and sufficient conditions for separability of the Hamilton-Jacobi equa-
tion for light rays in a plasma in such a spacetime can be found from the general
results. Moreover, it is possible to analytically determine the photon region and
the shadow in this case. Note that in vacuum and for a specific subclass of the
Teo metrics, the shadow was already obtained by |[Nedkova et al.| [2013].
The metric describing the object takes the form

r

p\ L
ds® = —N?dt* + <1 — ) dr? + r2K2d0? + 2 K2 sin 0 (dp — @dt)®,  (3.37)
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where N, K, b, and @ are functions of » and ¢. It is assumed that the metric is
asymptotically flat. To satisfy this requirement, at r — oo the functions present
in the metric must behave as follows:

K=1+0 (1) | (3.38)
J

b 1 5 2 1
;=0(;) a=+o(n)

The coordinates for the spacetime are chosen so that they cover the region
between the “neck” of the wormhole, which is characterized by the equation
b(r,9) = r, and infinity. Moreover, the functions N, b, and K have to be strictly
positive in this range. Furthermore, it is required that 0b(r,9)/0¢ — 0 and
b(r,9) > rob(r,9)/0r at the point of the neck. To get a wormhole that connects
two asymptotically flat copies of a spacetime, they have to be glued together at
the neck.
From the notation introduced in one can be directly deduce that

b\ !
A(r,9) = N? — r K*@*sin? 9, B(r,9) = (1 — T) : (3.39)
C(r,9) = r*K*sin? 9, D(r,9) = r*K?,
P(r,0) = —or*K*sin® 9.
Application of (2.8]), (2.12) implies
b
F(r,9) =r*K? F(r) =rK? (1 — r) . G =1, (3.40)
A(r,9)C(r,9) + P*(r,9) = N*r*K?*sin® ¥, (3.41)
and, finally,
r?K? L
A =— B 2 Ay = sin~2 9, (3.42)
T2K2
CT — W, 019 - O, (343)
r?K?
PT = —Wu}, P19 = 0. (344)

In order to find the photon region, it is necessary to determine the following
functions

rK? , ., (K*\ K%,
Al = —QW(A} EEACH Bl e (@), (3.45)
rk?  , (K?\
rkK?_ , (K?\' r?K?_
P = —ZWQJ —r?Q <N2> Nz @' (3.47)



It is obvious from these relations that to perform the separability of variables,

each of the functions
K b
—, K*|1-- A
K ( ) o

have to be solely a function of r.
When this assumption holds, a new radial coordinate ¢ can be introduced,
satisfying

-1
dl =+ (K 1— i) dr. (3.48)
This variable is useful because it depicts the radial length in a new metric obtained
by the conformal transformation g, — K 2g,,. As { € (—00,00), the new
coordinate system (¢,9, ,t) captures the whole spacetime from one asymptotic
end to the other, while the original Teo coordinates (r, 9, ¢,t) describe only one
half of the spacetime (from infinity up to the neck). To find the discussed light
ray functions, it is more useful to use the original Teo coordinates.

The separated parts of A, C', and P can be substituted into (2.13), which
gives the relation for the Carter constant

b\ (dS,\’ K’ K’ r?K?
r?K? (1_7"> (dr) + fr(r) — pi e 0 — Wi e + 2woPp—5— Nz @ (3.49)

—_<C§;> — fo(09) — sm 29 =-K.

Moreover, the equations for the derivatives of the functions S, and Sy can be
expressed with the help of I, namely

(10 (%) = e - e by @

(ﬁ?>__x fo(9) — p2 sin2 . (3.51)

Note that the special case when the plasma density is zero (i.e., in vacuum) and
the metric functions N, b, K, and @ separately depend solely on r was already
studied by Nedkova et al.| [2013], and the corresponding equations were already
derived there.

In the next step, relations for K and p, have to be found. From the general
expressions ([2.25) and one gets

wo (' +02) £ /* (£)"+ & (@ +20%)

“Pe Q'+ 207 , (3.52)
2
o0 o (2 + £ (o' +20%))
- A - fT) (353)
(@ +20%)

38



where 252
r
Q= N2
Note that the function Q depends on r only and, similarly to the previous cases,
" denotes the derivative with respect to 7.
Using the derived equations for p, and C in (3.51)) yields

2

~/ 1 I ~/ 2
o) Q%$$QQ< ) LI (Q’+2Q )) Lt b (Q’+2Q“ﬁ> >
@ @ W @
~ 2
in~2 92 Q’+QZ:&JQQ<W> Ir (Q’+2Q )) , (3.54)

which is the condition for the existence of a spherical light ray around the Teo
wormhole. This expression is naturally obtained also when the general formula
(2.30) is used.

When assuming that the equations for p, and K given by and ,
respectively, are functions of the radius coordinate r = r,, the boundary curve of
the shadow parameterized by r, can be obtained from the equations and
(2.48) which return

' K — fﬁ 1/2
= , 3.55
0= (=) - )
. . Py
siny) = Sovk—T, . (3.56)

To derive the expressions for the wormhole shadow, it is necessary to introduce
an orthonormal tetrad, in this case chosen in the form

1
€o = —— (815 + (I)a@> s (357)
(7'0»190)
e = Lo, , (3.58)
b K oo
1
= —0 3.99
“ rKsing ¥ (ro90) ( )
p\ /2
€3 = — (1 - > 5, (3.60)
T
(7‘07190)

Until now, the Teo wormhole was studied only generally for arbitrary forms
of N, K, b, and @. In the following calculations, a specific example of the Teo
wormhole is assumed, taking the form

2

2 2
ds> = Q(r, ) ( _dr+ e r281n219<dg0 _ r?dt) ) (3.61)

1 T
7"2
with )
Qr,9) =1+ M. (3.62)
roT
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The parameter ry is a positive constant factor of the dimension of length and
a is a constant with the dimension of length squared. The radius coordinate is
defined between ry and infinity. The neck is set at point ry, where it holds that

(T/Q(T, 19)) (1 — r%/rQ) = 0.

Individual metric terms of this object are

2 2

A(r, ) = Q(r, ) (1 - 4;3 sin? 0) O B(Y) =, 9) <1 - :g) T 363)
C(r,9) = Q(r,0)r*sin® ¥, D(r,9) = Q(rI)r?,

2
P(r,9) = —22Q(r, 9) sin? 9.
T

The functions relevant for the separation in this case read

P =960 70 =2 (1-8), s -1 Ge
A(r,9)C(r,9) + P*(r,9) = Q3(r,9)r*sin® 9, (3.65)

and the separated metric terms are

4 2
A, = —%4, Ay = sin29, (3.66)
C, =r? Cy =0, (3.67)
2
P = —7“, Py = 0. (3.68)

To find the generalized Carter constant for such a spacetime, the plasma density
has to be of the form
_ L) + fo(9)

wpl(1,9)? = Tt (3.69)

The equations of motion generally defined by (2.21)), (2.22)), (2.27)), and (2.28))
now yield

Q*(r,9)r*i? = <r2 - 7"3) (— K+ (i(jpw - w07’>2 — fr(r)) ; (3.70)

?
L 3.71
sin?y Jo (371)
Dy (7’4 - 4a251n219> + 2 awgy rd sin?y
B Q(r,9) r sin®d ’
. wor® —2ap,

i
Q(r,9) r3

QX (r,0)r*? = K —

(3.72)
(3.73)

The right-hand side of and its derivative are equal to zero for the case of
spherical light rays. It can be easily found that this is true at r = rq, i.e., at the
neck. Moreover, the Carter constant for the light rays satisfying this condition is
a function of p, and hence

K(p,) = <i§ Py — wor)2 = fr(r). (3.74)
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These spherical light rays at the neck are unstable in vacuum, but in plasma
their stability depends on the function f,.(r). Assuming r # rg, calculating the
right-hand side of and its derivative when they equal zero leads to the two
equations for p, and K. These constants of motion for a light ray on a sphere of
radius 7, read

2 /
Po(rp) = % (Tp + \l97“;2; - 4rpfrc(dgp)) 5 (3.75)
2
K(r,) = ‘fg <3r,, + Jgrg - 4r,,f i(;”)) — filry). (3.76)
0

As a result, at the neck there is not only the photon sphere, but in general
there is also a photon region universally defined by ([2.30) and evaluated for the
studied case as

/ ? 4 /
(3r + \l9fr2 - 4rfT(§>) 1680 +2f19(19> > (r ¥ Jgﬂ - 4rfr(§))
wp wp 4a’sin“v wp
(3.77)
Equation also returns the condition when the spherical light orbits in the
photon region are unstable, which yields

2

5 Pl +wh — WPy (3.78)

0< R'(r)=—f"(r)+2 (40@2 da ) .

There are several restrictions for in vacuum. First, only the upper signs
are allowed, and second, for a < 73 /6 the photon region does not exist at all, i.e.,
the only unstable photon orbits which can serve as limit curves for light rays
defining the boundary of the shadow are those at the neck. On the contrary,
the photon region exists when a > r2/6. Such a photon region is formed by
two symmetric parts which are connected in the photon sphere at the neck. The
shadow boundary line results from light rays of two kinds — those which spiral
towards the photon sphere and those which spiral towards unstable spherical
orbits in the photon region where r, # r9. A new interesting effect occurring in
a plasma is that the photon region may become separated from the neck, while
the spherical orbits at the neck are stable. In this case, the shadow boundary is
hence completely defined by light rays that spiral towards spherical orbits in the
part of the photon region that lies on the same side of the neck as the observer.

The photon orbits for a wormhole defined by with the specific choice
a = r3/3 and a = 0.8r%, are shown in the two panels of Fig. [3.1] The plasma
profile determined by the functions f, = 4wr2(ro/r)'/? and fy = 0 was chosen.
Note that in a thus defined plasma, the photon region of the Teo wormhole with
a = r3/3 does not exist.

When determining the wormhole shadow, the same tetrad as in (3.57)—(3.60))
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Figure 3.1: Teo wormhole photon regions with (a) a = 72/3 and (b) a = 0.8r2.
The dashed blue curves show the boundary of the photon region in vacuum and
the red solid curve corresponds to the plasma case when f, = 4w2r2(ro/r)"/? and
fo» = 0. For such a plasma profile the photon region does not exist if a = rZ/3.

is used, but with the corresponding form of the given functions, i.e.,

1 2
€)= —F/——— (& + Z(’?@) y (379)
Q(r, ) r
(ro,90)
1
€1 = Waﬁ s (380)
(r D)r (ro¥o)
1
ey = d, , (3.81)
Q(r,9)rsind
(ro,90)
1 2\ 1/2
€3 = — ——— ( - 72) 0, (3.82)
Q(r,9) r
(ro,¥o)

Note that the observer position 7o is not the same as the neck radius rq. The
corresponding coefficients at 9; and J,, determined from ([2.40)) in comparison with

those in (2.41)) allow one to get

2ap, — word,
\/Q(To,ﬁo) T% ’

b= Pe (3.84)

\/Q(ro, 90) ro sin Jg sin ¢ sin 6 .

In order to derive the specific forms of & and 3, relations (3.72) and (3.73)) were
used. The coefficients at 0, and 0y can be treated in a similar manner. After doing

(3.83)

a =
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s0, the obtained formulae for i and ¥ have to be used in 1) and ‘D along
with applying the expression 1) for 5. Evaluation of the celestial coordinates
v and 6 then yields

tan?f) = 5 k= f192(790> : (3.85)
(gm - W0T0> - K- fr(To)
Life)
sin?h — P . (3.86)
(K= faldo) ) sin®do

Furthermore, when assuming that p, = p,(r,) and K = K(r,) as known from
(13.75)), a part of the shadow boundary determined by light rays that spiral towards
spherical light rays in the photon region can be found. This curve is parameterized
by 7,. The part of the shadow boundary defined by light rays that spiral towards
the photon sphere at the neck is parameterized by p, and can be found when
applying K = K(p,,) from ({3.74)).

The shadow of the Teo metric seen by an observer set at position ro = 5r¢/2
and Jp = 7/2 both in vacuum and in a plasma is shown in Fig. To depict
the shape of the shadow, dimensionless Cartesian coordinates previously used in
Perlick and Tsupko| [2017] were adopted. They are of the form

X(r) = —2tan (0(2ﬂ> sin(e)(r)), (3.87)

Y(r) = —2tan (9(;)) cos(¢(r)). (3.88)

The coordinates are defined in the tangent plane to the celestial sphere at the
pole where 6 = 0 and the stereographic projection onto it is performed.

3.2 Deflection in the Weak Field Approxima-
tion vs Complete Solution

A comparison of the derived general analytical formula for the deflection an-
gle and an approximate solution when weak field is assumed, i.e., when
M/R < 1 will be performed in this section. It is an instructive way how to
demonstrate the relevance of a complete solution and at what distance from the
black hole it is necessary to consider it. This calculation is performed for both
the Kerr metric and the HT metric and it is thus also possible to express the ef-
fect of the quadrupole moment that is generically present in the latter case. The
expansion is derived up to the third order in M /R while maintaining terms up to
the second order in angular velocity when the approximation of the HT metric as
an external gravitational field of a rotating star is still valid. Moreover, as it will
become clear further, the effect of the quadrupole moment can be observed first
at this order. Because the main goal of this section is to compare directly the
deflection angles for both the HT and Kerr metrics in the weak field, it is useful to
compute the formula for the HT metric, although it was already discussed as an
approximation of the external field of nonrelativistic stars by [Hartle and Thorne
[1968].
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Figure 3.2: Shadow of the Teo wormhole seen by an observer at ro = b5rg/2
and Yo = 7/2 when (a) a = 13/3, f, = 0, fy = 0 and (b) a = 0.8r2, f,. =
462r2(ro/r)Y/2, fs = 0. The shadow boundary determined by light rays spiraling
towards spherical light rays in the photon region is marked by the thick purple
curves, while boundary parts defined by light rays that spiral towards the photon
sphere at the neck, i.e., when r = ry, are marked by the thin green curve. The
dash-dotted circles show the position of the celestial equator.

3.2.1 The Kerr metric

The expression for the deflection angle of light in a cold plasma propagating
around an object described by the Kerr metric in Boyer-Lindquist coordinates
in the equatorial plane was already derived and discussed, e.g., in [Perlick| [2000].
This formula takes the form

- ° \r(r—2M) ( (R — 2M)2R2(r) _1>1/2dr_7r
J 2 =2Mr+a® \ (2Ma(R —r) + (r — 2M)h(R))* ’
(3.89)
where
R*(r) = r*(r* — 2Mr + a?) (1 — wpw(gr) (1 — 2;]}/[)) : (3.90)

The introduced relation can be also obtained from the derived general formula

(2.70)) assuming that

oM r2
A =1—- — B = 3.91
(n=1-==, )= i (39
IM a? 2M
Ctr) =12 +a® + 28 Py =22
T T

These terms are taken in the equatorial plane and thus they do not resemble the
usual Kerr metric coefficients.

In order to make the manipulation with the equations more convenient, let
me introduce a general form of the deflection angle formula in the Kerr metric in
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the equatorial plane as

= Z/f;(err(r)dr -7, (3.92)
where
(i —2M) (R —2M)2h2(r) e
Jicerr(r) = r2 —2Mr + a? <(2Ma(R —7) £ (r — 2M)h(R))? - 1) - (399)

Although an analytical calculation of the integral is quite complicated
in general, it is significantly simpler in the weak-field approximation. In this
approximation, terms up to the third order will be derived below. The reason for
the choice of this order will be clarified. Assuming a vacuum case (w, = 0) and
under the conditions of the weak field, the function fr..-(r) can be treated as

R M(R?+rR+7r?%  3M*R®+rR+r?)?
fKerr(r) N Y 5 2 5 (394)
712 — R? rR(r + R) 2r’R%(r + R)
a*(r* — 2R?) 2Mar M(5R? 4+ 4rR + 2r?)
22R? | R:(r+ R) rR(r + R)
+3Ma2(7“4 + R(R+7)(r* —2R?) 5M3(R?*+rR+1r?)3
2r3R3(r + R) 2r3R3(r + R)?
The individual terms are then integrated as follows
<  Rdr 7
—_— = = 3.95
/R rr2 — R 2] (3.95)
/OO M(R*+rR+r?)dr 2M (3.96)
R r2(r+RWr2—R* R’ '
o 3M?*(R?> +rR+r?)%d M?
/ Wl rydr Mo ), (3.97)
R 2r3R(r+ R)2V/r2 —R* 8R
o0 2Mad 2M
/ ar _ e (3.98)
R R(r+R)Wr?P—R* R?
= a2(r? — 2R?)d
/ ar Jr (3.99)
k2R = I
% 2 M? 244 2r2)d M?
/ a(bR? + 4rR + 2r*)dr _ a(57r _g), (3.100)
R rR2(r+ R)?2/r? - R? R3
/00 3Ma*(r* + R(R+7r)(r* — 2R?))dr  Ma® (3.101)
R 2r*R(r + R)vV/r* — R? R '
/00 SM?(R® +rR+41r?)>%dr M <61 B 157r) (3.102)
R 2M'R2(r+R3r2P—R?® R \3 4 ) '
Note that no term o % is present in (3.94)) by definition.

Hence, the deflection angle in the Kerr metric in Boyer-Lindquist coordinates
in the weak field approximation in vacuum reads

AM — M? /157 AMa  M3?a 2M a?
s ="p g (g ) F o F o (0T 10)+ T (3109
M3 /122 157
SRR
R3 3 2
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Terms up to the second order were previously calculated, e.g., in Perlick and
Tsupko| [2024]. Notice that the deflection angle formula in the weak-field approx-
imation for the Schwarzschild metric can be obtained directly from by
assuming a = 0. Moreover, the first term of is the so-called Einstein
deflection angle [see [Schneider et al., (1992, [Bisnovatyi-Kogan and Tsupkol, [2009).
Additionally, analogous formulae for the deflection angle in the Kerr metric can
be derived by different techniques. This was performed in several earlier works,
e.g., Iyer and Hansen| [2009], |Aazami et al. [2011], Crisnejo et al.| [2019]. Notice
that in these studies the deflection angle was expressed as a function of mass M,
angular momentum per unit mass a, and impact parameter b.

