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In this paper, light propagation in a pressure-free nonmagnetized plasma on Kerr spacetime is
considered, which is a continuation of our previous study [V. Perlick and O. Y. Tsupko, Light propagation
in a plasma on Kerr spacetime: Separation of the Hamilton-Jacobi equation and calculation of the shadow,
Phys. Rev. D 95, 104003 (2017).]. It is assumed throughout that the plasma density is of the form that
allows for the separability of the Hamilton-Jacobi equation for light rays, i.e., for the existence of a Carter
constant. Here we focus on the analysis of different types of orbits and find several peculiar phenomena
which do not exist in the vacuum case. We start with studying spherical orbits, which are contained in a
coordinate sphere » = constant, and conical orbits, which are contained in a coordinate cone § = constant.
In particular, it is revealed that in the ergoregion in the presence of a plasma there can exist two different
spherical light rays propagating through the same point. Then we study circular orbits and demonstrate that,
contrary to the vacuum case, circular orbits can exist off the equatorial plane in the domain of outer
communication of a Kerr black hole. Necessary and sufficient conditions for that are formulated. We also
find a compact equation for circular orbits in the equatorial plane of the Kerr metric, with several examples
developed. Considering the light deflection in the equatorial plane, we derive a new exact formula for the
deflection angle which has the advantage of being directly applicable to light rays both inside and outside of
the ergoregion. Remarkably, the possibility of a nonmonotonic behavior of the deflection angle as a
function of the impact parameter is demonstrated in the presence of a nonhomogeneous plasma.
Furthermore, in order to separate the effects of the black hole spin from the effects of the plasma, we
investigate weak deflection gravitational lensing. We also add some further comments to our discussion of

the black hole shadow which was the main topic of our previous paper.

DOI: 10.1103/PhysRevD.109.064063

I. INTRODUCTION

If a gravitating body is surrounded by a medium, the
trajectories of light rays are influenced not only by the
gravitational field but also by the medium. In realistic
astrophysical applications the medium is a plasma which
is a dispersive medium, i.e., the influence on light rays
depends on the photon frequency. Whereas this influence is
usually negligible for optical and higher frequencies, it may
be significant for radio frequencies if the plasma density
is sufficiently high. For estimates of the plasma influence in
the radio band see, e.g., [1-6]. The plasma density may be
high, in particular, in the vicinity of black holes. Together
with the strong bending effect from gravity, this leads
to a complex interplay of gravitation and dispersive
refraction.

The Hamilton formalism for light rays in a curved
spacetime in the presence of a dispersive medium is
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detailed in a book by Synge [7]. Although not explicitly
mentioned by Synge, his equations include the case of light
propagation in a nonmagnetized pressure-free plasma, see
also [8—11]. For the plasma case, a rigorous derivation of
this Hamilton formalism from Maxwell’s equations on a
general-relativistic spacetime was given by Breuer and
Ehlers [12—14] who even allowed for a magnetized plasma.
In view of applications to astrophysics, a magnetized
plasma was also considered by Broderick and Blandford
[15-17].

If the gravitational field is weak and the deflection angle
of light is small, the effect of the plasma can be separated
from the effect of gravity. This case was first investigated,
for a nonmagnetized plasma, by Muhleman et al. [18] who
considered the deflection of light by the solar corona, see
also [19,20]. In the same approximation, Bliokh and
Minakov [21] studied the properties of lensed images
when a gravitational lens is surrounded by a plasma. A
detailed analytical description of gravitational lensing in
the presence of a plasma under the weak-deflection
assumption was presented in a series of papers by

© 2024 American Physical Society


https://orcid.org/0000-0002-8400-8901
https://orcid.org/0000-0002-2159-8350
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.064063&domain=pdf&date_stamp=2024-03-21
https://doi.org/10.1103/PhysRevD.95.104003
https://doi.org/10.1103/PhysRevD.109.064063
https://doi.org/10.1103/PhysRevD.109.064063
https://doi.org/10.1103/PhysRevD.109.064063
https://doi.org/10.1103/PhysRevD.109.064063

VOLKER PERLICK and OLEG YU. TSUPKO

PHYS. REV. D 109, 064063 (2024)

Bisnovatyi-Kogan and Tsupko [1,22,23]. On the basis of
Synge’s approach, they calculated the deflection angle in
different scenarios, including the correction to the vacuum
angle due to a homogeneous plasma. As a lens, a
Schwarzschild black hole and different extended spheri-
cally symmetric mass distributions were considered. The
images are predicted to blur into a “rainbow”, since
different deflection angles correspond to photons of differ-
ent frequencies. The study of Kerr lensing in a plasma in the
weak-deflection case was performed by Morozova et al.
[24] who considered a slowly rotating black hole and a
homogeneous plasma distribution. In a series of papers by
Crisnejo et al. [25-28], higher-order terms of weak
deflection in the presence of a plasma were found for
different spacetimes. In particular, Schwarzschild and Kerr
black holes were considered.