However, as the ultimate goal of this part is to compare the deflection angles
in the Kerr and HT metrics, one has to derive the deflection angles in the same
coordinate system (unless they are expressed in terms of the impact parameter b).
For this reason, it is desirable to apply the coordinate transformation originally
introduced by [Hartle and Thorne| [1968], namely

o[ g (0 ) () e (-5 ()

(3.104)

2
a 2M
Y — 9 — — sinv cos v (1 + ) ,
2r2 r
which in the equatorial plane up to the order relevant for the present study reads

2
r%r[l—a<1+M)], 9 — 0. (3.105)
T

212

of expansion (|3.94)), it turns out that the only change occurs in the term o %%2.
It now changes t

When appl%ini the introduced transformation through the individual terms

[e.o]

/ 3Ma*(r* + R(R+7r)(r* — R?))dr _ 2Ma®
2riR%(r + R)V/r? — R? Ry

(3.106)

Finally, the deflection angle formula for the Kerr metric with assumption
M/R < 1 up to the third order in the new coordinate system yields

AM  M? /157 AMa M3 AM a?
ransf — 15 —_— |\ — — —— (107 — 16 3.107
Q f R+R2<4 ) Rg:FRg(Tr )+ R3 ( )
N M3 (122 157r>
R3 3 2 )
'Relevant transformation factors actually occur in
r(r—2M) 1 1+%_f+3M2+5M3_3Ma2
2 —2Mr+a2 1 r 72 212 2r3 r3
Lol (MY e M (e e SME | SME 3Ma?
r 272 r r 2r2 r2 212 273 r3 ’

and the remaining factors arising from this transformation in the other terms vanish up to the
given order.

46



When comparing the deflection angles and , one can see that the
coordinate transformation terminates with an additional factor of 2 in in
front of the term ]\}éﬁz . This is given by the order of the expansion used in this sec-
tion. Other relevant factors stemming from the coordinate transformation would

occur in higher-order terms which are not considered in the present calculation.

3.2.2 The Hartle-Thorne metric

To demonstrate the difference from the Kerr metric, light deflection is studied in
the equatorial plane (formula was obtained under this condition anyway)
and at the first approximation, the situation without a quadrupole moment when
K = 0 (cf. (3.11))) is considered. Under these assumptions, the relevant HT
metric terms present in the deflection angle formula take the form

Ar) =1 2i” =4, (3.108)
A(r)B(r) = 1= AB,, (3.109)
A(r)O(r) + P(r) = r? <1 - 25“\4) = ACP,, (3.110)
w0 e
h2(7"): TZ (1_21\/[>2 <1_w§(2r) (1_ 2M _])> . (3.113)
A

The simplified form of the deflection angle for the HT metric in this case is

agro = Q/fHTo(T)dT -, (3-114)
R
where
2(r) ~1/2

oty [ Aem ()

HTO\T) = 3 — 1
P(R P(r

AR\ 5 it~ )

Moreover, when vacuum is considered, i.e., w,(r) = 0, one gets

r2(1-21) o

frro(r) = ! (1_¥_$3) _
2 (1— 2) (PAy(R) — PAo(r) £ h(R))?

T

In the weak-field approximation, i.e., when M/r < 1, we expand the result
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to obtain

M(R?*+rR+1?*) 3M?*(R?>+rR+r?)?
frro(r) ~ \/7 ll + "R(r + R) + 22 R2(r 1 R)?
<1+M (5R? 4+ 4rR + 2r? )) J*(R*+ Rr +r?)
R2 7“+R rR(r + R) MrR3(r + R)
5M3(R® +7“R~|—7’2)3]

(3.115)

2r3R3(r + R)3

In order to get the full analytical form of the deflection angle, individual terms
obtained in the expansion have to be integrated. The result is

o r m
—_—— = = 3.116
/R rVr2 —R2 2’ ( )
/00 M(R*+7rR+r*)dr  2M (3.117)
R r2(r+RWr2—R R’ ‘
3M?(R?®+rR+r*)2dr  M?
= 157 — 16), 3.118
[ 2in 1 mpve—TE = 55T 19 (3.118)
o0 2Jdr _2J
) 3.119
R R(r+ R)Vr? — R? TR ( )
2MJ(5R% + 4rR + 2r%)dr  MJ
= 5m— 8), 3.120
/R rR?(r + R)?v/r? — R? R3 (57 =8) ( )
©  J(R*4+rR+r’)dr  2J? (3.121)
R Mr2R(r+ R)\r?— R®  MR¥ ‘
/oo SMP(R* +rR+0r%)>%dr — M? (61 B 157r) (3.122)
R 2PAR2(r+ R)3Vr2—R?2 R*\3 4 )’ '

In comparison with the Kerr metric, most of the terms present for the HT metric
. 2 .

are identical, except for the term proportional to 4 R2 (equivalently to M‘é—RQ in the

HT metric). Such a term is not present in the expansion of the HT metric, while

it drops out during the integration in the Kerr metric.

Finally, the corresponding part of the deflection angle in the HT metric in the
weak-field approximation in vacuum yields

AM  M? /157 4J MJ 4J2
M3 /122 15w

r = (=-5)
R\ 3 2

The derived expression is the same as the deflection angle formula (3.107) ob-
tained for the Kerr metric after the coordinate transformation (3.105)) when set-
ting J = —Ma.

Furthermore, it is desirable to add the effect of the quadrupole moment in

its lowest order. When terms proportional to both M and < ie., x ]\j% are

R R3’
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neglected, one gets additional factors in the given terms in the form

A(r) = Ag — KQ3, (3.124)
A(r)B(r) = ABy, (3.125)
2Mr?
A(r)C(r) + PA(r) = ACPy — K—— Q! (3.126)
r(r—2M)
wy(r) wy(r)
P _ P _ 2
1— . A(r) =1 : (40— KQ3), (3.127)
P(r) _
A PA,, (3.128)
ACPy — K—2M2__()] >
h2(r) = \/r(r;22M) (1 — L(QT) (Ao — KQ%)) . (3.129)
(Ao — KQ3) 0
The deflection angle for the HT metric is then modified to
agTr = 2 / fHT(T)dT — T, (3130)
where
ABO
- 3 3.131
Jur(r) J ACPy — K22 Q) (3131

~1/2

2 M2 1 Z(r) 2
(ACPO — KWQQ) (1 o (Ag— K Qz))
(Ao — KQ3)* (PAo(R) — PAo(r) £ h(R))?

-1

Notice that the functions Q) and Q2 explicitly present in the expression for fg(r)
are functions of r, whereas the function h(R) also includes the functions Q3 and
Q3, but as functions of R. These are also present in the lowest term including
the quadrupole moment in fgr(r), namely

M
:K—
\/7(r —2M)
X (\/r(rj\fw Q3(r) \/WQ% )+ Q3(R) — Q%(T))

2 [MAR' = 2R — 1Y) 4MP(rS — R?)
r4 R4 rR3(r2 — R?)

7”2

r2 — R2

Qy(r) + K (3.132)

ot

Additionally, let me present here also a mixed term combining both the plasma
(~ wp) and quadrupole (~ K) parts. It has the form
2

) = o | (1= K@) - B (1 Kaym)| Gas

Nﬂwwmwam>4KM%W%®—”%W0
S TR A= )

= fokerr(1) — fpur(T).
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The introduced relations were derived by applying the simplifications which
hold for the following expressions

2M L e 3(2M2—1?) r 2M? — 3rM — 3r?
B gy gy MM, vy |
r(r — 2M) 2M r—2M rM
(3.134)
2M M — 2M? —12rM 2
M 3( T) ln( T ) rM + 6r . (3.135)
(r — 2M) M r—2M r(r—2M)
02 _3r(r—2M) ln< r ) (r — M)(2M? + 6rM — 3r?)
2 2M2 r—2M rM(r —2M)
(3.136)

In the weak-field approximation (M /r < 1) these formulae take the form in the
leading order

2M . 4 M ,  8M?3
WQQ o 5 Q5 ~ ——. (3.137)

When the simplified deflection angle formula for the HT metric (3.123]) obtained
in the weak-field approximation is considered, it can be extended by the additional
quadrupole and plasma terms as

agTr = 2/fHT dr — (3138)

2/ lfHTO ¢— (fc(r) + fpl(r))] dr—

where the partial terms were already derived and take the form given by ([3.115]),

E152). and (B139)

Integration of the additional terms in comparison to the vacuum and the
K = 0 case returns

/oo R f()d_2/ M*Y(R*—r2R2 — ) AM3(r® — R®) p
kot T T e | eRvE R PR - R

2 9rM*  8M3
=5 <_ 6RT | R ) / (3439
00 R R or(wi(r) —wi(R))dr 1
fo st = 55 [, =g = gorr ()
o0 R AK M3 oo (R3w§( ) — r3w2(R)) dr 1
/ ﬁprT(r)dT = 2 / 2P2(,2 _ P2\3/2 = *OérefrHT(R)-
R rvr?—R Swi IR r2R2(r? — R?) 2
(3.140)

In the case of a homogeneous plasma when w,(r) = w,(R), angle a,.f, vanishes.
Combining all the above calculated terms gives the complete form of the
deflection angle in the HT metric in the weak-field approximation in the form

32KM3 9 KM*

g R3 20 R4 +a7“€f7‘(R)_arefrHT(R)- (3141)

= OHTO
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To provide a specific example of a plasma profile, let me define the plasma
frequency as w?(r) = Cr~*, where C and k are constants. Then, the last two

terms of (3.141]) can be written as

RCk oo r=*ldr Ck v ufdu
- _ 142
O‘T@fr(R) w% /R (r2 _32)1/2 w%Rk/o (1 —u2)1/2 (3 )
_eyal(5+3)
m
SKM3RC(k+3) o r~**dr
= — -14
OérefrHT(R) 5w§ /R (Tz_R2)1/2 <3 3)
 SKMPC(k +3) /0 Wdu SKEMCmT (5 +2)
~ BwiRk3 1 (L—w?)/2 " B5wdRM3 T (g + %) 7
where
(z) = / T eletdt, (3.144)
0

Formula (3.142) was already derived in Bisnovatyi-Kogan and Tsupko| [2010].
However, in the present approximation the deflection angle depends also linearly
on the quadrupole moment @), as seen in (3.143)) when recalling that K ~ Q.

3.2.3 Visual comparison

Having obtained analytical forms of the deflection angles in the Kerr and HT
metrics in the weak-field approximation, it would be further instructive to demon-
strate visually the difference between the exact and approximate solutions. Such
comparison is performed in vacuum, i.e., no terms o w, are considered in the
present section. This assumption is still valid because, as it is shown further,
cold plasma presence basically causes only a decrease of the deflection angles
when compared with vacuum, and this case hence provides an upper estimate of
possible light deflection. This approach thus serves as a good estimate when using
an exact formula is necessary. Note that in the case of very large radial distances
(when r > M), terms proportional to all parameters but M become negligible
and the solution takes the form of deflection in the Schwarzschild metric for an
arbitrary spacetime.

Fig. [3.3]shows the dependence of the exact and approximate deflection angles
in vacuum as functions of the closest radial distance R around an object described
by the Kerr metric (panel a) and by the HT metric (panel b). The exact solutions
for the deflection angles, obtained by using equation ([2.70) with corresponding
definitions of A, B, C', and P, are drawn by the solid curves, while the approxi-
mate relation calculated from either (3.107) or (3.141]) where w, = 0 is shown by
the dashed curves. It is nicely seen that at sufficiently large radial distances in
both cases, an approximate formula for the deflection angle can replace the ex-
act solution with satisfactory accuracy. Moreover, it is clearly seen that whereas
the exact solution at small radial distances asymptotically reaches the photon
sphere radii, the approximate solution deviates and yields finite deflections even
at smaller R. Because of the presence of the angular momentum, the Kerr and
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Figure 3.3: Exact and approximate deflection angles for the (a) Kerr metric with
J = 0.8 and (b) HT metric with J = 0.8, @ = 2.5 as a function of minimal radial
distance R. The deflection angles derived by using the exact general formula
are drawn by solid curves, and the approximate solutions calculated in the
weak-field approximation are shown by the dashed curves.

HT metrics exhibit two branches of solutions, corresponding to the co-rotating
(+)/counter-rotating (-) rays, respectively.

In Fig. it can be seen that in the Kerr metric, sufficient correspondence
(the difference is less than 10%) between the exact and approximate solutions
occurs already around 4M in the branch with a negative sign of a, which is sig-
nificantly closer to the photon sphere radius than the positive branch. On the
contrary, the solution with a negative sign gives worse accuracy of the approxi-
mate solution in the HT metric (see Fig. ) This is caused by the different sign
in the definition of J in the Kerr and HT metrics (for the correspondence between
the Kerr and HT metric one has to set J = —Ma, cf. |[Hartle and Thorne [1968]).
Hence, the branches are transposed. The angular momentum values were set to
be equal to J = 0.8 in both cases to directly expose the effect of the quadrupole
moment. The quadrupole moment in Fig. was chosen to be ) = 2.5. In
comparison with the Kerr metric, due to the presence of the quadrupole moment
the position of the photon sphere radius is further in radial distances for both
branches in the HT metric case. In the Kerr metric the correspondence between
the approximate and exact solutions occurs already around 4M in the negative
branch and around 7M in the positive branch. On the contrary, in the HT metric
the coincidence of both solutions in the negative branch is at around 8 M and in
the positive branch it is at around 6M.

3.3 Plasma Effect on Light Trajectories

Having studied the relevance of the weak-field approximation, it is desirable to
include plasma in the model. In the remaining parts, the exact formula is
applied because the plasma effect can thus be solved completely, rather than con-
centrating only on its highest contribution part. It is expected that the presence
of plasma will change the light deflection in the vicinity of a gravitating object and
that this modification will depend on the plasma properties. According to Per-
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lick and Tsupko|[2024], the plasma frequency was defined as w,(r)? = 10w3 (%)K,
where k = 3/2,5/2,7/2, respectively. This is a useful definition of a plasma
because it has a natural profile at large radial distances, it is expressed as a
function of the ratio M /r which was previously discussed in connection with the
weak-field approximation, and it is a function of the constant of motion wy which
can be further set equal to 1. The deflection angles around an object described
by the Schwarzschild and Kerr metrics surrounded by a plasma with the above
defined profile were previously studied in Perlick and Tsupko| [2024]. Note that
the parameter M occurring in the definition of w,(r) is characterized as the mass
of a given gravitating object, and it has hence the same interpretation as in the
expansion terms in the weak-field approximation.

(a) (b)

Kerr Metric HT Metric
3rr &

vacuum

77777 2,82
ol

2 52
Wi T
712

‘ vacuum ‘ ‘
£ W

[\ wpr~ f 2m [
I

¥

Figure 3.4: Comparison of the deflection angles in vacuum (solid red curves) and
various plasma cases (dashed, dot-dashed, and dotted curves) for the (a) Kerr
metric with J = 0.8 and (b) HT metric with J = 0.8, Q = 2.5. In panel (a),
the branch closer to R/M = 0 corresponds to the rays with negative angular
momentum, the other to rays with positive angular momentum. In panel (b),
the rays with negative angular momentum occur in the branch further from the
origin.

Exact solutions for the deflection angle o as a function of R in vacuum and
in a plasma with different profiles defined by the specific choice of k are shown in
Fig. [3.4 Results obtained for the Kerr metric are shown in panel (a), while for
the HT metric they are plotted in panel (b). Red solid curves show the deflection
angles obtained in vacuum, and the dashed curves demonstrate the deflection-
angle behaviour in plasma. The obtained results clearly demonstrate a statement
already mentioned that the light rays in the presence of plasma are less bent
than in vacuum. Although this finding might seem to be counterintuitive, it is
absolutely logical when one recalls that the refractive index in a plasma is < 1,
while in common non-vacuum media with n > 1 the rays would be bent more.
Moreover, from the definition of the plasma frequency (or more precisely the
plasma densityED one can also see that the plasma effects become substantially

*When taking w?(r) = C.N(r), where C, is a constant factor and N(r) usually stands for
electron density, it can be easily seen that the radial dependence of plasma frequency is actually
given by the definition of plasma density.
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weak with a larger radial distance and the plasma effect is hence more attenuated
than for a gradual decrease in vacuum. The chosen profile of plasma frequency
functions thus results in the fact that the plasma frequency significantly decreases
at larger r and the light deflection in plasma is then close to deflection angles in
vacuum. The deflection angles at small radial distances are generally limited by
the photon sphere radius.

Notice the peculiar profile of the deflection angle in plasma with k = 3/2
(brown dashed curves), where is the plasma effect substantially stronger than in
the other cases. The deflection angle is in this case steeply decreased already at
low R, much closer to the photon sphere radius, and it remains significantly lower
than in the vacuum or other plasma cases even at large radial distances. This rep-
resents a nice manifestation that plasma presence can indeed substantially change
the deflection angles not only sufficiently close to the gravitating object, but this
effect can also remain at larger radial distances. However, for such a significant
behaviour the definition of plasma frequency must be chosen appropriately. Still,
one can detect a system where the rays are potentially less influenced by gravity
(their closest radial distance is large), but they are continually influenced by the
plasma.

Furthermore, the deflection angles for the Kerr metric with negative angular
momentum in plasma where k = 3/2 are slightly negative at small R. This feature
can be observed at radial distances between around 3.5M and 6M. Such values
can be understood as a situation when light ray in fact bends to the opposite side
and plasma presence thus causes a completely different trajectory than in vacuum.
Although for the chosen toy plasma profiles the revealed negative deflection angles
are small, in some other types of plasmas this effect could be more apparent.

The substantial difference between the HT metric and the Kerr metric is the
choice of the quadrupole moment. It would be expected that the quadrupole
moment present in the HT metric would lead to a quantitative change of the
deflection angles (they are in general larger than in the Kerr metric), but no
significant qualitative change is observed. The most significant effect of plasma
on the deflection angles occurs in the range from the photon sphere radius to few
closest radial distances, with specific values varying in both solution branches.
The solution with the negative angular momentum in the Kerr metric (corre-
sponding to positive angular momentum in the HT metric) has the most obvious
plasma influence at radial distances up to around 6M, while in the branch with
the positive angular momentum in the Kerr metric (negative branch in the HT
metric) this effect extends slightly further, approximately between 7M and 8M.

3.4 Ray Tracing in Axisymmetric Spacetimes

To make the derived results even more instructive, they are presented in the
following paragraph as individual rays propagating around given gravitating ob-
jects. The plasma definition introduced in the previous section is used, with the
same choices of the coefficient k, except k = 3/2 omitted because the obtained
ray trajectories are rather disorganized with all these choices.

For deriving the individual ray trajectories the equations of motion ([2.57)),
and the corresponding relations for p, and p, were applied. The plots
were computed for all rays starting at the same initial point, but having different
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impact parameters (defined by Eq. ), 2,5, 8,10 specifically. Note that there
is a connection between the impact parameter b and the closest radial distance
R applied in the previous sections which was studied in detail in Appendix D of
Bezdekova and Bicak| [2023].

(a) (b)

Kerr Metric HT Metric

Figure 3.5: Comparison of ray trajectories characterized by impact parameters
with values 2, 5,8, 10 in vacuum (solid lines) and plasma cases (dash-dotted and
dotted lines) when k£ = 5/2 (yellow) and k = 7/2 (orange). The dashed circle
shows the circular photon orbit. The compact gravitating object corresponds to
(a) the Kerr metric with J = 0.8 and (b) the HT metric with J = 0.8, @ = 2.5.

The ray behaviour around an object described by the Kerr and HT metrics
is shown in panels (a) and (b) of Fig. respectively. Trajectories of rays
propagating in vacuum are plotted by solid purple curves and those propagating
in a plasma are shown by the dash-dotted and dotted curves. Rays in a plasma
with k& = 5/2 are marked yellow, while rays in a plasma with k¥ = 7/2 are marked
orange. The obtained ray trajectories clearly show that the rays in a plasma are
generally less bent than in vacuum as n < 1. Additionally, the higher value of k
causes the rays to be less bent.

The position of the circular photon orbits is drawn by red dashed circles.
However, objects described by the Kerr and HT metrics have actually two circular
photon orbits, one for co-rotating, the other for counter-rotating rays. Not to
make the figure too crowded, only orbits with a positive angular momentum as
defined in the HT metric are considered in the presented plots. Radii of black
circles representing the size of the chosen gravitating object are defined as their
event horizons.

The obtained ray profiles clearly demonstrate that the rays of one impact
parameter can be captured by the black hole or not, but this strongly depends
on the chosen plasma profile. This is particularly obvious for the HT metric in
Fig.[3.5b. However, when the impact parameters are too small, even an arbitrary
plasma profile cannot secure the rays from being captured by the black hole.

The plots also show how significantly different the ray trajectories generally
can be and it is also clear that the plasma enters the overall results as a significant
participant. Additionally, it is evident that the effect of the plasma decreases
for rays with larger impact parameters, which is a consequence of the gradual
decrease of the plasma density so that the light trajectories are then less affected
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by its presence. Moreover, the gravitation of the central object is also weaker at
distances corresponding to larger impact parameters.

Fig. [3.5] also illustrates the effect of the quadrupole moment. Comparing the
objects characterized by the Kerr and HT metrics with the same angular momen-
tum, it is apparent that the one defined by the HT metric has a significantly larger
event horizon than in the case of the Kerr metric and it thus influences the ray
trajectories with larger impact parameters. It is obvious that a larger quadrupole
moment causes larger effects at sufficiently further radial distances and it hence
leads to strong changes of light trajectories with high impact parameters.
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4. Light Deflection in a Moving
Medium

Calculations performed in this chapter are carried out in settings different from
those assumed in the previous sections. While an axially symmetric stationary
spacetime was assumed for deriving the results in Chapter [2, one step backwards
is now taken and a black hole described by a spherically symmetric metric is con-
sidered. The reason for this lies in various definitions of the medium surrounding
the object which is here more complicated. An overwhelming majority of previous
studies employing Synge’s approach focuses on systems where just non-moving
cold plasma occurs. Even though this approximation has many useful properties,
as discussed in detail in the following section, it is not sufficient and it is hence
desirable to study other media. Possible solutions how this can be performed
in the suggested formalism are presented below. The results described in this
chapter were originally presented in Bezdékova et al. [2024].

4.1 Uniqueness of Cold Plasma Approximation
and Going Beyond

As indicated in previous chapters, the cold plasma approximation is very fre-
quently used in systems describing light propagation in the vicinity of a compact
gravitating object surrounded by a refractive and dispersive medium. Indeed, the
Hamiltonian for light in a cold plasma in relativistic applications is very specific
with several important properties.

To derive the Hamiltonian (1.48)), one has to define the medium equation for
the cold plasma first. This approximation is applied in systems in which it is
assumed that the thermal velocity of the medium is much lower than the wave
phase speed, i.e.,

w
E > Uth- (41)

In the most extreme case the thermal velocity is set to zero. The refractive index
in this case can be expressed from the equation

(4.2)

The plasma frequency w,(z®) is defined by expression , while the wave
frequency w(z®) can be derived from relation (I.45).

Applying the definition of the refractive index in the medium equation
yields

wi(x*) = —p’pg, (4.3)

which represents the relativistic form of the dispersion relation in a cold plasma
between the plasma frequency w, and the frequency 4-vector pg. Moreover, plug-
ging (4.2) in the general formula (1.44) leads to the Hamiltonian in the form
given by ((1.48)). For convenience, it is copied here again in view of the following
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discussion, i.e.,

1
H(z%, pa) = 5 {gﬁapﬁpa +W§(Ia)] .

The Hamiltonian given above is independent of the medium velocity V' due to
the specific form of refractive index given by .

However, it is still necessary to characterize the photon frequency w which
is a function of the medium velocity. The reason for this originates from the
fact that the refractive index n has to be real in regions where the rays can
occur, at least in principle. This is satisfied when w > w,. This condition would
have to be studied independently for any rays described solely by Hamilton’s
equations. Fortunately, the theory involves one supplemental restriction set on
the Hamiltonian itself which guarantees its conservation, i.e., H(z®, p,) = 0. This
directly leads to the conclusion that for the light rays one gets w = |/k? + w2,

and the condition w > w, thus holds automatically.

The fact that the Hamiltonian above is independent of the plasma velocity
has several consequences for light propagation. Due to it, light rays moving in
a cold plasma are not directly affected by the motion of the medium and their
trajectories thus remain the same for both static and moving cold plasma, while
their constants of motion do not change. This means that two rays with identical
photon frequency at infinity and identical impact parameters follow the same
paths even though one travels in a static cold plasma and the other in a moving
cold plasma.

Note that the photon Hamiltonian above is formally identical to the Hamilto-
nian of a particle with mass m moving in the gravitational field in vacuum, which
has the form [Misner et al, [1973]

1
H(2®, pa) = 5 [9"paps +m7]. (4.4)

2

If the cold plasma is homogeneous and hence w,(z®) = const., this correspon-
dence can be used for an alternative interpretation of the discussed Hamiltonian:
it describes a particle (photon) with an effective mass w, moving in the gravi-
tational field in vacuum. However, this equivalence is still useful even in a non-
homogenous plasma, i.e., when w,(z®) # const. Although the intuition is not
so straightforward in this case, the Hamiltonian (|1.48)) can be viewed as one de-
scribing the motion of a massive particle in vacuum with a dissipating/fluctuating
effective mass (depending on the exact definition of w,). This also demonstrates
the known fact that photons in a plasma generally do not follow geodesics, which
is a consequence of the refractive nature of the plasma. Nevertheless, note that
the physical momentum and mass of a particular photon differ from p and w,
discussed here, as they formally read Ap and hw,, respectively. For a detailed
discussion about this feature of the cold plasma approximation, see |Kulsrud and
Loeb| [1992].

Besides its useful algebraic properties which significantly simplify the calcula-
tions of specific problems, the cold plasma approximation is also relevant in many
astrophysical applications, at least up to the first order in relevant parameters.
Cold plasma is believed to occur in the interstellar medium or in the ionospheres
of planets (in the vicinity of the Earth it has been studied for decades). How-
ever, it is evident that it is not always reasonable to assume just the cold plasma
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approximation. Hot plasma forms stars, black hole accretion discs, or astrophys-
ical jets. When one wants to proceed one step further and see how different
velocity definitions impact the light trajectories, it is necessary to abandon the
cold plasma approximation. Moreover, a non-static medium has to be assumed.
In principle, there are several physically relevant ways how to define the medium
velocity satisfying the given conditions. These are discussed in following sections.

4.2 Radially Falling Medium

Contrary to the previous chapters, propagation of light rays in this section is
assumed around a gravitating object described by a general spherically symmetric
metric and the medium surrounding the object is moving in the radial direction.
This assumption can be applied to describe radially falling matter onto a black
hole. A general form of the deflection angle in this case is discussed first, where it
is also indicated which difficulties occur in this general approach. Application of
the general formalism to three particular forms of the refractive index is performed
afterwards.

4.2.1 Deflection angle in general

The metric describing a spherically symmetric and static object can be generally
written as

ds? = —A(r)dt* + B(r)dr® + C(r)(d¥* + sin? 9 dp?), (4.5)

where A(r), B(r), and C(r) are positive functions. Moreover, note that because
the spacetime is regarded to be spherically symmetric, they are solely functions
of radial coordinate. This assumption is also true for the considered dispersive
medium, as its refractive index takes on the general form n(r,w(r)), i.e., it is
spherically symmetric as well.

As it was already discussed above, the medium surrounding the compact ob-
ject is not static (this was assumed in Section where V' = 0); instead, it is
falling towards a black hole. Hence, the individual 4-velocity components of the

medium are defined as
Ve = (V' V" 0,0). (4.6)

Moreover, it is required that the V" component is only a function of radial coor-
dinate, i.e.,
V= f(r). (4.7)

Because the medium is expected to fall radially on the compact object, it is
assumed f(r) < 0.
It is now easy to find V' from the normalization condition

VeV, = —1, (4.8)

which in this case leads to the expression

) = | HEEE )
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To make the desired formulae more compact, it will be further written just Vo(r),
keeping in mind its actual form given by which can be substituted anywhere
as needed.

The photon frequency generally given by now has to be derived from
the relation

w(r) = —pV°(r) —p, V" = —p,Vor) — p.f(r). (4.10)

Although the photon frequency is obtained from a more complicated relation than
for the static medium, it still is only a function of r, independent of time, and
p¢ is hence again a constant of motion. This conclusion can be also derived from
the equation of motion for p,.

The introduced spacetime is assumed to be asymptotically flat, i.e., it satisfies
A(r) — 1, B(r) — 1 at r = co. Moreover, f(r) — 0 at r = oo and also, to define
the deflection angle properly, C(r)/r? — 1 for r = co. Due to that, the expression
at infinity gives the relation between wy (the photon frequency at infinity)
and the constant of motion p; in the same form as in the previous chapters, i.e.,

Pt = —Wwo- (4.11)

For further applications, it is more convenient to rewrite equation (4.10) as a
function of wyg in the form

w(r) = weVO(r) — p.f(r). (4.12)

In comparison to the axially symmetric spacetime, the equatorial plane, where
Y = /2 and py = 0, can be considered without a loss of generality. Applying
the metric in the form (4.5) and the photon frequency given by (4.10]) in the

Hamiltonian ((1.44)) leads to

H(z® pa) = ; Bp(rr) C%)(i‘) - Aaé(;") +w(r,w(r))|, (4.13)
where
w(r,w(r)) = —(n* = Dw?(r), n=n(rw(r)). (4.14)

The function w(r,w(r)) will be exploited further when it will be necessary to
capture the main properties of light propagation in a medium in the gravitational
field for which it is more useful than the refractive index n(r,w(r)) alone. Note
that in a cold plasma w = w2(r).

The equations of motion for p; and p, are

. OH
: OH

and it can be explicitly seen that both p; and p, are indeed constants of motion.
The equation of motion for coordinate r yields

r_@?-[_ Dr +187w8w(r)
~ Op, B(r) 20w dp.’

(4.17)
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and it can be further rewritten with the usage of relation (4.10)). Moreover, intro-
ducing the variable w,(r;wy) = 0w/0w (defined solely for a concise formulation
of the expressions) leads to the form

. Pr 1 .
7= B iww(r,wo)f(r). (4.18)

The equation of motion for ¢ is

9‘0_87%_ Pe
dp, C(r)

(4.19)

To obtain a fully analytic form of the deflection angle, it is desirable to find an
expression for p, which could be applied in further calculations. This is typically
performed by applying the condition H(z*, p,) = 0, where the form of H(z*, p,)
would be taken in this general case from . The obtained relation for p,
would be then plugged into and this would be further used along with
to derive the corresponding equation for dy/dr. However, generally it is
not guaranteed that this procedure allows one to find an analytic formula for p,.
Nevertheless, searching for a form of p,. can be always performed numerically at
least.

In the further step, let me assume that an analytic expression for p,(r; p,, wo)

exists. Then, applying (4.18)) and (4.19) leads to a general relation

dp _ py (pilrippwo) 1 N
dr C(@( B(r) 5 W (1500) f( )) : (4.20)

The deflection angle can be derived by integrating the obtained relation from the
closest radial distance R reached by the ray to infinity. It is now desirable to
obtain the final formula as a function of R and wy only, as it is assumed that
these two quantities can be in principle evaluated (wg is measurable), while the
value of p, is more problematic. To exclude p, from the formula, one has to find
Py(R;wo) which can be derived from the expression

pr(Bpg,wo) 1

———— — —w,(R,; R) =0. 4.21

This equation was obtained from the constraint at » = R where dr/dyp = 0. Note
that this condition actually defines the position of the closest radial distance R.

4.2.2 Deflection angle for three particular examples

As it was outlined in the previous section, an analytic formula for the deflection
angle (dy/dr) can be written if and only if the exact analytic expression for p,
can be derived, which is typically found from the condition H(z®, p,) = 0. This
evidently cannot be performed in a general case without knowing the specific
form of the function w(r,w(r)), which is generically defined by and it
might depend on the photon frequency w(r) in a complicated way. Note that the
dependence of w(r,w(r)) on w(r) is crucial, as the photon frequency is a function
of p,., which can be seen in (4.12)).

61



When the form of the refractive index and its dependence on the photon fre-
quency are known, it is possible to find an analytic solution for the deflection
angle in the integral form, even if the refractive index is not specified for a par-
ticular physical situation. For instance, when one assumes a rather general form
of the refractive index, such as

ai(r) as(r)
w(r,py)  w(r,p.)’

n?(r,w(r,p,)) = ao(r) + (4.22)

where coefficients ag(r), ai(r) and as(r) are some functions of r, the deflection
angle formula can be derived. The functions ag(r), a;(r), and as(r) can attain
any values, positive, zero, or negative, requiring only that the overall expression
for n? is non-negative and the corresponding group velocity in such a medium is
less than c.

Taking the refractive index in the form and the Hamiltonian ((4.13|)

gives

o 1[ p? P2 wg
" po) = [ b _ G

2B T T AW ao(r)w?(r,py) — ar(r)w(r,py)  (4.23)
—as(r) + w?(r, pr)} ,

where the expression for w(r, p,) is known from (4.12)).

After applying the definition of w(r,p,), the Hamiltonian becomes a
quadratic polynomial of p,, which is quite convenient for finding a solution for
pr. This leads to a compact analytic form of the deflection angle. In order to find
the solution, it is suitable to rewrite the Hamiltonian as

H(z% pa) = [AT(r)p? + 2B,.(r)p, + C.(r, pw)} : (4.24)

1
2
The functions A, (r), B,(r), C.(r, p,) depend on r, possibly on p,, and they should
not be replaced by the metric coefficients introduced in (4.5). Furthermore, they
can also contain wy as a parameter. When the velocity of the medium is given by
(4.6, without loss of generality the function C,(r,p,) can be defined as follows

vy w

CUP) =50y~ A

+Cr(r). (4.25)

The functions introduced in the Hamiltonian (4.24}) can be expressed as functions
of the metric coefficients and variables in the refractive index (4.22)), namely

Au(r) = an) (1= ag(r) £3(r), (4.26)

B,(r) = [(anlr) = 1)V () + Jan(r)] 1), (4.27)
Co(r,py) = ;}‘i ;- A“("i ;- az(r) + woVO(r) [(1 = ao(r))woVO(r) — ar(r)]

(4.28)

Cra(r) = —a(r) + woVO(r) [(1 = ao(r))woVO(r) — ar(r)] - (4.29)
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To see some remarkable features of the Hamiltonian in the form (4.24]), the
deflection angle will be now calculated from it. First, one has to write down the
equations of motion. They now take on a quite simple form,

i = A (r)pr + Bo(r), (4.30)
and
o= Cp(j ;- (4.31)

Then, p, can be easily found from the condition H(z%,p,) = 0 in a general
form as

_ =B £ B — A ()G py)
Dr = AT(T> ,

(4.32)

or

Ar(r)pe + By (r) = /B2 r) = A,(r)C, (1. p,). (4.33)
Such an expression for p, turns out to be very useful because after using it in the
equation for 7 (4.30)), one simply gets

i =2\/B(r) — A.(r)C. (r.p,). (4.34)

This is quite a noteworthy observation — if the Hamiltonian can be written as
, the condition H(z%, p,) = 0 then straightforwardly leads to the algebraic
equation for 7 in form (4.34). This simplifies the calculations significantly and
the expression for deflection angle is just

dp _ | Py [B2(r) — A, (r)C. (r, p,)

—1/2
dr — ~ C(r) ] :

(4.35)

In order to make the obtained formula more compact and similar to the
deflection angle relations presented in the previous studies [e.g., [Tsupko, 2021}
Bezdékova and Bicak| 2023, it is further rewritten as

dy 1 Wi e
FERN N T (n%h - 1) ’ 0

where the function

)= S0 1+ 28 (B0 e )] an

is a generalization of the function originally introduced for the axially
symmetric metric, but when setting P(r) = 0 it can be applied to the spherically
symmetric case. Considering that dr/dy = 0 at r = R (at the closest radial
distance), it can be stated that

i’% = h3(R), (4.38)
and thus
dp 1 (h%“) _ 1) o (4.39)
dr A, (r)C(r) \P*(R) ‘



Note that the condition dr/dp = 0 at r = R can be achieved also when either
A.(R) =0or C(R) = 0, but these cases are not relevant in the present discussion.