Without the weak-field approximation the combined
action of gravity and a plasma on light rays was first
studied by Perlick [29] who calculated the ray deflection in
the Schwarzschild metric and in the equatorial plane of the
Kerr metric in the presence of a plasma. Properties of
higher-order images in the case of gravitational lensing by a
Schwarzschild black hole in the presence of a plasma were
investigated analytically by Tsupko and Bisnovatyi-Kogan
[23]. In that paper, the strong deflection limit for the case
of a homogeneous plasma was derived. Moreover, ray
trajectories near compact objects (described by the
Schwarzschild metric) surrounded by a plasma were
studied in a series of works by Rogers [30-33]. In
particular, different power-law plasma distributions were
analyzed. For a discussion of the Kerr case beyond the
weak-deflection approximation see also Crisnejo, Gallo
and Jusufi [28].

In recent years, the interest in gravitational lensing in the
presence of a plasma increased considerably. There are
studies of strong lens systems with multiple images
[2,5,6,34,35], microlensing [3,4], spatial dispersion in
Kerr spacetime [36], wave effects for propagation near
the Sun [37,38], and time delay [2,6,19,34,35,39]. For
some other related studies see [40—47].

In particular, the influence of a (nonmagnetized) plasma
on the shadow of black holes has been studied by many
authors. In [48], the shadow of spherically symmetric black
holes (and other compact objects) surrounded by a plasma
was calculated analytically. In our previous work [49]
(hereinafter Paper I) we investigated the propagation of light
rays in the Kerr metric in the presence of a plasma without
approximation. The equations of motion were derived for a
photon that moves anywhere in the domain of outer com-
munication under an arbitrary inclination in a Kerr spacetime
with arbitrary spin parameter. One of the main results of this
work was that the Hamilton-Jacobi equation for the light rays
can be separated only for some class of plasma distributions.
Accordingly, for such plasma distributions the equations of
motion are reduced to first-order differential equations,

which greatly simplifies further calculations. In particular,
for this class of plasma distributions we could analytically
calculate the size and the shape of the black hole shadow for
an arbitrary position of the observer in the domain of outer
communication. On the basis of these analytical results we
constructed pictures of the shadow for various plasma
distributions.

These works were followed by many papers by different
authors who considered the shadow in the presence of a
plasma, see e.g., [S0-56]. If the plasma distribution around
a Kerr black hole does not satisfy the separability condition,
the black hole shadow can only be calculated by a
numerical integration of the equations of motion which
has been done for some examples [57,58]. For the shadow
of a spherically symmetric black hole surrounded by a
medium with an arbitrary frequency-dependent index of
refraction see [59].

In this paper, we continue our investigation of ray
propagation in a plasma on Kerr spacetime started in
Paper I (Perlick and Tsupko [49]). Here we focus mainly
on the analysis of different types of orbits, filling some gaps
that have been left in the previous literature. As a result,
we reveal several peculiar phenomena which do not exist
in the vacuum case. We also add some comments on the
shadow and we discuss in some detail the deflection
angle of light, both exact and in the weak-deflection
approximation.

The paper is organized as follows. Starting out from the
equations of motion for light rays (Sec. II) on the Kerr
spacetime in a plasma that satisfies the separability con-
dition, we consider spherical and conical orbits (Sec. III).
Further, we investigate in detail the circular orbits on and
off the equatorial plane, for an arbitrary plasma distribution
that satisfies the separability condition and for a number of
particular examples (Sec. IV). In Sec. V we comment on
the shadow, discussing in particular the observability or
nonobservability of “fishtails” in the boundary curve of the
shadow found in Paper I. After specifying the equations of
motion for light rays in the equatorial plane, we derive an
exact formula for the deflection angle which is suitable for
all rays that come in from infinity and return to infinity,
including those that enter into the ergoregion (Sec. VI). Up
to this point no slow-rotation or weak-deflection approxi-
mation was involved. In the remaining two sections we still
allow for an arbitrary black hole spin but we assume weak
deflection. In Sec. VII we derive the deflection angle for a
light ray in the equatorial plane in this approximation. In
Sec. VIII we solve the lens equation for this case and
discuss the influence of the black hole spin and of the
plasma on the image positions. Then we end with some
Conclusions.

II. EQUATIONS OF MOTION FOR LIGHT RAYS

Recall that the propagation of light rays in a non-
magnetized pressureless plasma on a spacetime with metric
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Guydx*dx” can be described by the Hamiltonian ([12], also
see [1,22,29])

H(x, p) =5 (¢ (X)p,py + @, (x)?). (1)

N =

Here x = (x°,x!,x?,x*) are the spacetime coordinates,

p = (po, P1» P2» p3) are the canonical momentum coordi-
nates, and

4 2
a)p(x)2: e

N(x) 2)

m,

is the plasma frequency, where ¢ and m, are the electron
charge and mass, respectively, and N is the electron number
density. The light rays are the solutions to Hamilton’s
equations,

dx*  oH dp, oH
_—= —_— = -, H . == 0, 3
ds  dp, ds oxt (x.p) (3)
where s is a curve parameter.