Finally, one can define the deflection angle « for light rays propagating from
infinity to the black hole, reaching their closest radial distance, R, and heading
back to infinity, in the form

9 ~1/2
) _ 1) dr — . (4.40)

T 1
“m IZ JA(C(r) <h2<R)

As it was carefully analyzed above, the expression is independent of the constant
p, and the formula thus depends solely on the closest approach R and
the photon frequency at infinity wy. Note that an analogous expression for the
deflection angle in vacuum would depend only on R.

Let me emphasize that the relation @ , eventually , was obtained
considering a quite general refractive index @[) and the Hamiltonian in the
specific form (4.24)), where functions A, (r), B,(r), and C,(r,p,) are arbitrary.
With a such-defined Hamiltonian it is possible to identify the dependence on p,
easily. When the functions A, (r), B,(r), and C,.(r,p,) are defined for a chosen
refractive index function, the deflection angle formula can be found by substitut-
ing the corresponding values in . The specific form of the deflection angle
hence depends on the chosen plasma profile.

In principle, there are at least three examples with different definitions of the
refractive index which can be solved analytically. All of them are described by
the Hamiltonian (4.24)) with prescribed forms of the functions A,.(r), B,.(r), and
C,(r,p,). Below, these are identified for the discussed examples and the final
expressions for the corresponding functions h?(r) are presented as well.

Example 1. — cold plasma
This well-known plasma definition is characterized by a refractive index gen-
erally given by (4.2). However, in this particular case let me assume a simpler

definition, namely
n*=1- wf, (r)
w(r)
Then, the function w(r,w(r)) introduced by (4.14]) is independent of w(r), and
it reduces to

(4.41)

w(r,w(r)) = wi(r). (4.42)
Furthermore, both expressions (1.48)) and (4.13) can be applied in this case to

derive the Hamiltonian in the form

o 1] p p; wp
H(l’ apa> = 3 £ — 0

2 | By T o)~ am Tl (4.43)

Knowing all the relations defined above, it is easy to find the functions A,(r),
B,.(r), and C,i(r). These are now

1
Ar(r) = B0) (4.44)
B.(r) =0, (4.45)
Cra(r) = wi(r). (4.46)



The deflection angle formula D is simplified to

-1/2

() (r)
a= 2/ o) R dr —m, (4.47)
and the function h(r) here is given by
C(r) wy(r)
’(r) = 1— L. 4.
i) =G (1 g (4.49

This is a more general approach how to calculate already known results, but from
a broader perspective. Note that expressions (4.47) and (4.48]) were previously
obtained in |[Perlick et al. [2015]; see their Eqs.(20) and (17), respectively.

Ezxample 2. — non-dispersive medium
In this medium the refractive index is solely a function of r, i.e., it is inde-
pendent of the photon frequency w(r) and hence

n = n(r). (4.49)

The Hamiltonian in the equatorial plane for such a medium formally still takes

the form of (4.13)), namely

M p) = B% ok Ai(i) Hune)] o

but n present in w(r,w(r)) is now only a function of » and the dependence on
w(r) is thus explicitly stated there.

From the known Hamiltonian the functions A,(r), B,(r), and C,.;(r) can be
defined as

Ar) = 5 = 2 = D). (4.51)
B,(r) = (n(r) — DoV’ (r) (), (4.52)
Cra(r) = ~(22(r) = 1)V (1))

This yields the function h(r) as

h2(r) = ZEZ; (1 + Ar)

(n2(r) — (VO(r))?
= () 1)B(7‘)f2(7“)> | (4.54)

After applying this form of A(r), it can be seen that the deflection angle is a func-
tion of f(r) which is directly related to the motion of the medium. Hence, there
is a clear difference in light deflection between a static and a moving medium.

Example 3. — general non-cold plasma medium
Let me assume a medium which is dispersive, but not a cold plasma, and
which can be generally described by the refractive index

(4.55)



The Hamiltonian in the equatorial plane for light rays propagating in such a
medium then is
A

H(xY pa) = ; B + o) T AW a(r)w(r)]| . (4.56)

Note the different power of w(r) in the Hamiltonian in this example in comparison
with the non-dispersive case. The coefficients A, (r), B,.(r), and C,1(r) identified
from the Hamiltonian (4.56) are

A (r) = Bb), (4.57)
B(r) = Ja(r)f(r), 159)
Coi(r) = —a(r)wVO(r) (4.59)
Finally, the function h(r) has the form
W3 (r) = jé:i [1 +A(r)“w(§” ) (iB(T) F2r) + W)] . (4.60)

4.3 Rotating Medium

One more example of a moving medium is discussed below, namely a medium
rotating in the equatorial plane of a spherically symmetric black hole, where it
creates a geometrically thin accretion disc. The light propagation is considered
to happen in this plane, but due to the symmetry of the system, the described
configuration can be assumed without any loss of generality as the same setting
including the medium would work in an arbitrary plane. The metric of the
gravitating object is still given by (4.5)).

Note that some relations already defined in the previous section are stated
here again, since while they formally remain the same as for the radially falling
medium, their implicit dependence on the discussed variables might be different.

As it was already described, the medium is now assumed to be rotating, which
defines its 4-velocity components as

Ve =(V°0,0,V¥). (4.61)
Again, V¥ can be introduced as a known function of r, i.e.,
Ve = f(r). (4.62)

Moreover, the velocity of the medium is independent of ¢, and so the component
Py is a constant of motion.

It is easy to obtain the form of V° from the 4-velocity normalization, which
is very similar to the previous case (cf. (£.9)), leading to

o _ [1+C) ()
VO — J A (4.63)
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As demonstrated in the previous section, it is more convenient to use only V(r)
in further calculations rather than the full expression, but it is suitable to have
at hand to be substituted as necessary.

The general form of the photon frequency in this medium reduces to

w(r) = —pVor) —p,V? = —pVO(r) — pof(r). (4.64)

The spacetime metric is still defined the same as in the previous section, and it is

still required that f(r) — 0 at r = oo. For this reason, one can see that p, = —wy.
Hence, w(r) given by the expression (4.64]) can be rewritten to

w(r) = weVO(r) — p,f(r). (4.65)

As stated above, it is assumed that both the motions of the photon and of
the medium occur in the equatorial plane. As a result, ¥ = 7/2 and py = 0, and
the Hamiltonian now is

H(2, pa) = ; [Bp(;) + Cp(% - A“E(;) + w(r,w(r))|, (4.66)

which is formally identical with (4.13)), except for the function
w(r,w(r)) = —(n? — Dw?(r), n=n(rw)) (4.67)
expressed with the usage of (4.65) rather than (4.12]).

Because w(r) is now defined in a different way than in the previous section, also
the Hamiltonian (4.66)) and its dependence on p, and p, vary in comparison with
the Hamiltonian (4.13]) discussed in the case of a radially falling medium. This
difference will hence manifest itself also in a different approach to the calculation
of the deflection angle. There are two terms proportional to p? in the Hamiltonian
(4.13) (one stemming from ¢g”°psps, the other occurring in w(r,w(r))) and only
one term proportional to pi. While the constant p, can be easily expressed
from the restriction H(z*, p,) = 0, the component p, cannot, and it is hence
necessary to search for possible simplifications how to solve this problem. In the
Hamiltonian the situation is quite the opposite. There is only one term
including p, and the component p,, is present in one separate term and also inside
the function w(r,w(r)). Thus, it is straightforward to find a relation for p, from
H(x*, po) = 0 in this case, but it does not hold for p,. For this reason, special
attention has to be paid to how to express the dependence on p,.

The equations of motion for the Hamiltonian are

. OH _ p
= pr— 4.
"Top, " B (169
oH  p, n 1 Ow dw(r) (4.69)

Yo, Clr) 20w op,

The equations of motion for p; and p, remain completely identical to those ob-
tained in the previous case in the form and , respectively. Conse-
quently, both are the constants of motion. It is further useful to express the
derivative dw(r)/0p, explicitly, which yields

b= gt - gl (). (4.70)
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The differentiation term w,(r;wp) formally corresponds to the one present in

(4.18]), but w(r) inside is now defined with (4.65)).

Unlike for the radially falling medium, here one can easily derive an equation
for p, from the condition H(x%, p,) = 0. It takes the form

b — i\/%J A“Ei) _ c?(i) — w(r,w(r)). (4.71)

When the desired expression for p, is applied in (4.68]), the equation for the ray
trajectory can be written as

r ~1/2
do _ [Bo) [S2[5 —wine@)] -1 (4.72)
=N | 1 - i) 0] |

It is further useful to get rid of p, in the trajectory equation and express the
deflection angle again solely as a function of R and wy. This can be performed
when applying dr/de = 0 at the closest radial distance R and hence deriving
Py (R;wp). When looking carefully at the equation of motion , one finds out
that this can be found from the relation

pr(R; py,wo) = 0. (4.73)

Furthermore, calculations along the similar lines as at the beginning of Section
mcan be performed, but here the governing momentum component is p,, rather
than p,.. This means that the refractive index still takes the general form (4.22]),
i.e.,

a(r) as(r)
w(r,pg)  wW(r,pg)’
repeated to emphasize that in this formulation w(r) is defined as and it
hence differs from expression . The same holds also for the Hamiltonian
(4.66) which can now be expressed as

n?(r,w(r, pg)) = ao(r) + (4.74)

L p A w? )
2 [B(r) o~ A~ e npe) —arw(npy) - (475)

—as(r) + w2(r, p‘p)} )

H(z, pa) =

Although the structure of the Hamiltonian corresponds to (4.23)), it is in fact
a completely different equation because of the definition of w(r), given here by
(4.65]).

To make the different character of the Hamiltonian (4.75)) more apparent, it
is now expressed as

1
7_[<xa7pa) = 3

5 [Ae(r)p} + 2B, (r)po + Colrpr)] (4.76)

where A,(r), B,(r), C,(r, pr) are additional functions of r and p,, which generally
differ from the functions A,(r), B.(r), C.(r,p,) introduced in the Hamiltonian
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(4.24), but they also contain wy as a parameter. It is useful to set explicitly
the dependence on p, in the discussed relations, which for the assumed medium
velocity is present only as

2
D,
Co(r,pr) = B0 + Cp (7). (4.77)
With the known Hamiltonian and the defined form of the refractive index
(4.74) it is then possible to find the functions A,(r), B,(r), C,(r, p,), obtaining

1

Ap(r) = et (1 —ao(r)) f3(r), (4.78)
Bo(r) = [(ao(r) = Do) + an ()] £, (4.79)
cdnmy:;ay5ﬂ%—ﬂ4m+wwwmﬁ1—%@»%v%w—amﬂ.

(4.80)

After finding their forms for a given refractive index, it can be seen that the
function B, (r) is exactly the same as the function B,(r), while the functions
A, (r), Co(r, p,) differ from the functions A, (r), C,(r, p,).

The equations of motion for the Hamiltonian in the form (4.76|) are
Pr

= 4.81
= (181)
¢ = Ay(r)p, + By(r). (4.82)
Then, the condition H(z®, p,) = 0 is easily applied to express p, as
pr = /B0 [ A — 2B,(r)pp — Coa(r)], (4.83)
which one may substitute in the relation for 7 to get
B(r)

The derived formulae can now be used in the equation for the deflection angle,
the final form of which is

—1/2
dy {52 (r) = Ap(r)Cer(r) } :
— = ++/B(r)A,(r L -1 . 4.85
ar ~ VIO e, B0y 459
To make the deflection angle formula more compact, it is useful to define the

function h(r) similarly to (4.37)) as it was introduced in the previous sections, but
in this case it is more general, namely

W2 (r) = A21(r) (BZ(T) - Aw(r)c@(r)) . (4.86)

As usual, it is desirable to find an expression describing the dependence of p,
on the closest radial distance R and on the photon frequency at infinity wy. In
this case, it leads to a quadratic equation with solutions

 —Bu(R) £ /B4(R) — A(R)Ca(R)  B,(R)
o Ag(R) AR

+ h(R). (4.87)
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This formulation is particularly convenient for the given definitions of the Hamil-
tonian and the refractive index and it can be applied in the deflection angle
formula. It can be finally expressed as

—1/2
9 _ 4 [Br)ALM h(r) —-1 (4.88)

d By (r) o (R) 2
" (22 — 22 £ h(R)

and the total deflection angle formula hence reads
~1/2

h2(r)
a= 2/«/ A | s 1l dr—n (489

(B - 2@+ h(R))

Notice a formal agreement between the obtained relation and the formula
(2.70) which indicates that there are two solutions depending on the relative
motion of light and medium. Thus, the light deflection will behave similarly in
the case when either a medium or a black hole rotates.

Note that in comparison with the radially falling medium, the function h(r)
was defined more generally, and the same holds for the coefficient Cyy(r). This
is due to the fact that in this case one cannot obtain a direct relation between
i 2 j.e., the impact parameter, and h(r). In fact, this was the main purpose for
deﬁnmg h(r). It cannot be derived for the rotating medium, and it is hence more
instructive to derive a relation between h(r) and p, alone, as performed in the

present section.

4.4 Perturbative Approach

When dealing with light propagation around a relativistic object in a medium,
a completely different procedure how to solve this problem can be applied. This
approach is taken in the present section, where the corresponding equations are
derived with the assumption that the effect of the medium can be described as
a small perturbation. There are different ways how to calculate them, and two
specific perturbation methods are discussed below. In the first part I define the
medium as a linear perturbation of vacuum, while in the second part perturbation
of a cold plasma is considered. This might be useful in order to compare different
aspects which occur in the presence of a medium and how they arise in different
perturbation schemes.

4.4.1 Perturbation of vacuum

In the case of a perturbative description, as performed by |Laanemets et al.| [2022],
one can assume that the presence of a medium is actually a small perturbation
with respect to the vacuum case (the medium is thin), i.e.,

n*(z®) = 1+ eni(z®), (4.90)
and after substituting this relation in (1.44]), the Hamiltonian takes the form
1
2

H(2% pa) = 5 [07paps — end () (V)| = Ho+ €y, (491)

70



with the corresponding right-hand sides of the equations of motion taking the
form

oH _ pr
o = B0 + €Dy, My, (4.92)
OH  p,
8p¢ == C(T) + e(?pﬂ-[l. (493)

From the condition » = 0 at » = R, it can be derived that
pr = — eB(R)0,, H1l,_g (4.94)

i.e., at this point there is only a contribution of the first order, and from the
condition H(z%, p,) = 0 at » = R it further follows that

2

P} = C(R) ( A?’;)%) — 2€H1|TR> : (4.95)

The term o< p? was omitted because it is a higher-order term at this point.
Applying the condition H(z, p,) = 0 at an arbitrary position while assuming
the previous relations one gets

B(r) (C(R)
r — Pr —  \ AN r=R — ) 4.96
P po+€pr0 (C(T)H1| rR—Hi (4.96)
where
B(r) (, _ C(RA)\"
o = T 11— —F——= : 4.97
pa =t 303 (1= Gy o
The deflection angle formula can then be derived from the relation
d a4 €0, H
o w2 (4.98)
dr Ft5 + €0y, Ha
which leads to the expression
d woB(r)\/C(R B C(R)A(R
do _ wBOWCH) | BO) |, 5 VOWAE L )
dr— p.oC(r)\JA(R)  Pro woC'(r)

_BU) @n/OR) . Blr) wny/C) ( ERCICOPYN )
po Cr)JAR) T P e JAR) N O R

The first term (zeroth-order term) in (4.99)) corresponds to formula (24) in Tsupko
[2021] when setting n = 1. The obtained equation thus shows the effect of the
presence of the medium seen as a perturbation characterized by the order of the
parameter €. Note that in this description an arbitrary medium is seen as a
perturbation.
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4.4.2 Perturbation of a cold plasma

However, for the purpose of the present study, it is more useful to explore the case
when a small perturbation from the cold plasma case rather than from vacuum
is assumed, and thus

n(x®) = no(x®) + enq (z). (4.100)
The individual parts of n(xz®) are defined in such a way that
w = —(ng — Dw?(r) — 2enoniw?(r) = wp + 2ews, (4.101)
where
wo = wi(r) . wp = —ngniw?(r). (4.102)

The introduced notation is further applied in the corresponding Hamiltonian,
yielding
L[ P P; wy 2
= ) — +wi(r)| +ew = Ho+ eH . 4.103
2 | Bl T o)~ A() Terl)| e = Mok e (4103)
It is now nicely seen that the unperturbed part indeed describes the cold plasma
case.