In this paper we assume that the spacetime metric is the
Kerr metric. In Boyer-Lindquist coordinates x = (7,7, 9, ¢),
it reads

2mr
2

Gudxtdx? = —c? (1 -
p

pz

)dﬂ +ydrt - ptdd?
2mra®sin®9

waig (2 a2 2L gy

4 in9
_—erEm cdtde, (4)

where

A =r*+a*>-2mr, P> =r*+ada*cos’d.  (5)

Here m is the mass parameter and a is the spin parameter,

GM J

a Tue ©)

m =
where M is the mass and J is the angular momentum of the
black hole. The Kerr parameter a is restricted to the interval
0 <a <m. Here 0 <a can be assumed without loss of
generality because we are free to make a coordinate trans-
formation ¢ — —¢ which has the same effect as changing
the sign of a. The assumption a < m restricts us to the case of
a black hole, as opposed to a naked singularity. In the
following we want to discuss effects that are observable for
an observer who is outside of the black hole. Therefore, we
restrict to the domain of outer communication, i.e., to the
domain outside of the black hole horizon which is

at r = m+ vVm? — a’.

The index of refraction of a plasma under consideration
is

w,(x)?
n(x,w(x))?=1- af((x))z , (7)
where
w(x) = lw_om (8)

is the photon frequency measured at x by an observer on a
t-line. Here, and in the following,

wy = —p,/c, )

where we have chosen the sign such that wy, is positive for
future-oriented light rays outside of the ergoregion. Inside
the ergoregion, Eq. (8) does not make sense because the
expression under the square root becomes negative; this
reflects the fact that there the #-lines are spacelike. Note
that, by (8), the constant of motion @y, is to be interpreted as
the frequency at infinity. Of course, this interpretation
makes sense only for those light rays that actually reach
infinity.

In Paper I we found the necessary and sufficient
condition for separability of the Hamilton-Jacobi equation,
i.e., for the existence of a generalized Carter constant (see
also the discussion in the Introduction). We have shown
that separability requires the plasma frequency to be of the
form

_fr(r) +£9(8)

w,(r,9)? = ,
p(r:9) r* + a?cos® 9

(10)

where f,(r) is an arbitrary function of r and fy(9) is an
arbitrary function of 9.

If the separability condition (10) is satisfied, the equa-
tions of motion for light rays have the following form
(Paper I):

((r* + a*)p* + 2mra’*sin®9)w, — 2mrap,

2 — 11
p A . (1)

2mrasin® 9w, + (p* —2mr)p,,
— , (12)
Asin® 9

. p : ?
P = K — <$—asm19wo> —f9(9). (13)

ptit = —KA + ((r* + a*)wy — ap,)* — f,(r)A.  (14)

Here and in the following the overdot denotes the derivative
with respect to the curve parameter s from (3). Note that
we have changed the sign of @, in comparison to Paper I.
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The reason is that here we want to have w, positive for
future-oriented rays, as mentioned above. In Paper I we
found it convenient to have @, positive for past-oriented
rays because the main focus was on the calculation of the
shadow. The latter is usually done by considering light rays
that issue from the observer position into the past. In the
present paper, however, we also want to discuss the
deflection angle and for this purpose it would not be
natural to consider past-oriented rays.

In order to solve the equations of motion (11)—(14), one
has to specify the black hole parameters m and a, and
choose the functions characterizing the plasma distribution
f(r) and fo(9). As usual, it is convenient to express all
lengths in units of m. Additionally, one has to specify
several constants of motion on the right-hand side of these
equations; the photon frequency at infinity @, the momen-
tum component p,, and the generalized Carter constant K.

It is important to emphasize that not all values of the
constants of motion are possible. As the right-hand side
of (7) must be non-negative, Egs. (10) and (8) require

2
P20 )
P oy

This condition restricts the possible values of @ outside of
the ergoregion: As the plasma density cannot be negative, we
have f,.(r) + f9(9) > 0, so the sign of the left-hand side of
(15) is determined by the sign of p> — 2mr. This demon-
strates that inside the ergoregion, where p?> — 2mr < 0, the
condition (15) is satisfied for all w, # 0. As we restrict to the
domain of outer communication, where A > 0, it is obvious
that (p*/@3) (8 + i2/A) > 0. Substituting for 9% and 2
from (13) and (14), respectively, and rearranging the terms a
little bit results in the following inequality:

2
<(p2 —2mr) Po 2mrasin219>
o

SA,D4SII1219<1 _(pz_zmr)(fr<r)+f8('9))> (16)

plog

Note that, by (15), the right-hand side of this inequality is
non-negative for all allowed values of @,. For each r, 9 and
@y, condition (16) restricts the possible values of p,,.

III. SPHERICAL AND CONICAL LIGHT RAYS

Of particular interest are spherical light rays, which are
contained in a coordinate sphere r = const and conical
light rays, which are contained in a coordinate cone
d = const. In this section, we study these types of orbits.

The relevant equations for spherical light rays have
already been obtained in Paper I but we want to rewrite
them here in a different form that is more convenient. As
spherical light rays have to satisfy # =0 and # = 0, one
finds from (14) that their constants of motion p,/w, and

K/} have to satisfy

K ap{>2 f(r)
2, 2 p

S (Pra@-e) o0, (17

r2+a2—% 2_ 2rA r2+a2—%

o (r—m) g

A%f(r)

———=(. 18
+2(r—m)w% (18)

Equation (18) is found by taking the derivative of (14) with
respect to s and then dividing both sides by 7. By
continuity, the resulting equation is true also at points
where i~ = 0.

Solving the quadratic equation (18) for ap,/w, gives
two solutions,

A
a&:rz—l—az——r <1i
y r—m

1_f’r(r)(r—m)>' (19

2a)(2) r?