Next, the equations of motion for the system have to be found. The momen-

tum derivatives of the Hamiltonian are obtained, i.e.,

H($a>pa) =

87'[ r

opr Bp(r) + Bt (100

OH

B = Cp(i) + €Dy, wy. (4.105)
©

They are formally the same as when the perturbation of vacuum is assumed, but
the definition of w; differs from #; in the vacuum case. Again, the condition
7 =0 at r = R can be used to find a possible expression for p,. It takes the form

Pr == 6B(R)aprw1‘r:R7 (4106)

i.e., individual perturbation terms can be found order by order. Then, the equa-
tion H(z*, ps) = 0 at r = R in this case can be used to express the momentum

2

Py = JC(R) ( AU(J;)%) —wg(3)> —oJom—tl=n Do + €D, (4.107)

w2
Ay~ wp( )

Similarly to the previous calculations, only terms up to O(e) were considered.
Moreover, an analogous approach can be used also when searching for the form
of wy which leads to

Wo = JA(R) ( pz} + wz%(R)> ey A(R) wilr-r = woo + ewpr. (4.108)

C®) 2b 4w (R)

What remains to be found is the form of p, as a perturbative series. This
can be performed by using the equation H(z%, p,) = 0 at an arbitrary value of r,
yielding

B(T) WooWo1
r — Pr - s 4.109
bt ( A(r) wl) (4109
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where

N P B R P (4.110)
fro A(r)~ C(r) ) |
Note that here it is assumed that w; is a function of wyy and p,o expressed by

(E110).

However, as there are now two perturbed variables, wy and p,, there are also
two possibilities how to express p,. The second option is

_ B0 (peover
Pr = DPro Dro <C(7") + 1>, (4111)
but now
Pro = iJ B(r) (Auz(;“) — szpﬁ) - w%(r)). (4.112)

The variable w; is now a function of p,y and p,o given by .

After deriving all the parameters in the form of perturbations, it is now pos-
sible to express also the deflection angle in the form of a perturbed function.
Indeed, using the corresponding relations in

dp %—ke@pwwl

== (4.113)
dr Bp(r) + €0, w1
leads to
dﬁ: Peo +€pgol —I—Ga wy Pro —EL p¢0p<p1+w1 +€8 wy -
dr C(ry C(r) " B(r)  pno \ C(r) "
(4.114)

Gt B Gy Gt o (e ) -

when the series of p, is considered, while when applying the perturbation of wy
one gets

de Py Pro 1 [ woowor -

— = 0) —e— — 0 4.115

dr (0(@ T B T P \ A W) T (4.115)
B(’f’) pcp B(T) { B(T’) P [ 1 <CL)00W01 ) ‘| }

=_——t=% t¢ Oy, wy + = | — —wy | = Opwi| ¢
C(T) Pro Pro P C(T) Pro [Pro A(T) ' P

There are thus two ways how to derive the deflection angle — either as a

function of (R,wp) or as a function of (R, p,). The particular choice depends on
the given variables and on the specific application of the formulae.
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5. Allowed Regions in the Kerr
Metric in a Cold Plasma

This chapter describes an innovative approach when the light rays propagating in
a medium around a compact object are characterized by their impact parameters,
rather than by their deflection properties. Due to that it is possible to find regions
around a compact object which the rays are forbidden to enter. The suggested
approach thus provides a global description of the photon motion and various
effects detectable by an observer at different positions can then be easily found.
Results presented in this and the following chapters are based on calculations
performed by Balek et al.| [2023].

5.1 Allowed Regions in Terms of Impact Param-
eter

In order to derive the description in terms of impact parameters, let me now
write the Hamiltonian in a slightly different notation to emphasize some
of its other properties. The dispersion relation in the rest frame of the medium
in which the light propagates is |p| = nw, and it can be further expressed in a
Lorentz invariant form as

pPP—m*-1Dw*=0, w=-p-V, (5.1)

where p® is the wave 4-vector and V¢ is the 4-velocity of the medium already
introduced in Chapter Notice that this relation holds both in a flat space-
time and in a curved spacetime (with substitution 7,, — ¢,,) in the geometrical
optics approximation (for more details, see Chapter . In the cold plasma ap-
proximation the Hamiltonian is applied and the dispersion relation hence
reads

P’ 4wl =0. (5.2)

The Kerr metric is assumed in further calculations. Let me recall that its
form in the Boyer-Lindquist coordinates can be found from (3.1]), where M (r) =
m = const. is chosen. A plasma medium of the same symmetries as those of the
metric is considered. The rays are assumed to move in the equatorial plane where
¥ = 7/2. In a such-defined system the Kerr metric has a block-diagonal form

0
9w = (983 o ) (5.3)

where A, B = t,p, and then p*> = ¢*Bpapp + ¢.»72. Note that the equation of
motion in the form © = p” was used in the expression for p?. Moreover, the
dispersion relation (5.2)) now takes the form

P2 = —g”(gABpApB + wz). (5.4)

As described already in previous sections, the covariant components ¢ and ¢ of the
momentum 4-vector are constants of motion. In accordance with the introduced
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notation we denote them as p, = —wg and p, = wb, where wy is the wave frequency
at infinity and b represents the impact parameter. Notice that both quantities (wo
and b) can be in principle measured by distant observers, and it is hence assumed
that the rays can reach them. It is also worth emphasizing that rays of given wy
and b can reach radius 7 if and only if 2 > 0, i.e., the right-hand side of
is not negative, and in the special cases when 72 = 0 such radius corresponds to
either the turning point (closest radial distance) or a circular orbit.

To furthermore simplify the calculations, the Kerr mass factor is taken as m =
1 and the metric then involves only one parameter, i.e., the angular momentum
per unit mass a. It is also useful to introduce new functions present in the metric
under given simplifications, namely

f=1-2u, A=1+d*u*+2d*u®, D=1-2u+a*u’ (5.5)
where u = r~!. These functions are related by the identity
fA+4a*u* = D. (5.6)
Then, the Kerr metric in the equatorial plane can be written as
ds* = — fdt* — 4ar~dtdp + Ar*de* + D 'dr?. (5.7)

Applying this form of the metric and introducing the relations for p, and p,, allow
one to express
w5

(Ar? —dar~'b — 1) = ~ s Frac (5.8)

2
Wo

AB _ %o
g PAPB = D2

The justification for introducing the function F,,. will become clearer after sub-
stituting (5.8)) in (5.4)) and applying ¢"" = D which leads to

2
i = wiFr—?, where F = F,q — DTQ%. (5.9)
0
It is evident that when w, = 0, i.e., in vacuum, the right-hand side of the equa-
tion of motion for 7 is proportional to F,,.. With the above relation it is now
straightforward to study regions in the (r, b)-plane where the light rays can occur.
Moreover, it can be seen that in these regions necessarily F' > 0, while at turning
points (where 7+ = 0) F' = 0. Additionally, the radii of circular light orbits are
found at positions where not only F' = 0, but also F’ = 0 (taking prime as the
differentiation with respect to r).

In the following sections it is analysed how the allowed regions for rays evolve
in the (r, b)-plane when the Kerr metric is considered in the equatorial plane and
it is surrounded by a cold plasma. In order to perform the calculations fully, it is
necessary to choose a suitable plasma profile. For this purpose the approximation
of a nonsingular isothermal sphere [see, e.g., Bisnovatyi-Kogan and Tsupko, (2010}
Liu et al., [2017] is assumed, for which N,(r) o< (r? + r?)~!. To avoid problems
with the singularity at r = 0, the plasma is assumed to have a core of radius r..

Two specific situations are analyzed in detail. First, light rays of a fixed
frequency wy at infinity are considered. Second, light rays are assumed to have a
fixed “telescope frequency” w,s measured by an observer with a given 4-velocity
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uby . at the established radius 7. The latter case is well justified when considering
that at an arbitrary position (outside the black hole horizon) the observer in
principle encounters light of a broad spectrum of frequencies w, coming both
from distant sources (stars) and from sources close to the horizon, and out of
them they can always detect the one which is wps.

The observer with a fixed “telescope frequency” can be defined in various
ways. The most traditional one is to assume that they are at rest with respect to
a given locally nonrotating frame (LNRF) or falling freely from rest at infinity.
Both configurations are discussed below.

To find relations between the parameters describing the LNRF and freely
falling observers, one has to recall that a particle moving in the equatorial plane
is characterized by a 4-velocity of the form

“_ _dt o _drg _dy

w =T1(1,0,0,Q), I'= o V= Q= o

where v and () are the radial and angular coordinate velocities, respectively.

Moreover, I' denotes the (Lorentz) conversion factor between the time of distant

observers t and the proper time 7 of the particle. It is now desirable to find these
parameters for the two introduced sets of observers.

The LNRF observers are characterized by

(5.10)

Aops 2au3,
Lops = , Vops = 0, Qops = 057 5.11
’ Dobs ’ ’ Aobs ( )
while a freely falling particle obeys
- Aabs Dobs 2aU3b
Foszia @os:_ vV Qobs ) Qos: OS: 5.12
’ Dobs ’ Aobs ’ ’ Aobs ( )

where aops = Aops — Dobs = 2uops(1+a*u?,,). Notice that the angular velocity Qs
remains the same for both classes of observers. For a detailed derivation of the
introduced formulae from the geodesic equations, see, e.g., Bicak and Stuchlik
[1976].

The frequency seen by an observer with the given 4-velocity u* can be found

as

Wops = —p - u = wol'(1 — v Tobs Qb), (5.13)

obs

where 7,55 denotes the rescaled light radial velocity detected at rys, i.e.,

Tlobs = M = :i:\/ Fobsuobs- (514)

Wo

To be more specific, the frequency derived for the locally nonrotating observer
then reads

Wobs = Wol ops(1 — Qopsh), (5.15)
and for the freely falling observer it is
Wobs = woL'obs (1 = EopsTobs — Qobsb), (5.16)
where & = D;bi@obs = —A;bi\/@.
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5.2 Allowed Regions for Rays with Fixed wj

Before studying the effects of the plasma presence on the accessible regions for
rays, they are briefly analyzed in vacuum. To find them, one has to solve the
relation F),. = 0 for b, which defines the boundaries between allowed and forbid-
den regions. This leads to a quadratic equation with two solutions which can be
written in two equivalent forms, namely

by = l(—2ar—1 +VDr) = AT (5.17)
jE_f "~ 2ar-14+Dr’ '

It can be seen that the two solutions lo)i meet at the horizon r,, where D =0
and thus r, = 14++/1 — a?, and at r > 1 they both approach the same asymptotes
as lo)i ~ =£r. The first formulation of the solutions in Zl?l) also reveals that there
is a singularity at » = 2 (static limit) for b_, as f — 0, but not for Z°7+ (cf. the
second formulation of the solutions in ((5.17))).

As shown in Fig. [5.1 where the allowed regions for the rays in vacuum in
the (r,b)-plane are depicted, there are two detached regions forbidden for rays.
They are shaded and bounded by black bold curves and inside them F,. < 0.
Their boundaries are formed by either a combination of 13+ and b_ (the “upper
corner”) or solely by b_ (the “lower corner”). Note that in the latter case the
position of the static limit naturally appears as an asymptote. There are also two
areas which are accessible, at least in principle by rays and which lie outside the
forbidden regions. They are labeled in Fig. [5.1] as Oz and O77 and are located
between the two corners or to the left of the upper corner at r < 2, respectively.

Note that the photon orbits are located at the minimum of the upper corner
(co-rotating orbit) and at the maximal point of the lower corner (counter-rotating
orbit).

One additional aspect of light observed in the allowed regions should be further
discussed. When assuming an arbitrary (not necessarily LNRF) observer with
v = 0, the observed wave frequency is weps = wol (1 — Qb). Although inevitably
Weps > 0, this is not necessarily true for wy. On the contrary, its sign has to
be derived at a given point of the (r,b)-plane by setting possible values of the
angular velocity €.

The angular velocities of co- and counter-rotating circular photon orbits can
be used as limiting cases. In vacuum, their impact parameters are b = b, and
their 4-velocity satisfies

W hoton = —Wolphoton + P Pphoton < —1 + b2 = 0. (5.18)
The velocity has to vanish because the rays are assumed to stay on the given
orbit (7 = 0). From this relation it is clearly seen that the angular velocities for
these rays are directly related to the light impact parameters as they are inverse
to each other, i.e., by = Q1! Hence, the given values of  in the allowed regions
lie between b/b_ < Qb < b/b, for b > 0 and they have to satisfy Qb < b/b_ when
b < 0.

This causes the light signals to have various signs of wq in different accessible
regions. While wy > 0in (091, in (0911 it satisfies wy < 0. Although rays with wy < 0
might seem rather suspicious, they represent only a special case of a “particle”
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Figure 5.1: Allowed regions for rays in vacuum around an object described by the
Kerr metric with @ = 0.8. Radial distances r (abscissa) from the black hole are
plotted as a function of ray impact parameters b (ordinate). The shaded areas
bounded by the black lines l°)+ and b_ (“corners”) are forbidden for the rays, while
the white regions Oz and Oz; are accessible for rays, at least in theory. The thin
vertical line at » = 2 denotes the static limit and it represents the asymptote of
the inner boundary of forbidden regions given by b_. Note that the minimal radial
value in the plot is the horizon radius which for the chosen a equals r, = 1.6.

with negative energy, which is frequently discussed as a necessary constituent of
the well known Penrose process (see, e.g., Misner et al.|[1973], §33.7).

Next, let me include plasma in the system. Light rays propagating in it are
assumed to have a fixed frequency wqy at infinity which is positive in Oz and
negative in O1z. Moreover, the boundaries of the allowed regions are given in
this case by F' = 0, where F' is defined in . This condition gives again a
quadratic equation with solutions

by = le <—2ar1 +r /(1 - fg?)D) , (5.19)
where ( = w,/wy. Note that the solutions formally correspond to the
vacuum solutions b given by if one replaces D — (1 — f¢?)D. From this it
can be further seen that the functions b4 approach the same asymptotes as by at
r> 1, i.e., by ~ £r. Moreover, also the behaviour of b_ is similar to b_ around
the static limit (r = 2), reaching a singularity there.

However, although the qualitative profile of the functions b4 corresponds to
the vacuum solutions Z.)i, their quantitative shapes depend substantially on the
chosen plasma parameters. Generally, it can be stated that b are closer to each
other than by and the forbidden regions for rays are hence larger. For particular
choices of plasma parameters it can even happen that they merge and form a
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neck, so that a ray of any impact parameter heading from the black hole cannot
reach a distant observer or opposite. Formation of the neck is discussed in detail
in Section [6.11

It is a natural consequence that the larger the forbidden regions, the smaller
the allowed ones. The regions O; and Oj; are then actually just parts of the
larger vacuum regions @I and (OQZI. Due to this, wg > 0 in Oy, while wg < 0 in
Orr. Moreover, if there is a neck, Oy is effectively split into two parts, Or4 and

O;p (see Fig. .

b b
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10 10}
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Figure 5.2: Comparison of the allowed regions for rays in a plasma with fixed
frequency wy at infinity and for rays in vacuum. Kerr metric with a = 0.8 was
assumed and the plasma parameters were set as r. = 1, 7,y = 1.8 (so the reference
radius lies halfway between the horizon and the static limit), and ¢ = 1 and 3.5
in the left and right panels, respectively. Forbidden regions for rays in a plasma
are shaded, while the remaining white areas correspond to either regions O; or
O14, Orp and Oy;. Boundaries of the forbidden regions in vacuum are drawn by
thin black curves which lie exclusively in the shaded regions. Thin vertical line
shows the position of the static limit for the chosen Kerr metric (r = 2), which
also represents an asymptote of the boundary of the allowed regions. In region
Oy, possibly in Oy4 and O;p, the frequency wy > 0, while wy < 0 in Oyy.

In terms of practical calculations, it is necessary to define the plasma proper-
ties and incorporate them somehow into the equations. Because a specific choice
of w, and wy might lead to a broad variety of combinations, it seems more useful
to work only with their ratio. To do that, a reference radial distance, 7., is
randomly chosen (requiring only that it lies outside the horizon) and the corre-
sponding plasma parameter can be slightly rearranged as follows:

= wWp(r) wp(rres) _ | Wp(rrey) | Ne(r) | wplrrey) r%f + 7;3 — 1P,
wo Wp(Tres) |wol Ne(Trer) |wol reA T
(5.20)
When working with the plasma, its profile as a nonsingular isothermal sphere with

N.(r) o< (r? +72)~! is assumed, and the definition of the plasma frequency (|1.49)
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is utilized. The parameter P thus represents the ratio of electron densities at r
and r,..s. The signs + and — in ([5.20]) refer to regions O; and Oy, respectively.

The accessible regions for light rays with fixed wg for two different choices of
q are depicted in Fig.[5.2] As described above, the forbidden regions for rays in
a plasma (shaded areas) are larger than those in vacuum. Moreover, the value
of g used in the right panel is larger than ¢..; (see Section and thus a neck
occurs.