From this equation we read that, for every given w,
spherical light rays can exist at a point with radial
coordinate r only if

fr(r)(r—m)
W <l (20)

and that there are at most two such light rays. With ap,, /@,
determined, Eq. (17) then gives the corresponding value of
the Carter constant K. The existence or nonexistence of
such a light ray is determined by the inequality (19). If we
multiply this inequality by a® and insert (19), we find after
some elementary algebra:

- rzA(pz —2mr)\/1 _M

2.2
251

/ —
+ 2mrA(r?* — a*cos?9) \/1 - ]Lm
25
> (m? — a®)p* + (p? + 2mr)Aa*cos*d

fr(r)+f8(8)

[0

+ (r —m)?a®sin®9 (21)
The inequality (21) determines the photon region, i.e., the
set of all points through which spherical light rays exist.
Note that in vacuum the left-hand side of condition (21)
with the minus sign is manifestly negative whereas the
right-hand side is manifestly positive. This demonstrates
that in vacuum condition (21) can hold only with the plus
sign. In a plasma, however, it is possible that it holds for
some coordinates r and 9 with both signs. This means that
there are two spherical light rays through a point with these
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coordinates; for one ray the constant of motion p, /@ is
given by (19) with the plus sign and for the other ray with
the minus sign.

Condition (21) is equivalent to condition (43) of Paper I,
but it is more convenient; as we consider the black hole case
(a®> < m?) and restrict to the domain of outer communication
(A > 0), the right-hand side of (21) is manifestly positive.
Also, these assumptions imply that A(r> —a?cos®9) is
positive. Therefore, if (21) holds with the minus sign, then it
also holds with the plus sign. As the plus-minus sign in (21)
corresponds to the plus-minus sign in (19), this implies the
following. Through each point of the photon region there is
either exactly one spherical light ray, with constant of
motion p,, satisfying (19) with the plus sign, or there are
two spherical light rays, with p,, satisfying (19) for the first
one with the plus sign and for the second one with the minus
sign. Moreover, it is also obvious that (21) can hold with the
minus sign only if the first term on the left-hand side is
positive and dominates the second one. The first condition
requires that (p?> — 2mr) is negative and the second con-
dition requires that the square-root is bigger than 1. This
demonstrates that the case that there are two spherical light
rays through a certain point can happen only inside the
ergoregion and only if f7.(r) is negative.

It is also true that (19) and, thus (21) can hold with the
minus sign only if the plasma density is nondecreasing in
the radial direction. To prove this, let us assume that the
plasma density is decreasing,

2F0(r) = 2r(f(r
gy <L 2L 1o0)

<0, (22)

and that (18) and, thus, (21) hold with the minus sign. We
have just seen that the latter condition requires that the
square root in (19) and (21) is bigger than 1. Therefore,
inserting (19) into (17) demonstrates that

Afy(r)
K+f,(r) < o (23)

On the other hand, (13) requires
—K +fy(9) <0. (24)
Adding these two inequalities together yields

Fo(F) + £o(9) < ﬁf—_(ni) (25)

In combination with our assumption (22) this implies

(r—m)
A

(F,(r) + £2(9)) < p— (F.(r) + f2(9))  (26)

and thus, as (f,(r) + f5(9))/(Ap?) > 0,

(r—=m)p*—rA = (r—m)(rm+ a*cos*8) + r(m?> —a®) < 0.
(1)

As a> < m? and m < r, according to our general assump-
tions, this is the desired contradiction, so we have proven
that (19) and (21) can hold with the minus sign only if the
plasma density is nondecreasing.

If the horizon is approached, A — 0, the left-hand side of
(21) goes to 0. The right-hand side, however, is positive and
bounded away from zero, unless in the extreme case,
a*> = m?, where A — 0 means r — m. So, if we exclude
the extreme case, the photon region is always separated from
the horizon by a finite interval of the radius coordinate.

In the Schwarzschild case, a = 0, the inequality in (21)
reduces to an equality which can hold only with the upper
sign,

(r—m)

m = (r— 2M)\/1 = fi(r) (28)

2,2
2r-wy

So in this case the photon region becomes a photon sphere.
Note, however, that the light rays that are confined to this
photon sphere are not in general circles.

In the extreme case, a> = m?, inequality (21) simplifies
to

(r—m)’

2, 2
2r-wy

P =2mr) [ 1= £,(7)

+2mr(r? —m?cos?8) [ 1 = fi(r) s

[r(N+f(9)

> m2cos?9(p* +2mr) + m?sin?9. (29)
@5

To demonstrate that the condition for spherical light rays
can indeed hold with the minus sign, we give a specific
example: Consider an extreme Kerr black hole with a
plasma density that satisfies f,(3m/2) + fg(x/2) = m*w}
and f.(3m/2) = —=216mw}. Then (29) is satisfied, with a
strict inequality sign, at r = 3m/2 and 9 = z/2 for both
signs; this means that there are two spherical light rays
through each point of this circle, and by continuity also
through each point of a neighborhood of this circle.

We now turn to the conical light rays which are
determined by the equations & = 0 and & = 0. With the
help of (13) these two equations can be written as

K 2 9
L ( Py —asin&) o) )
, @y sin 9 o
9 (p; (9
PRk (p—g—a%in“&) :f9(2 ). (31)
sin’d \ wy; o
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If 9 # x/2, Eq. (31) can be solved for p,,/aw,

3
Po _ 1 ing, [a2sin2g 4+ L2057 f5(9)sin§ (32)
g 20§ cos 9

Inserting this expression into (15) gives the region where
conical light rays exist outside of the equatorial plane,

U

19

2o 294 J(9)sind

(p mr)\/a sin 20Rcosd
9)sind
+4mrasindy | a® s1n219+m
203 cos 9

filr )+f19( )

< (rP+a?)p* +2mra’sin®9— A (33)

a’o

We see that, as for the spherical light rays, there are at most
two conical light rays through a point outside the equato-
rial plane.

If 9=nx/2, Egs. (30) and (31) give the necessary
conditions for light rays to exist in the equatorial plane.
In other words, any equatorial ray is conical with 9 = z/2.
In this case Eq. (31) reduces to f(z/2) =0 which is
equivalent to

2
M —0. (34)
99 9=r/2
If the plasma density does not satisfy this condition, a light
ray that starts tangentially to the equatorial plane will not
stay in this plane. In the following we assume that (34) is
satisfied and we write, for the sake of brevity, w,(r) instead
of w,(r,z/2), i.e

2:fr(r)+f.9(ﬂ/2).

;" (35)

@, (r)

Then for light rays in the equatorial plane the equations of
motion (11)—(14) reduce to

25 _ [(r2 + az)rz + 2mr(12}w0 + 2mrap4,’ (36)
cA

rz(p _ Zmraa)o + (rZ - 2mr)p(p ’ (37)
A

0=K~(p, — awy)?, (38)

By solving (38) for the Carter constant K and inserting the
result into (39) we find the equation for the r-coordinate in
the form:

it = —(an - awo)zA + [<r2 + ‘12)(00 - ap,/,]z

—(up(r)zrzA. (40)

The system of equations [(36), (37), and (40)] determines
the motion of light rays in the equatorial plane of the Kerr
metric surrounded by a plasma. Note that with @, (r) # 0
the constants of motion @, and p,, enter separately whereas
in the vacuum case the light rays are determined, up to
parametrization, by the quotient p,/@,. This reflects, of
course, the fact that a plasma is a dispersive medium.

Here we have derived Eq. (40) under the assumption that
the plasma density in three-dimensional space w,(r,9)
satisfies the separability condition (10). Actually, the light
rays in the equatorial plane satisfy Eq. (40), with
w,(r,m/2) abbreviated as w,(r), even if this separability
condition does not hold. It is only required that (34) holds
which guarantees that light rays remain in the equatorial
plane if they start tangentially to it. In particular, this is true
if the plasma density is symmetric with respect to the plane
d=n/2,ie.,if 0,(r,9) = w,(r.n-9).

IV. CIRCULAR LIGHT RAYS ON AND
OFF THE EQUATORIAL PLANE

In this Section we investigate the existence of light rays
that are circular about the axis of symmetry. It is well
known that in vacuum there are only two such circular light
rays in the domain of outer communication of a Kerr black
hole with a # 0. Both are in the equatorial plane and the
inner one is corotating with the black hole while the outer
one is counterrotating. In the Schwarzschild case a =0
these two circular light rays are both located at r = 3m and,
because of the spherical symmetry, any axis through the
origin is a symmetry axis. (Beyond the horizon there are
three more circular lightlike geodesics in a Kerr spacetime
with a # 0, one in the equatorial plane and two off the
equatorial plane, but they are of no relevance for observers
outside of the outer horizon.)

In a plasma, the situation is different; circular light rays
in the domain of outer communication may exist both in the
equatorial plane and off the equatorial plane. We will now
derive the necessary and sufficient conditions for the
existence of circular light rays on and off the equato-
rial plane.

As a circular light ray lies at the intersection of a
coordinate sphere r =const and a coordinate cone
& = const, it has to satisfy Eqs. (17) and (18) for spherical
light rays and Egs. (30) and (31) for conical light rays. If we
eliminate the Carter constant K from (17) and (30) and
introduce the quantity

g=2P2 _ p2gn2g, (41)
2

we get a quadratic equation for ¢&:
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—a?sin? 9

&= (2p°¢ = rF(r.9)). (42)

p? —2mr

Here we have introduced the abbreviation

F(’,’&) :1<,04—Afr(r) +2f19(19)> (43)
r ;)

and we have used that A — a”sin> § = p? — 2mr. We get a

second quadratic equation for the same quantity & from

(18). Expressing everything with the same function F(r,9),

we find after some algebra,

& =2 <p2 - _Am> —rF(r.9)
- ﬁ (F(r, 9) + raF(arr’ ‘9)>. (44)

Subtracting (44) from (42) results in a linear equation for &,

(p*> =2mr)r OF(r,9)
(r* —a?cos*9) or ) (45)

- (F(n&) -

m

Reinserting this expression for & into (42) gives us an
equation that does not contain p, or K,

2
por OF (r,9)
—F(r,9d
(r* — a*cos*9)  or (r.8)

(p* =2mr)r OF(r,9)\?
(r? — a*cos*9)  or '

8mazsin219<

- (F(r, 9) - (46)

This is a necessary condition the coordinates r and 9 of a
circular light ray have to fulfill, for given . It is not
sufficient because we also have to take Eq. (31) into
account. Here we have again to distinguish the two cases

9 # x/2 and 9 = 7/2. In the first case (31) can be divided
by cosd which gives us another quadratic equation for &,

a’®sin® 917 (9)

2 — _2E4%sin2 9
d samsin”d + 2w3 cos

(47)
Subtracting this equation from (42) and inserting (45)

results in

rPcosd  OF(r,9) sindfy(9)
(P —a*cos’8) or 2w}

(48)

Equations (46) and (48) together are the necessary and
sufficient conditions the coordinates r and d(# 7/2) of a
light ray off the equatorial plane have to satisfy.