5.3 Rays with Fixed w,s for LNRF Observers

In this section a LNRF observer set at r = ry,s with a telescope receiving fre-
quency wyps is considered. This frequency can then be calculated using equation
(5.15)). It was already argued that it is more practical to study the relevant ex-
pressions as a function of the ratio { = wy,/weps rather than of w,, itself. For this
class of observers one gets

¢ = £qTops(1 — Qi) VP, (5.21)

where =+ is the relative sign between wy and wys. In this case the reference radius
corresponds to the position of the observer, and hence both ¢ and P are functions
of Tobs-

However, in the following calculations it is assumed that ¢ is independent
of 7o, and hence, along with changing w, at different r,s also the telescope
frequency wps has to vary, decreasing for larger r. It is thus possible to express
the effect of plasma also on rays propagating at r > 1, although the plasma
is thin there. Moreover, for locally nonrotating plasma w = wgs and because
n? > 0, only rays with ¢ < 1 can reach the observer. Nevertheless, the restriction
for ¢ is more general, since n has to be always real in the regions with F > 0.
This can be also seen, e.g., in equation in Section

To find the allowed regions for rays with fixed frequency wgs as seen by
LNRF observers, one has to use relation in equation (5.9) and solve for b.
It is again a quadratic equation, as in the case with fixed wy where { = const.,
but the individual polynomial coefficients are shifted. This shift causes that the
asymptotes of solutions by for r > 1 behave as by ~ +Cr, where C' < 1, while
in the previous case C' = 1. Moreover, the branch b_ does not have to reach a
singularity at the static limit » = 2, but it can occur already at r < 2. The exact
value depends on the chosen plasma parameters. In Section [6.2] it is shown how
both C' and the asymptote radius increase as a function of observer position s,
which can span from the horizon to infinity. Moreover, it is also shown that in
this case the function diverging at the given asymptote can be b, rather than o_.

In this case a neck between the forbidden regions can emerge in the (r, b)-plane.
The neck exists for such values of » which cause the discriminant of F' = 0 to be
negative. It is worth noting that the neck can appear for both the observer radii
close to the horizon and far away, but there is a radial interval popsa < Tops < PobsB,
where it disappears. Note that for observers at pps4 and ppsp the neck effectively
shrinks into a point at radii p4 and pp, respectively. Their derivation and their
values for specific cases are discussed in detail in Section [6.3]

When wgs is fixed, rays that actually reach the observer are not the only ones
adjusted to be received by the telescope. In principle, there are also “ghost rays”
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which bounce on their way back to the observer and have a suitable combination
of frequency wy and impact parameter b, so their frequency measured by the
observer, wys, is just the tuned value. For this type of rays the allowed regions
O; and Oy exist, and they are of a similar shape as those obtained for a fixed
wo. However, sometimes the frequency w.,s associated with the “ghost rays” has
to be negative, according to their value of the impact parameter. To show this,
one has to recall that there are limit impact parameters given by by, = Q..
One knows from that weps o< wo(1 —b/byim ), so that when wy > 0 in Oy and
wg < 0 in Oyy, in the upper part of O; where b > by, one has to set wys < 0,
same as in the lower part of Oy where b < by,.

Regions accessible for rays with fixed wys as seen by LNRF observers are
depicted in Fig. [5.3. The white areas bounded by thick grey curves represent
allowed regions for rays that potentially reach the observer at r,., either directly
or after bouncing back. The remaining free regions around the shaded corners
and the shaded strip in the right panel (where a neck emerges) define allowed
regions for “ghost rays”, however, they never reach the observer.

—_————— e — — — —

Figure 5.3: Allowed regions for rays in a plasma with fixed frequency weps seen
by a LNRF observer. Kerr and plasma parameters were chosen as a = 0.8
and r. = 1, respectively. The frequency ratio was set to be ¢ = 2/3. The
observer positions are marked by a dot; in the left panel at r,, = 1.8, while
in the right panel two values are applied, namely 1.65 and 7.25 in its left and
right parts, respectively. Forbidden regions for rays, including the “ghost rays”,
are shaded. Boundaries between the accessible and forbidden areas for rays in
vacuum are drawn by thin curves. Solid vertical lines show the asymptote of the
inner boundaries of forbidden regions. Dotted horizontal lines denote values of
biim, which divide the regions with “ghost rays” according to the relevant sign of
Weps- 1t has to be negative at r > 2 above by, while for r < 2 this happens for
impact parameters under b;,,, up to b at the horizon. Dashed vertical lines depict
rays at the moment of arriving at the observer. Regions bounded by the thick
grey lines, labeled as F, Gy, and G;_ in the left panel and Gr4, G;r and G;p in
the right panel, are accessible for rays truly reaching the observer. Region G;; in
the left panel, ranging from b > 25.7, as well as by;,, = 276.5 of the right part in
the right panel, are not depicted because of their large b values.

82



The observer position r,s chosen in the left panel of Fig. belongs to the
interval (popsa, Pobss), and hence there is no neck. This allows the rays of impact
parameters from the free band F to propagate easily between infinity and the
horizon back and forth. Otherwise, the allowed regions are always bounded from
one side. For 7, smaller than the position where function b, reaches its minimum
(which is the case in the left panel), the observer can detect the rays coming from
regions Gy, and G;_, but not the rays from G;; (not shown in the left panel) which
is separated from JF. All these regions are inaccessible for rays from infinity.

The values of r,s used in the right panel of Fig. do not belong to the
interval (popsa, Pobsp) and thus a neck is formed. Depending on the exact choice
of 7, Tays can reach the observer either from regions Gy4 and G;; (when 7y, <
Pobsa ), or from region Grp (if rops > pobsp). Both situations are depicted in the
right panel of Fig. [5.3

When looking at a set of LNRF observers located at various distances 7.5,
the allowed regions for rays can be identified in the (7.5, b)-plane in a similar
manner as the regions O; and Oj; presented for fixed wy in the left panel of
Fig. 5.2l Their boundaries are then formed by functions B. which are solutions
of the equation F|,—,, = 0. These functions can be expressed as the second
form of the solutions in (5.17]), where r is replaced by r,,s and the transformation
Dops — Dops(1 — ¢*)71 is performed (cf. equation (6.25)). Strictly speaking,
the correspondence between the solutions with fixed wy and in the (7, b)-plane
is more complicated as there has to be a specific choice of the frequency ratio
q < qerit, Where .. is introduced in Section (6.4, However, at the current stage
this fact does not hinder us from describing the main properties of the allowed
regions in the (74, b)-plane.

The main difference between the rays discussed in the (r,b)-plane and (7,5, b)-
plane is that in the latter case the allowed regions contain two rays of the same
telescope frequency at one point; one oriented towards the black hole (7pnoton < 0)
and the other away from it (7proton > 0). According to the original orientation of
the rays, it is possible to separate the allowed regions in the (74, b)-plane into
areas O, and O; such that at least one ray begins at the horizon or at infinity,
respectively. These regions can be viewed in Fig. [5.4 Of course, in some parts
of the allowed regions both kinds of rays meet. This region is further denoted
as Oy, as it effectively represents the intersection of Oy and ;. The regions
labeled as O}, and O correspond to segments of O, and O; which are complements
to Oh—i—i‘

Rays forming the region Oy, ; correspond to those present in the (7, b)-plane
in the free band, and it is hence equivalent to F introduced in the left panel of
Fig. . Along the same lines, regions O}, and O} consist of rays originating in
allowed regions bounded from one side, similarly to regions from Fig. [5.3[— either
Gry, Gr_ in the left panel or G4, G;; and G;p in the right panel.

The boundaries of region Oy; can be found as the minimum of b,, which
at the same time represents the maximum of F. It is hence the upper limit of
Opi, while its bottom part is limited by the local maximum of b_ for r larger
than its asymptote (minimum of F). These two limits are denoted in Fig. as
B, and B_, respectively. It should be emphasized that the boundaries of Oy
are not part of this region, as rays with b = Bi have a limited access to the
observers because they do not get over the peak of the corresponding forbidden
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Figure 5.4: Allowed regions for rays seen by LNRF observers in the (7,s,b)-
plane. The values of parameters a, r., and ¢ remain the same as in Fig. [5.3
Similarly as in the previous plots, the forbidden regions for rays are shaded, but
here the rays can be detected by observers at various radii r,. Boundaries of
the allowed regions in vacuum are drawn by thin curves. Solid vertical lines show
the positions of the asymptotes of the boundary between allowed and forbidden
regions. The white area bounded by thin and thick curves in the center of both
panels is Opy;. In this region rays originally coming to the observer from both
the black hole horizon and infinity meet. The regions O}, in the left panel are
formed solely by rays reaching the observers from the horizon, while in region O}
in the right panel rays detected by the observers come from infinity. Points P
divide the boundary of Oy, into parts, where the relevant regions adjoin. In the
left panel it is region O, consisting of two parts, located between the horizon
and the thick curve connecting P, and P_, while in the right panel region O; is
limited from below only by the thick curve between points P, and P_.

region standing in their way.

The positions of minimal and maximal values of b, and b_, respectively, de-
pend on the choice of r,,. When it continuously increases from popsa t0 pobss,
the functions B. intersect with functions B4 at two points, which are labeled in
Fig. as P.. These points divide the boundary of O),; into two parts, where
Oj, meets Opy; from the left, while O} is adjacent from the right. A derivation
of the position of points Py and a detailed description of the behaviour of the
functions B4 and By in their neighbourhood can be found in Section .

The allowed regions in the (7,5, b)-plane describing rays detectable by LNRF
observers located at various radii from the Kerr black hole are depicted in Fig. [5.4
In the left panel the region Oy, is shown, composed of Op,;, the neighbouring
region O;_, and the detached part O, . The region O; consisting of Op4; and
O} is shown in the right panel of Fig. 5.4, Point P, is located at r slightly lower
than the static limit, and reasons for this, as well as other technical details, are
clarified in Section [6.4l

Note that the boundaries between the allowed and forbidden regions in vac-
uum shown in Fig. [5.4] (thin curves inside the shaded areas) correspond to the
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boundaries already obtained in the (r, b)-plane because in vacuum they are inde-
pendent of wy.

5.4 Rays with Fixed w, for Freely Falling Ob-
servers

Having ([5.16)) at hand, the parameter ¢ corresponding to an observer freely falling
from rest at infinity can be expressed as

C = qfobs(l - fobsnobs - Qobsb) \/7_3 (522)

Unlike in the previous case, the presented formula can be applied solely to rays
that truly reach the observer, as 7, defined with is imaginary elsewhere.
For this reason, ws is exclusively positive and hence there are no “ghost rays”
as for LNRF observers. Due to that, there is no 4+ in equation .

For this class of observers, it is necessary to find 7, first. This can be
performed by squaring equation and solving the corresponding quadratic
equation for n,s. The allowed regions in the (7.5, b)-plane can be found from
the condition F,,suZ,, > 0, similarly as in the previous case. However, here it
is necessary to require that the quadratic equation has real solutions and its
discriminant hence is not negative. In Section it is shown that the bound-
aries between the accessible and forbidden regions are given by relations analo-
gous to By obtained for LNRF observers, but with the replacement ¢ — gyp =

qLobs/ [1 4+ ¢* (T2, — 1)]1/ ?. This set of solutions is further denoted as B.. When
q is defined as a function of r,s to return qp = const., the allowed regions for
falling observers are of the same shape as those derived for locally nonrotating
observers.

Here again, there are two rays for each 7., in the allowed regions, but they
differ by rescaled radial velocities nfjg) which represent two solutions of the cor-
responding quadratic equation and thus it is not only a sign by which they vary.

Considering the (7,5, b)-plane, 77((;1:5) is negative in Oy, while ng;):) is positive inside

()

this region and zero at its boundary (corresponding to By). Similarly, n,,. is

positive everywhere in O;; and 77517_5) is negative there except for the line B_. In
Op; also the sign of 7ppot0n,00s differs from the sign of 7us, as wy < 0 there (cf.
(5.14))).

For the purpose of further description, rays of velocities n
7751;5) in region Oy are characterized as “rays of class I”, while the complementary
rays in the given regions are “rays of class II”. From the sign analysis of 77(()2:5) it
follows that the rays of class II are oriented towards the black hole, as is a subset
of the rays of class I which lie between impact parameters By and Bi.

The discussion related to regions O;, and O; in the same manner as in the
previous section is more complicated because there are two classes of rays which
behave differently. For this reason, these classes of rays are analysed separately
and the categorization of rays belonging to corresponding regions is now maxi-
mally extended in time. Then, rays are part of region O}, if they either begin or
end on the horizon, and they belong to region O; when either their beginning or

end is at infinity.

(+)

s N Tegion Or and
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Figure 5.5: Allowed regions seen by freely falling observers in the (7,5, b)-plane
for rays of class I (left panel) and II (right panel). Parameters a, 7., and ¢ have
the same values as in the previous figures. The shaded areas are forbidden for
rays and the thin curves inside them show boundaries of the allowed regions in
vacuum. The dashed curves in the left panel denote the boundaries By, where
the radial velocity 77(();;) changes sign. The region O}, in the case of rays from class
I (with 77(+)) consists of Oy, and Oj,, while the region O; contains, in addition

obs

to Opyi, the region O). In the case of rays from class I (With 7752), the region
Op.i extends straight from the horizon and the region O} _ is thus divided into
two segments, O;_, and O;__. Unlike in the case of LNRF observers, where it
involved just a pair of points, region Oy,; meets the boundary of the forbidden
regions at the arcs P4, Py and P,4_Pp_ marked by thick black segments. More-
over, the arcs connecting points P4y, P4 and Pg,, Pp_ in the left panel create
a boundary of region O;,;, intersecting the curves B. at points ().

Fig. p.5 shows the allowed regions for rays detected by freely falling observers
at various distances from a black hole, i.e., in the (7., b)-plane. The behaviour
of rays from class I and II is depicted independently, in the left and right panel,
respectively. The positions of the corresponding regions O, and O; are shown
for both classes of rays in the figure. In Fig. the regions Oy, in the sense
of the original definition of O, and O;, can be related to the regions O} and Oy,.
The part of the region Op,; in the left panel located between curves By and By
and the region Oy, in the right panel adjoin region O) and the horizon, while
the remaining boundary of Op; in the left panel is shared only with O;. In
Section [6.5] it is demonstrated how the shape of the regions depicted in Fig. [5.5
can be derived without defining explicit relations for the accessible regions in the
(r, b)-plane.

Rays with impact parameters By, which form the boundaries of the forbidden
regions, have only one nonzero rescaled radial velocity 7,,, at each point. Their
trajectories are rather peculiar because those coming from infinity return back
after they meet the observer and rays originating near the horizon bounce back
already before they reach the observer. This is due to their radial velocities which
are given as Tphoton,obs = Wolleps < 0. Furthermore, there are also rays which can
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continue straight from infinity to the horizon instead of being bounced back. This
kind of rays is located along the arcs P4, Pg. and P4_ Pg_, which are highlighted
in Fig. by thick black segments. These segments play a similar role as the
points P, and P_ discussed in the previous section, i.e., they can be linked by
curves connecting points P4y, P4 and Pg,, Pg_ that allow one to distinguish
which part of the boundary of Oy, separates it from regions O}, and O..

Notice that the rays of class I that are situated in the allowed region limited
by the curves B, and B_ reflect back once they reach the observer. The region
O is constricted to a point at the curves B., which are denoted by (1 in
Fig. Altogether, Oy, consists of three separate parts connected at points
@+ — two segments of triangular shape on the top and bottom and a central
region between them. In addition, the central part is adjacent to the region O;
at points (4, in a similar manner as Oy, is adjacent to O; at points Py in the
case of LNRF observers. The region Oy, is substantially broader for rays from
class II than from class I, and it also extends down to the horizon for the former
class of rays.

The shapes of the allowed regions for both kinds of rays are described in detail
in Section [6.5 Formation of a smaller region O} for the rays of class I, where
the rays bounce back after reaching the observer, is also discussed. It is shown
that the choice Gy < 1/v/2 has to be made in order to extend @) down to the
horizon. This is the case shown in Fig. |5.5]
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6. Technical Aspects of
Constructing Allowed Regions
for Rays in a Plasma

This chapter is devoted to some more technical issues which occur when dealing
with the allowed regions around a black hole in a cold plasma. While they were
mostly outlined in the previous chapter, here they are discussed in detail. The
presented calculations hence serve as a useful tool for better understanding the
results presented in Chapter 5], although their proper analysis is not necessary for
a basic overview about the allowed regions.

6.1 Neck Occurrence for Fixed wy

As mentioned in Section[5.2] in the case with fixed frequency wy a neck connecting
both forbidden regions can occur. The circumstances under which the neck forms
are analyzed below.

In this case the solutions for the impact parameter, by, are given by (5.19).
Let me rewrite this equation with the usage of to get

1
b= 5 [—Qau +/(1— @ fP)Du2. (6.1)

The term fP present in the square root in (6.1)) is important in order to
describe the behaviour of the boundary functions by at specific values of r (or u
analogously). This term satisfies

(1—2uu®  d(fP)

2 3
(5 r2u?)’ T 1—3u—riu. (6.2)

fP

These relations reveal some important properties. First, it is obvious that fP is
positive for 0 < u < 1/2 which corresponds to the radial distances from infinity
up to the static limit, while at these boundary points (i.e., at v = 0 and u = 1/2)
it vanishes. Second, its derivative decreases as u increases (and r decreases) and
it reaches zero at some uc < 1/2. This means that the maximum of fP lies
somewhere outside the static limit of the black hole, which is situated at r = 2.
For convenience we denote ey = (fP) V/?|y=u.. Then, with the choice ¢ = g
the functions b, and b_ intersect at r¢ as the square root in (6.1) vanishes. Since
their shapes lead to the formation of forbidden regions as two “corners” pointing
towards each other, their peaks meet at ro when ¢ = qepi¢.