For & = /2 we know already that (31) holds if and only
if fi(7/2) = 0. If this condition is not satisfied, there are
no light rays in the equatorial plane, in particular no circular
ones. If it is satisfied, (31) gives no further information.

Although (48) was derived under the assumption that
8 # /2, it is actually true that (46) and (48) give the
necessary and sufficient conditions for circular light rays in
the equatorial plane as well: By setting 9 = /2 in (48) we
see that the resulting equation is satisfied if and only if
fiy(x/2) =0, whereas (46) with 9 = z/2 simplifies to

8ma*(rFy(r) = Fo(r)) = (Fo(r) = (r=2m)F;(r))*,  (49)
where

a)p(r, n/2)?

2
0]

Fo(r) = F(r,n/2) = r* = rA(r) (50)

We may summarize our findings in the following way:
Equations (46) and (48) together are the necessary and
sufficient conditions a circular light ray has to satisfy, both
on and off the equatorial plane. For light rays on the
equatorial plane these two equations simplify to Eq. (49)
and fly(7/2) = 0.

With the coordinates r and 9 of a circular light ray
known and w, given, (45) with (41) determines the
pertaining constant of motion p,, provided that a # 0,
and (17) or equivalently (30) determines the pertaining
constant of motion K. This is true for circular light rays on
and off the equatorial plane. This demonstrates that for a
Kerr black hole with a # 0 the constants of motion p,, and
K of a circular light ray at (r,9) are unique. In the
Schwarzschild case a = 0 this is not true, as we will see
in Example 1 below.

Equation (49) is equivalent to Eq. (43) of Paper I, if the
latter is taken with the equality sign and simplified for the
equatorial plane:

a’rrA

r—m)\  d2f.(r
2<1i\/1—f’,(r)(2r2w2)> - ];2()
0 0
_ (r(a® —mr) rA oy (r—m) ?
_( r—m j:r—m\/l fr<)2r2(u(2)>' (51)

In order to show the equivalence, it is necessary to write all
terms in (51) on a common denominator and then to take all
terms that are proportional to plus-minus the square-root on
one side. After squaring, the equation no longer contains
radicals. It becomes possible to extract the factor (r — m)?
in the numerator, which cancels with the same factor in the
denominator. The resulting equation will be the same as
Eq. (49) if all terms are explicitly expanded.

Example 1. Schwarzschild black hole.

In the Schwarzschild spacetime (a = 0) the separability
condition (10) simplifies to

w,(r,9)* = M. (52)

(r—m)
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For determining the circular light rays in this spacetime we
observe that with a = 0 Eq. (46) reduces to

(r = 2m)*f,(r)

, 53
260(2)r2 (53)

r—3m=

and that, with this equation at hand, (48) can be rewritten as

f:‘)(’g) l"3 _fr(r)+f8(8)> (54)

ind = 39
st 203 €08 ((r—2m) w}

The pertaining constants of motion p, and K are then
found by inserting this expression into (31) and (30),

2
p—(g:Sil’l219< }’3 _fr(r)—i_f@(&))’ (55)
@y

r—2m w%

_ ()
T r=2m @} (56)

K
2
20

When deriving (55) we have divided both sides of the
equation by tand. However, by continuity the resulting
equation is valid also for & = z/2. Note that (53) is
independent of 9. This equation determines the possible
radius coordinate of circular light rays. If such a light ray
actually exists at this radius value depends on whether (54),
with this radius value, admits a solution 0 < 9 < #. In
contrast to the Kerr case with a # 0, where every circular
light ray comes with a unique p, and a unique K, in the
Schwarzschild case p,, is unique only up to sign, which
demonstrates that a light ray may run through the circle
either in positive or in negative ¢ direction.

If f, and f are identically zero, (54) requires cos § = 0,
i.e., in vacuum circular light rays exist only in the equatorial
plane. However, a 9-dependent plasma density can produce a
kind of “force” on light rays that makes circular orbits about
the symmetry axis off the equatorial plane possible. More
specifically, we read from (54) and (55) that a circular light
ray may exist above the equatorial plane if f is positive there
and below the equatorial planeif f’ is negative there. E.g., for
a plasma density w,(r,9)*/w} = 27v/3m?sind cos 9/,
which satisfies the separability condition with f,.(r) = 0 and
f9(8)/@} = 27+/3m? sin 8 cos 9, there is a circular light ray
at r =3m and 9 = /6.