This behaviour can be further clarified by considering that in the neighbour-
hood of r¢ the expressions for b4 can be written as

by = g1+ g2(r —re) £ gslr — rel, (6.3)

where the coefficients g1, g2, and g3 are independent of r. This expression reveals
that at r = r¢ there is a spike-like minimum and maximum for by and b_,
respectively. Furthermore, when ¢ > ¢..; the term in the square root of (6.1))
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becomes negative in an interval (74, 75), which includes r¢. This interval extends
for larger ¢q. Thus, the two originally detached forbidden regions for rays merge
through a neck of a width given by r4 and rg. The interval (ra,7p) is always
above the static limit for arbitrary ¢ > q..+ because the square root in is
real for r < 2.

When using the black hole and plasma parameters applied in Fig.[5.2] one gets
re = 3.104 and consequently (fP)|u—u. = 0.1418, ¢eir = 2.656. With the value
q = 3.5 chosen in the right panel of Fig. the neck lies between r4 = 2.268 and
rp = 5.727.

6.2 Allowed Regions at Extreme Radial Values
with Fixed w

When the rays are assumed to have a fixed wys as detected by LNRF observers,
their allowed regions can be determined from F' = 0, where F' originally given by
(15.9) yields

F = Ar* — Q* +2(—2ar™' 4+ Q*Qups)b — (f + Q*Q2, )b (6.4)

with @ = ¢LsvV/DPr. This leads to a set of two functions by which can be
expressed via the general solutions of a quadratic equation. These two functions
can be then either solved numerically or expressed graphically as performed in
Section 5.3} However, the limiting solutions of are discussed analytically in
this section to describe how these functions evolve.

Let me first consider the case when r > 1. Then, vVDP =~ /1%, + r2 and

F~r?4 2(qTops\/ 725 + T%)QQobsb — (14 (qTops\/ 7% + Tg)2ngs)b2. (6.5)

The solutions of F' = 0 in the leading order of r are b = +C'r, where

C = (1 + (qFObS \/ /rgbs + r2)2Q§bs)_1/2' (66)

It can be seen that C' < 1 and hence the forbidden regions expand for fixed weps
in comparison to the case when wy is fixed.

It is clear that the shape of C' will change with respect to r,. In order to
describe this, it is useful to write

[ 2 2
Tobs + re
R e v 67)

One thus sees that this term decreases for a given r,,s above the static limit (from
oo to 0), and C' thus increases between the horizon and infinity, ranging from 0
to 1. For the choice of parameters applied in Fig. one gets C' = 0.681 in the
left panel and C' = 0.9997 for the right part of the right panel.
It was already discussed in the previous chapter that there exists an asymptote
of either b_ or b,. Its value can be found when setting the term oc b? in (6.4)
equal to 0. This yields
f — _Q2Q2 — _q2F2 DPT’ZQQ

obs obs obs*

(6.8)
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Since f can be negative only for r < 2, the asymptote can occur exclusively
below the static limit. Notice that the asymptote is located precisely at r = 2
in the case when wy is fixed while in the other case it is shifted closer to the
horizon. Moreover, recall that the position of the asymptote represents not only
the boundary of a forbidden region for rays, but also the innermost radius where
a neck can occur (for details see Section [6.3).

The value of —f decreases from positive values to 0 between the horizon and
the static limit, while Dr? increases in this interval of radii, starting from 0 at
the horizon. The exact position of the asymptote is hence given by the remaining
terms and implicitly by r.,s. At the horizon I',ps — 00, while Qs — 0 for r — o0.
Then, the larger the assumed observer position, the closer to the static limit the
asymptote is. This is a natural conclusion when one realizes that the fixed wgps
case merges with the fixed wy case for r,,s — oo. In Fig. the used parameter
values yield the position of the asymptotes at » = 1.836 in the left panel and at
r = 1.691 in the left part of the right panel.

While in the case with fixed wy one always gets similar results as in vacuum,
i.e., that the asymptote lies at » = 2 and the diverging function is b_, this needs
not to be the case with fixed wyps. It has been shown already that the asymptote
position can be closer to the horizon in the latter case, and moreover, the divergent
function can be b, rather than b_. The reason for this can be explained when one
studies the term o< b in more carefully. If this term is negative at the position
of the asymptote, the divergent function is b_, while it is b, in the opposite case.
Furthermore, if the diverging function is by, a neck necessarily occurs and the
boundary of the forbidden regions touches the asymptote from the opposite side
than if the diverging function is b_. That is, the function b, falls to —oo from
the left side of the asymptote and aims to +oco from the right side of it.

At the asymptote position, the term o b in (6.4)) can be rewritten as

3 _
(-2@7“1 o Qf > x AObsrobs(Q T) -1
obs

4a?
This term remains positive below some r; which is larger than the outer horizon
radius and can be found from

(6.9)

=202,

4a?
o= b (11— ) 6.10

where rp+ denote the two horizon positions (roots of D = 0). Note that these
positions satisfy the equality 2 = r, + 7.

With the parameter values used in the left part of the right panel of Fig.
one finds that r = 1.625, which is less than the asymptote position (1.691) and
the diverging function hence has to be b_. Additionally, to obtain b, as the
diverging function requires ¢ > ¢rev = (FopsQobs) 1/ —f/(DP)|r=r, (“rev” stands
for “reversed”). In the case shown in Fig. Grev = 1.421 and hence q < @ep.

6.3 Neck Occurrence for Fixed w,,

The allowed regions for rays with fixed ws seen by LNRF observers can be deter-
mined from F' = 0 with F' defined by (6.4). This equation has a discriminant A
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of the form
A= ( Zribstr ) T27 f+=[f+ 4a7“7190bs - AT2Q§I)S (6-11>

This relation differs from the discriminant obtained in the vacuum case, where
A = Dr?, by the extra factor in the brackets. However, the bracket factor is
crucial for determining the occurrence of a neck, which can connect the forbidden
regions for rays in the (r,b)-plane as described in the previous chapter. The
interval (r4,rp) describing the neck extent can be calculated by setting A = 0,
which in this case reduces to the condition 1 — ¢*T'%,f. P = 0. Note that the
neck formation in the case with fixed wy is limited to sufficiently large ¢ > ¢erit
(see Section for details), but this is not true in the case with fixed wyps. The
parameter ¢ can now be chosen arbitrarily and the neck forms, requiring that s
does not lie in the interval (popsa, popsp), where the discriminant of equals
or is larger than zero. This statement can be proven when the form of is
studied in the two limiting situations in which 7., is chosen close to the horizon
or far from it. Let me now discuss these two cases separately.

In the vicinity of the horizon position rj, one can expand the corresponding
expressions in terms of ¢, = r — ry,, assuming that ¢, < 1. Then,

D ~2vV1 — aujen, An = 4uj. (6.12)

Note that in the leading order it is reasonable to take the value of A precisely
at the horizon. Furthermore, the observer is assumed to be displaced from the
horizon by €., < 1. This leads to

1
T ops ;h ~ 2(2V1 = @) P Qo = Sau, (6.13)
obs

Hence, the bracket term in (6.11]) close to the horizon reduces to

1—¢°T% fiP ~1—4¢2(2V1 — a2ens)  f 1, (6.14)
where
Ar? 1, 5 o
rfe=1—24 4aQups(1 — 4—901,5) ~[1— 7° (3 + a“uj)lep. (6.15)
a

Recall that P ~ 1 when both 7., and r are assumed to lie close to the horizon.
Then, when €,s < 1 a neck occurs in the (r,b)-plane with the inner edge

oriented away from the horizon limited by some e4. Considering that has

to vanish at this point, with the usage of one reveals that €4 is given by

q72€obs 2rpV/1 — a? -2, 2r3 V1 — a? 9

1 1-1e2@+ad) 1 CU—3ad)yi—at 1

€A = (616)

Here the fact was utilized that the denominator of the second fraction equals
2r34/1 — a2, which can be inferred after substituting r;, = 1+ +/1 —a?. If one
wants to estimate the position of the asymptote of b_, an expansion of F' up to
the first order in €, leads to the same result as for ey, i.e., ¢ 2€,. Hence, to show
that €4 is larger than the asymptote position and thus that the point where b_
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intersects with b, lies beyond the asymptote of either b_ or b, it is necessary to
proceed one order higher in €,;.
In the other limit, when 7,5 > 1, one gets

Fobs >~ 1, Qobs = O(u‘;’bs). (617)
When also r ~ 7., one gets

fr=1l, Pordal (6.18)
All these values lead to the conclusion that the bracket term in (6.11)) for large
Tops (far from the horizon) yields

1= T2 [P =1 = ¢*riu®. (6.19)
Hence, in the (7, b)-plane there is also a neck, of an outer edge aimed towards the
horizon down to rg = qrps.

Besides the limiting values r4 and rg, there are special choices of 7., which
cause the neck to formally shrink to a point. The position of this point can be
derived from the requirement that not only the bracket term of (6.11]) equals zero,
but also its first derivative with respect to the radial coordinate vanishes. These
two conditions return two equations which have to be solved, namely

1= ¢T3, f+ P, (6.20)

obs
(f1P) o< (1 — aQops)*u(3 + r2u?®) — (r2 — a*)Q%, — 1= 0. (6.21)
The second equation is a cubic equation for u. To solve this problem completely,
one has to apply the formula for corresponding solutions (Cardano’s formula) as a
function of €., and combine that with a numerical approach in order to find two
pairs of values (7,5, 7). The corresponding solutions for the choice of parameters
used in Fig. are (pobsa, pa) = (1.726,2.176) and (popss, p5) = (6.769, 3.080).
The analysis performed above of the neck occurrence in the two limiting
regimes for r,s (close and far from the horizon) indicates that the neck connects
the forbidden regions if 7,5 < popsa and also when 7,5 > popsp- It follows that
Tops Chosen within the interval (popsa, Pobsp) returns two separate forbidden re-
gions without any neck. Furthermore, the interval (pa, pp) is situated completely
inside the interval (popsa, pobsp). Due to this, the relations €4 = ¢ 2€gps > €ops and
B = QTops < Tops Tevealed at s ~ 1, and ryus > 1, respectively, hold over the
whole range of r,,s chosen between r, and pys4 and further from p,psp to infinity.
The verification of this conclusion can be performed numerically, as the bracket
term of is a cubic expression for r and applying Cardano’s formula allows
one to express 14 and rg as functions of 7.

6.4 Allowed Regions in the (7., b)-plane

Although the idea of identifying the allowed regions in the (75, b)-plane is the
same as in the (7, b)-plane, there are some technical differences which should be
treated separately. In this section these aspects are analyzed for the rays detected
by LNRF observers. The task is still the same, i.e., to find the functions limiting
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the impact parameters, but in this case such that By = bi(rys). In order to
complete this task, one has to redefine F' presented in (5.9), taking into account
that the unknown radial variable is now solely 74s, i.e.,

Fobs = Fobsugbs = Aobs - 4augbsb - fobsuzbsb2 - Dobs 31)37 (622)

where (s is given by relation ((5.21) |I| Moreover, because P|,—,, = 1, the
formula for (s is simplified in comparison with the original form (5.21)) to

Aobs

obs

Substituting this expression in (6.22)) and applying identity (/5.6]) returns

D,y
osu2

obs
Aobs

Cgbs = QQszs(l - Qobsb)2 = q2 (1 - Qobsb>2- (623)

fobs = (1 - q2>Aobs<1 - Qobsb>2 - 62- (624)

This expression corresponds to the equivalent formula for vacuum with the sub-
stitution Dops — Dops(1 — ¢*) 1. Setting Fops = 0, one finds the solutions

2
AobsTobs (6.25)

- 26”.07;9 + \/,Dobs(1 - q2>717'obs '

By

The asymptotes of By at ry, > 1 are £+/1 — ¢?rps. For large b, F,ps can be
expressed as

D b D b
Fobs = [(1 = ¢*) Ao Qo — 55— | U? [1— - ”4]192. 6.26
b ( q )A bs® “obs TgbsAobs‘| X q 4a2 T obs ( )

Thus, the asymptote position of the function B_ can be found from the condition
VDopsr?,, = 2a+/1 — ¢2. For the parameter values used in Fig. the asymptote
occurs at radius rys = 1.874.

In order to construct the curves By in the (rqs, b)-plane, it is necessary to
define the interval (popsa, pobsi), in which a neck does not occur. For r,s from this
interval one has to calculate the maximum and minimum impact parameters of
the lower and upper forbidden regions in the (r, b)-plane, respectively. A sequence
of these points drawn in the (r.s, b)-plane leads to the desired By curves. The
two lines B_ and B, are separated inside (popsa, pobsp), but they intersect at
the boundaries of this interval. Thus, these two curves form a closed loop in
the (7o, b)-plane as shown in Fig. |5.4 This loop hence forms the boundary of
the region Op.;, which is situated inside and the corresponding rays can reach
the observer from both sides, i.e., from the horizon as well as from infinity. On
the contrary, the rays on the boundary, lying either on B, or B_, arrive at the
observer’s position from one side only. The rays originating either on the horizon

!The vacuum part of (6.22)) originally given by (5.8 can be treated with identity (5.6)), but
notice that the same form can be directly derived when a 2D metric is defined, namely

D
ds3 = —thz + Ar?dp?,

where d@ = qlap — Qdt. Then, ~the corresponding formula can be obtained from Fp,. =
—w(;?DgABk;Ak:B, assuming that ka = wo(—1+ Qb,b).
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or at infinity can be distinguished on the curves B, and B_ due to the points P.
which divide the boundary of O.; into two parts. The positions of the points
P, and the lines By and By in their vicinity are discussed further in detail.
Along with the change of 7,5 between popsa also popsp, the minima of b, and
the maxima of b_ also vary, from pa to pg. In general, ps > popsa and pp < pPopss,
and at some 1, the observer’s position equals the radius at which the considered
limiting value of either b, or b_ appears. Hence, these values of r.,s correspond
to the positions of the points Py in the (74, b)-plane. The functions By (7 eps)
and By (reps) intersect at 7, which corresponds to the radius of minimum b,
and similarly B_(rqs) and B_(r.s) coincide at the position of maximum b_. The
positions of the extreme values in the (r, b)-plane can be found from the condition

Opby (rops, ) = 0 or, equivalently, from the equation 0, F (7 s, T, b)‘b b )= 0
=0+ (Tobs,T

Then, in order to find the corresponding 7. in the (7.5, b)-plane, one has to
solve

a7“F’<7ﬂobsa Tobs) b)‘ = 0. (627)

b=B(robs)
This relation is rather complicated, and to express the substantial dependences
concisely, the subscript “obs” will now be omitted for a while and left only at its
original places. Furthermore, rather than with F' itself in this case it is useful to
deal with the relation

fF =Dr* — (fo+2ar™ ) — fQ*(1 — Qusb)?, (6.28)
where the identity (5.6) and @ defined in Section were used. Then,
1 21
8r(fF) X Z(f(DTQ)/TQ + a2) - <fb + 2CZT_1 - ;) - Zf(fQQ)ITQ(l - Qobsb)Q'

(6.29)
The first and third terms can be simplified later by using

1
3 f(Dr?)r? = r® — 3r% 4 2r, (6.30)

1 2\/ 2 212 3 2 2 fDT5 . 2m2
U@V = PTAPI (' =2 4@ = S ) = PTOPIr. (631)

Considering the condition (6.27)) and getting rid of @ by applying (6.28)), from
(6.29) one gets

= 0.
(6.32)

From this equation it is possible to find the values of radii r.,s where either b,
or b_ reach their extreme values. The parameter values chosen in Fig. yield
1.965 as the radius where b, has its minimum, while b_ reaches its maximum at
radius 3.593.

The significance of the points Py is not only being the points of coincidence of
the functions B. and B., but in addition the functions are mutually tangent at
these points. It should be recalled here that the corresponding pairs of lines (i.e.,
either B, and B, or B_ and B_) have exclusively one common point. The same
conclusion can be also seen when analysing the functions By (r.s) and By (reps)

: ' A By + 2ar—1)?
4(f(D7"2)r2—|—a2)_<fBi_|_2ar 1_2) —2I/<1—(f :I:,Dr2 )
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close to their extreme values. This is illustrated for the functions B, and B,.
The line B, (rys) is defined as the minimum of function by (7.s,7), and hence
B, > B, in the vicinity of the position where b, (75, 7) is minimal. Thus, for
Tobs larger than this position the relation

dB, dB.
> 6.33
drobs - drobs ( )
has to be satisfied, while at 7., less than the minimal radius,
dB dB
o< 2 (6.34)

drobs o drobs

From these two inequalities one directly sees that exactly at the position 7, of
minimal b,

dB,  dB,
drobs B drob57

(6.35)

and so these two derivatives correspond to each other.

Note that in addition to the minimal radii calculated for particular choices
of parameters a, r., and ¢, relation is also always fulfilled at r,,, = 2
regardless of the parameter values. This can be easily seen, since at r,s = 2 one
gets

1
3 f(Dr*)r?,—2 =0, fBi+2ar',—o=a, D=d’r? (6.36)
and (/6.32)) reduces to
1 2 1
0+ a%) - (a _ g) —v(i-1=0 (6.37)

However, this solution is rather pathological and it cannot be interpreted that the
functions B (rps) and By (r.ps) merge twice for the same 7., i.e., at the static
limit 7,5 = 2 (inside (popsa, porsp)) and outside the interval (popsa, popsp)- The
pathology occurs because the expressions used for deriving were based on
calculating fF, not F' only, and the relation 0, F includes the additional factor
f~2 which has to appear also when substituting in (6.32). Then, the correct
equation which has to vanish is @l} multiplied by =2 evaluated at 74,,. When
Tobs ~ 2, fobs = €obs/2 and (]@ is O(e?,,), where €, = Tops — 2. Due to this,

the corresponding equation does not generally have a solution at r,, = 2. Just
for completeness, the coefficient of the term oc €%, in (6.32)) is

obs
a? 1 4 a? R
1+ — | |=4+———2(1+=— a2 2k -+ — 6.38
(%) prarm () g s s
where
1-¢*) 171
A (6.39)

NEerouEe

For a ~ 0, the factors are negative, reaching the order oc —a=2, but
while the negative branch remains less than zero even for a close to 1, the factor
with k, crosses 0 at some a..; < 1. This is true if one assumes that ¢ is not
too close to 1. For the parameter values used in Fig. |5.4] one gets a..;; = 0.784.
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The behaviour of at the horizon and for r,s > 1 suggests that zero is
intersected at r,s > 2 like an increasing function from below and at r,, < 2 as
decreasing from above. From this I conclude that the radius where b_ reaches
its maximum is always larger than 2 for arbitrary a, while the radius of minimal
b, is larger than 2 only for a < a4 In Fig. it was chosen a = 0.8, which is
greater than a..;; and, hence, point P, is shifted slightly to the left of 7, = 2.