In the equatorial plane, circular light rays exist provided
that f(7/2) = 0 and their radius coordinate is then given
by (53). At a colatitude coordinate 9 # z/2 the equation

%(9) =0 can hold only for circular light rays with
Py =0, as can be seen from (54) and (55). Such a light
ray must have ¢ = const, as follows from (12) with a = 0,
in addition to r = const and 9 = const which are the
defining conditions for a circular light ray, so it does not
really go around in a circle but is rather static. For such
static light rays the right-hand side of Eq. (55) vanishes.

From Eq. (7) we see that the refractive index of the plasma at
the location of such a light ray is equal to zero, n = 0. This
means, in particular, that the group velocity is zero:
v, = cn = 0. We may say that at points of the medium
where n > 0, a ray propagates with nonzero group velocity;
at points of the medium where n = 0, the ray stands (at least
momentarily) still; points where n < 0 cannot be reached by
aray. Static light rays, for which the gravitational attraction is
exactly balanced by a “force” produced by the plasma,
actually exist for some plasma densities. Here is an example;
for a plasma density w,(r,9)*/wj§ = 54m*sin 9 cos 9/r?,
which satisfies the separability condition with f,(r) = 0 and
f9(9)/w} = 54m?sin 9 cos 9, there are static light rays at
r=23mand J = n/4.

In the spherically symmetric case, i.e., if the separability
condition (52) holds with fy(9) identically zero, (54)
demonstrates that circular and nonstatic light rays exist
only in the equatorial plane. As in this case any coordinate
plane through the origin can be considered as the equatorial
plane, this implies that all great circles (orthodromes) of the
photon sphere are light rays. The radius r, of the photon
sphere is given by (53). As an alternative, we can determine
this radius by setting a = 0 in Eq. (49). This results in

Fo(r) = Fo(r)(r =2m) =0, (57)
with the function Fy(r) in the form

,(r)?

Fo(r) =r =r*(r—2m) (58)

>
20

which is indeed equivalent to (53). The case of a spherically
symmetric plasma density on the Schwarzschild spacetime
was already treated in our earlier paper [48] where we have
written the equation of the photon sphere in the compact
form

d 2 __
h(rp =0, (59)
where
h(r)2 = P (r_’”zm - “’f;gg) ) (60)

Again, it is easy to check that this is equivalent to (53).
From Eq. (53), it follows that if f7.(r) = O (in particular,
in the vacuum case when f,(r) = 0), then

r, =3m. (61)

Correspondingly, for a plasma with plasma frequency

B Const

oy (1 == (62)
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the radius of the photon sphere is exactly the same as in
vacuum, regardless of the magnitude of the constant
in Eq. (62).

In our paper [48] we found the linear plasma corrections
to the vacuum value of the photon sphere radius for power-
law density distributions, w? = Co/r* with k > 0. We
revealed that the linear correction is negative for k > 2
and positive for k < 2. In the borderline case, k = 2, the
linear correction is equal to zero. Interestingly, as shown
above, in this specific case the radius is exactly equal to 3m,
even if we do not restrict to small densities.

Example 2. Kerr black hole in vacuum.

We now briefly check that our equations reproduce the
well-known equations for circular vacuum light rays in the
Kerr spacetime. If f,(r) and fy(9) are identically zero,
Eq. (48) simplifies to

p2(3r22_ a2200522,9) cosd _o. (63)
r~—a°cos” 9

hence, either a” cos?> 9 = 3r> or 9 = z/2. In the first case
substituting this expression for a® cos” d into (46) results in

—8ma’r?sin®> 9 = 1619, (64)

which can hold only for a negative value of r. This
demonstrates that circular lightlike geodesics off the
equatorial plane do not exist in the domain of outer
communication of a Kerr black hole.

If § = 7/2, we may use (49). With w,,(r) = 0, we write

Fo(r) = r?, Fy(r)=3r, (65)

and obtain
4a*m = r(r —3m)? (66)

or, in the form of Bardeen, Press and Teukolsky [60],
Eq. (2.17) there,

P2 = 3mr'/? £ 2am'? = 0. (67)

This cubic equation has two solutions in the domain of
outer communication which give the well-known corotat-
ing and counterrotating circular lightlike geodesics.

Example 3. Kerr black hole and plasma with decreasing
density with k = 2 power-law index.

As another example we will now determine the
circular light rays in the equatorial plane if the plasma density
satisfies the separability condition with f,(r) = Cy. The
function f4(9) is left arbitrary except for the condition that
fly(m/2) = 0 to make sure that light rays in the equatorial
plane exist. We may then absorb the constant fg(z/2) into the
constant Cy, i.e., we may assume that w,(r, 7/2)* = Cy/r*.
This case is of particular interest, because then the plasma

correction for a Schwarzschild black hole is zero, see above.
Therefore, here a plasma correction to the circular photon
orbit, which is at 3m in the Schwarzschild case, can occur only
together with corrections due to the black hole rotation. We
will now calculate this correction for the case that the spin
parameter a is small.