In order to perform a proper derivative of By and B4 at 7., one has to realize
that the observer’s position is present in F' only through the additional plasma
term introduced in (5.9). Hence, its derivative with respect to 74 in the case of
the LNRF observer is

G

Tobs ) |7":7’obs

= —20Q%.Y (1 — Qusb), (6.40)

where

2..—2 2 2
obs T 05_1 obs 2 303 b
Y:<” b T Ty _Tob )(1—Qobsb)+ ©(Brops £ )b

AobsT 2 DobsTops  Tops + 72 (AobsT3ys)?
(6.41)

The corresponding derivatives are then found by setting b = Bi. As seen in
Fig. [5.4] it might seem that these derivatives are zero. However, they are only
close to zero. Indeed, with the parameter values used in Fig.[5.4] the values of s
where Y = 0 return 1.944 and 3.580 for minimal b, and maximal b_, respectively.
Comparing these with the values obtained using equation , one sees that
they are close to each other, not identical. If one calculates

OpFops = —2(fopsh + 2ar,,L — Q% Qops (1 — Qopsb)) (6.42)

and associates it with (6.40)), one finds that

aB
= —0.0794 d
. 0.0794 an Ao

= 0.0074 (6.43)

at s corresponding to the minimum of b, and the maximum of b_, respectively.

6.5 Special Features for a Freely Falling Ob-
server

The allowed regions detected by freely falling observers are studied in the (7,5, b)-
plane. To describe them, it is useful to define the function F,,, analogously as in
the previous section by , but with { known from ([5.22]). Due to this, a new
term appears in the plasma part, so that one gets

~2
C2 = QQFObSP(l - Qobsb - gobsnobs)2- (644)

In order to compare the relations obtained for LNRF and for freely falling ob-
servers, the corresponding relations should be as similar as possible. It is thus
reasonable to introduce an “effective LNRF parameter” defined by

A

q _ qFobs
NR T

= qFObS7 (645)

obs
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which can be used in (6.44) to get

C - qNRszsP<1 - Qobsb - ’Sobsnobs)z- (646)

A substantial difference between the LNRF and freely falling observers is that
in the latter case
«Fobs = 7731)3- (647)

Note that in the case of the LNRF observer F,, = 0. For this reason, the
solutions for 7., have to be found first. Hence, one can write an additional

quadratic equation for finding ngi) rather than by, namely

~Foaclr=rop, + @apAobs (1 = Qopsb)” (6.48)
_2QJ2VRAobs£obs(1 - Qobsb)77obs + (1 + Q]QVRAobsggbg)ngbs = 0.

It is worth mentioning that the coefficient in front of 7%, can be also written as
1+ qia(l = T5%)-

In order for the rays to reach the observer, the discriminant of (6.48)) must be
non-negative. One can thus write

Foaclrzryy, (L4 @ pAobsCns) — G pAobs(1 — Qopsh)? (6.49)
XX fvac‘r:robs - QNRAobs<1 — Qobsb)Z Z O,

where
Q?VR = q?VR(l + Q?VRAobsggbs)_l (6.50)

can be viewed as a “modified effective LNRF parameter”. Only rays satisfying
(6.49) can reach a freely falling observer at r,. Moreover, analogously to the
previous section, §yp < 1is required for rays of the corresponding frequency. The
boundary impact parameters for the allowed regions of the rays are then given
by By = Bi(q — qyg) (cf. - The impact parameters b for rays which
can reach the observer at r,, vary as a function of this radius and the asymptote
of B_. For sufficiently large rops (greater than the asymptote radius) the ray
impact parameters have to satisty B_ < b < B, while for observer positions
below the asymptote either b < B, or b > B_. This leads to the same shapes
of the allowed regions in the (rys,b)-plane as for the LNRF observers. There
are two separate allowed regions for the rays. The region O; extends over such
T'ops, Where B_<b< B+ and 7, is larger than the asymptote of B_, while for
smaller o, it includes regions where b < B... The region Oy; is located only at
radii smaller than the asymptote where b > B_.

The turning points of the rays are not situated at the boundaries of Oy and
Ojr as it was shown in the case of the LNRF observer. On the contrary, the
radial velocity of the ray n.,s < 0 at the boundary of Oy, while n,s > 0 at the
boundary of O;;. Within O; and Oy, the radial velocity 1, attains two values
at each point, with either the same sign as at the boundary or the opposite. Of
the same sign are the values 77((,;8) in Oy and 77(();) in Oy, while n(()bt) in Oy and 77&;)
in O;; have the opposite sign. The sign of the given 7., changes at the curves
B+ which are calculated from the assumption that the solution of is zero.
This leads to solving the equation

Aops — dauy b — fopstuZyb* — qarpAops(1 — Qopsb)® = 0. (6.51)
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As 75 approaches the horizon, the function I',, increases from 1 to infinity,
which causes also ¢y to increase towards 1, since

gNR gNR _ q . (6.52)

I+ GrAastse 1+ Gr(l—T2) (1 -T2 + ¢

Note that gy p is limited from below by ¢. For a fixed ¢ the shapes of the regions
O; and Oy look different close to the horizon than in the case with a LNRF
observer. While they meet at a given b = b, on the horizon for the LNRF
observer, in the case of the freely falling observer they are separated by a gap
limited by

INg =

bpe = b . (6.53)
14 qbp/(1—¢g?)7 !
With the parameter values used in Fig. one gets b, = 1.045 and b, =
—2.188. The gap is thus located completely under the meeting point b, = 4.

To maintain the formal correspondence of the regions O; and O;; with those
obtained for LNRF observers, it is suitable to fix ¢yp rather than ¢q. Then, ¢
decreases from gy to 0 as 7, heads from infinity to the horizonE]. In comparison,
gn R increases as rqps comes from infinity to the horizon, ranging between g and
dnr(1 — G r) "% The latter limit is larger than 1 for §yp > 1/v/2. Then, also
gnr exceeds 1 at some point above the horizon and the functions By are thus
defined only for r,,s above this limit. As a result, 7. does not change its sign at
positions between the horizon and the limiting radius. However, with gy, = 2/3
chosen in Fig. the functions By are defined over the whole range of 7.

The main goal of analyzing the allowed regions in the (r.s, b)-plane is to find
the boundaries of the regions Oy, O}, O.. In the case of an LNRF observer, the
functions By were found for a given r,,s as the minimum of b, and the maximum
of b_ in the (r, b)-plane, respectively. This is effectively performed by calculating
F(r,rops, b) = 0, which is a quadratic equation in b and can be solved analytically.
In the case of a freely falling observer the task is more complicated because there
are two classes of rays, given by 77(()2;) in class I and 775;1;5) in class II. Hence, there
are also two functions F™*) which have to be considered, i.e.,

i} 1— ¢4 r(1 -T2
= Foae — QgL % DP R D1 — Qupsb)?  (6.54
B InelonDP | T T2 >( psb)” (6.54)
(fvac|r:rob5 - QNR-/Llobs(1 - Qobsb)2)1/2

(1+ q{p(1 —Tg))'?

However, the corresponding impact parameters solving F*) = 0 have to satisfy
the equation FHF(=) = 0 which is quartic in b. In principle, an analytical
solution of this expression could be calculated, but it is not much helpful for
determining B.. Thus, the values of these functions are found here as the points
where F(H) and F() cross zero at a given 7., if these exist.

In the case of an LNRF observer, the discussed curves are just segments along
the boundary of Oy, divided by the positions of P.. Here, although they are still

FE = F|

+€§bs}—va0|r=7’obs F 2&obs (1 —Qpd)

2Recall that .
g= dNR ]
V(=@ R)TE + @Rig
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parts of this boundary, they are separated by whole segments of the curves By
rather than only by points. On the curve B the limiting points of these segments
are Ps,, Pg., while on B_ the points are P4_, Pg_. Moreover, at P4, and P
the value of b is maximal and at P4_, Pp_ it is minimal out of all rays which can
reach the observer with the given frequency. In addition, the rays at P, originate
at the peak of the boundary between the forbidden regions in the (r,b)-plane,
while those situated at Ppy terminate there. Hence, the radial positions of the
corresponding peaks between the allowed and forbidden regions are different than
the positions of the observers at these points. The observer positions are lower
at P4+ and larger at Pgy. The positions of these points for the parameter values
used in Fig. .5 are (ropsar,7ar) = (1.708,1.900), (ropsps,r5+) = (2.405,1.919),
(TobsA—,Ta—) = (2.859,3.644), and (ropsp—, r5-) = (4.548,3.624).

As for the LNRF observer, for which B curves are tangent to the lines By,
the same relationship can be identified also for functions discussed in the case of
a freely falling observer. Thus, B(f) are tangent to B, and B® to B_, ie., to
the boundaries of O;. Note that Bf) lies on the upper border of (’),(Zi)i, close to
the arc Pyy Pp, while B™ is situated on the lower border of (’)}(Zi)i, close to the
arc Py_Pp_. Similarly, Bi_) define the boundaries of the region (’),(;r)Z

The tangency of the curves can be demonstrated in the vicinity of Pg, for
rays of class I (left panel of Fig. . Close to this point, the boundary of Oy, is
crossed three times at a given r,s = const. and there is an additional forbidden
region confined from both sides. While the rays with b = B+ at positions 7
larger than Pg, bounce back once they reach the observer, those at r.s less than
Pg, reach the upper border of the additional forbidden region. In accordance
with the previous case, one gets

(=) (+)
aB, B, dB, _ dBS
drobs drobs drobs drobs

(6.55)

for rops larger and 7,5 lower than P, respectively. This leads to the appearance
of a new feature. While for an LNRF observer the forbidden region shifts to
the left without any deformation as r,s passes P, from larger radii, here, after
crossing Pp, from the right, the forbidden region shrinks to a point before forming
a new forbidden region. From numerical calculations we infer that the transition
from the upper forbidden region to the new region is smooth and dB/drs is thus
continuous.

As demonstrated in Fig. 5.5 the regions Oy, are significantly different for
rays of classes I and II. In comparison with the previous case, they touch the
forbidden regions not only at one point, but along a finite part of their mutual
boundary. The region Oy; shrinks to a point at @+ located on B for rays of
class I, and it directly reaches the horizon over a finite range of b for rays of class
II.

It can also be seen from Fig. that the boundary of O}(;)Z is formed by the
arcs Py, Py and Pg, Pp_ which intersect at the points Q1. In the (r,b)-plane
there are two forbidden regions in the neighbourhood of ()_: the upper region and
the additional one discussed above. These two areas are detached and after
crosses ()_ (here at 3.494) the new region diminishes to a point before expanding
again with an opposite direction than before.
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In the right neighbourhood of @)., the lower forbidden corner and the ad-
ditional forbidden region are situated. They touch as r.s passes through Q.
(here at 2.159) and at smaller radial distances only the forbidden corner re-

mains. The central part of O,(Li)z has its left border at larger radii than Q).
In this region pg;;) 4= p(AH, which furthermore corresponds to the position of
(. Besides that, numerical calculations yield the values of the maximal radii
(PS5, 1)) = (3.966,3.161).

Finally, we investigate the limiting values of b where O}(;)Z reaches the horizon.
First, let me rewrite the additional term present in F(~) due to the presence of a

plasma as (cf. (6.54))
_q?VRngsD,P(l - Qobsb - fobsnobs)Q = _q?VRribsD,P (656)
1-—- Qobsb + gobs((l + QJz\/'RAobsggbs)fvac|r:robs - QJz\]R-Aobs<1 - Qobsb)2)1/2] 2

1+ q?VRAobsggbs

The term in the square root can be rearranged with the help of the identities

(5-6) and (6.52) as follows

(14 GhnAsi) | (L= Ben) o1 = nsd)® =

Dobs
i, ugbsbﬂ : (6.57)

Notice that the relation in the square brackets in (6.57)) formally corresponds to
(6.24)) with replacement ¢ — Gyp. The obtained expressions now have to be
evaluated at r,; = r,. Because D = 0 at the horizon, in this limit one gets

~1/2 q
£|Tabs:7'h = _Ah / ) QNRlT'DbSZT‘h = ¢7 (658)

V1— @

which further leads to

1
(1+ q¥pAonséns)| _ =1+qkp= 1_72 (6.59)
Tobs=Th — qNR
Substituting all these relations in (6.56) shows that at 7,5 = 7, this term
x1— Qobsb - |1 - Qob5b|. (660)

Thus, one can see that at the horizon the plasma term in F(-) completely drops
out and the function F()(r, ru,, b) then reduces to Fyac(r,b). Due to this, at
Tobs = T also By (reps) reduce to the vacuum solutions by. Recall that B (Tops)
are defined with F() (7, 7045, b) = 0. F ) (7, 7ops, b) = 0.

The choice a = 0.8 used in Fig. |5.5|yields limit values of b seen by an observer
at the horizon as (B, By ) = (3.237,—6.662). Because (9,(;)2 is directly adjacent
to the horizon, the radial distances of rays which can reach the black hole are
limited only from above, in Fig. [5.5 by the values (p',/5, p%”) = (11.378, 3.067).
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Conclusion

My thesis focuses on an analytical description of various aspects of light prop-
agation in a medium of dispersive and refractive properties in the vicinity of a
gravitating object. Although this topic has been widely studied in the literature,
there are several important features which are typically overlooked. The main
aim of this work was to contribute to the field with a rigorous analysis of these
ignored problems.

The applied formalism is based on the geometrical optics approximation and
the approach introduced by Synge| [1960], for this purpose a basic description
of both is provided in Chapter Their main ideas and principles are usually
discussed in many papers related to the subject. Instead, this chapter puts more
emphasis on aspects of the formalism that are often not explained appropriately
and on providing a broader context for the involved terms. At the end of the
chapter, a brief review of recently published relevant work is given. Although the
presented overview cannot cover the full range of works published in the field, it
was included to help clarify the limits of current applications and indicate possible
directions of future research.

General formulae obtained for an axially symmetric stationary spacetime im-
mersed in a medium, possibly but not necessarily limited to a cold plasma, are
presented in Chapter [2] These expressions include the generalized Carter con-
stant, the photon region, the black hole shadow, and the deflection angle. Note
that in order to find the Carter constant, the functions describing both the space-
time and the medium have to satisfy several simple algebraic conditions. These
are based on the separability requirement of the Hamilton-Jacobi equation. Such
general conditions are also stated in this chapter, providing a simple way how to
decide whether a solution exists or not. Moreover, it is shown that the conditions
set on the medium (plasma) and on the gravitating objects are independent.

In order to demonstrate the utility of the obtained relations, the general for-
mulae presented in Chapter [2] are applied to specific settings in Chapter [3] For
several axially symmetric spacetimes the separability conditions revealed whether
the Carter constant exists or not. In those cases where it exists, the Carter con-
stant is calculated and analytical forms of both the photon region and the shadow
are derived. The deflection angle around an object characterised by the Hartle-
Thorne metric in the weak-field approximation is derived and compared with the
solution given by a general formula introduced in Chapter [2l Moreover, ray trac-
ing in a plasma and in vacuum is compared for objects described by both the
Kerr and Hartle-Thorne metrics. It is demonstrated that the light deflection in
plasma is smaller than in vacuum.

A slightly different setting is studied in Chapter [ In comparison with the
previous chapters, a spherically symmetric spacetime is considered here and a
general moving medium is assumed. This assumption requires going beyond the
cold plasma approximation and, hence, a more general form of the refractive index
is studied. Deflection angles are calculated for the cases of radially falling and
rotating media. Furthermore, a perturbative approach to the whole problem is
presented. Two perturbative schemes were assumed in this work, namely that any
kind of plasma represents a small deviation from vacuum and the perturbation
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from the cold plasma case. In the former case the zeroth-order term corresponds
to the vacuum results, while in the latter the zeroth-order term is the cold plasma
deflection angle previously obtained in the literature [e.g., Tsupko, 2021].

Chapters [B], [6] provide a non-standard approach to the topic. Taking the
cold plasma approximation characterised as a nonsingular isothermal sphere sur-
rounding a Kerr black hole, the allowed regions for rays are studied. The rays
are described by their impact parameters and various aspects of the accessible
regions are studied for two classes of observers, locally nonrotating and freely
falling. This approach serves as a complementary description to the previous
chapters and since it is not commonly applied, it provides unique and useful
insights.

The topic of ray propagation in refractive and dispersive media around a
relativistic compact object is a broad field. Within the scope of this thesis, it was
not possible to capture all of its aspects. There are more effects which should
be further included in the description, such as absorption or scattering by the
medium and the presence of a magnetic field generated by the plasma. While a
proper analysis of some of them lies beyond the geometrical optics approximation,
others should be more straightforward to explore in future studies.

Although the presented results may appear to be simple in some sense, a
basic understanding of the problems outlined here can still be very valuable.
Particularly desirable is the distinction between the effects caused by the medium
and those due to gravity. Several additional findings have been already obtained
in this regard, and prospective astrophysical applications are among the topics
that are next in line.
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