We use f(r) =0 in Eq. (51). Also, as demonstrated
above, the plus sign has to be used for decreasing density
profiles. We obtain

4a’r’A  a’Cy r?(r —3m) + 2ra*\?
(r—=m?  &? - r—m .+ (68)
0

which simplifies finally to

a*Cy(r —m)?

r(r—3m)* —4a’m + o
0

=0. (69

This is a sixth-order equation for r which cannot be solved
analytically. Therefore, we seek an approximate solution by
linearizing with respect to a, i.e., we set

r=23m+ar, a<<m. (70)

We find that, to within this approximation, the counter-
rotating and the corotating circular light rays in the
equatorial plane are at

2V/3 Co

r, = 3m+a 3 1- T

(71)

V. COMMENTS ON THE BLACK HOLE
SHADOW

In this section we return to the main topic of Paper I and
give an additional discussion of the black hole shadow.
First, we remind the reader that for the construction of the
shadow the photon region, as given in (21), is crucial. In
general, both signs in (21) have to be taken into account.
However, we have now proven that the minus sign can
occur (i) only inside the ergoregion, (ii) only if f}.(r) < 0,
and (iii) only if the plasma density is nondecreasing with
respect to the radial coordinate, see the discussion below
(21). Moreover, in Paper I we have shown that the minus
sign can be eliminated for a low-density plasma (see
Sec. VI of Paper I) and for power-law distributions [see
Eq. (79) in Sec. VIII of Paper I].

Here we want to use this opportunity for correcting an
inaccuracy in Paper 1. There we gave, in Eq. (72) the angular
radius 6 of the shadow of a Schwarzschild black hole in a
plasma density w,,(r, 9)% = (f,.(r) + f5(9))/r* as
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. P(ro—2m) | 1= (f:(rp) +15(90)) el
sing = 4/ 0
ro(rp =2m)\[ 1 = (f,(ro) + f9(90)) B
(72)

Here r), is the radius coordinate of the photon sphere and r(,
and 8 are the coordinates of the observer position. From this
equation, which is correct, we then concluded that the
shadow is increased, in comparison to the vacuum case, if
and only if

w,,(r,,,&o)Z(l -2r—"”> < a),,(ro,z90)2<1 —2r—m> (73)

p o

i.e., if and only if the second square-root in (72) is bigger than
1. This conclusion is not quite correct because in (72) the
variable r, denotes the radius of the photon sphere in
the plasma which, in general, is different from that in the
vacuum, i.e., from 3m. As the shadow radius 6, in vacuum
is given by

(ro —2m)

sin @, = 4 /27m? — (74)
o
we have
r,—2m
sing r L= (fr(rp) +f5(80)) %z
SinOyee  \| 27m* (r, =2m)\| 1= (f,(ro) + f5(90)) 52

where the first square-root on the right-hand side is in general
different from 1. However, if the plasma density is so low that
we can linearize all equations with respect to f,, fg and f7.,
we find from (28) that the radius of the photon sphere in the
plasma can be approximated as

fr(3m)

180)%

r, =3m+ (76)

This implies that, except for quadratic and higher-order
terms, the first square root in (75) equals 1, hence

sin 6 :1_a)p(rp,190)2 1—2—m
$in O, 20} r
,90)? 2
Loplro o) () 2m) )
26()0 ro

So in the linear approximation it is indeed true that the
shadow is increased if and only if (73) holds. In the general
case, however, one has to consider both square roots in (75).

In Paper I we have observed that the boundary curve of
the shadow may form “fishtails” if the plasma density is
sufficiently big (see Fig. 6 there). We now add some
comments on this situation. We reconsider the case of a
constant plasma density, which is nonrealistic in view of
applications to astrophysics, but mathematically the sim-
plest case for illustrating how the fishtails come about. As
shown in Fig. 5 of Paper I, in this case we have unstable
spherical light rays (orange) between radii r,;, and 7.
and stable spherical light rays (hatched green) between
radii rg pip and 7 . For a = 0.999m and w? = 1.085w3,
the numbers are 7, ~ 1.0002m, 7. = Fgmin & 8.4m and
s max & 12m, see the middle panel of Fig. 5 in paper I. Note
that the marginally stable spherical light ray at r,,x = 75 min
is not circular, in contrast to the spherical light ray at r;,.

For our fishtail shadow in Fig. 6 of Paper I we chose the
observer at rpo = 5m in the equatorial plane, i.e., the
observer is inside the unstable photon region. In Fig. 1
below we have decomposed the curve from Fig. 6 in Paper I
into several parts: Red for the part on one hemisphere,
0<6<n/2, and blue for the other hemisphere,

’|\>
|
-
N
N
w

FIG. 1. Part of the shadow curve presented in Fig. 6 of Paper I,
see blue color curve with “fishtails” there. Here this curve is
decomposed into several segments indicated by different colors
and different styles of line plotting (red/blue solid, red/blue
dotted, red/blue dashed), see the definitions in the text. The actual
appearance of the shadow crucially depends on the location of the
light sources. For the case that the light sources are distributed
according to assumption (b) the shadow is shown below in Fig. 2.
However, independently of the position of the light sources, in no
case the observer can see such fishtails in the sky; see discussion
in the text.
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7/2 < 0 < z. For either case, the boundary curve consists
of three parts:

(i) Solid, where the constants of motion are the same as
for an unstable spherical light ray at radius r
with ri, <r, <rp;

(i) Dotted, where the constants of motion are the same
as for an unstable spherical light ray at radius r
with rop <7, < Fpax = T's min>

(iii) Dashed, where the constants of motion are the same
as for a stable spherical light ray at radius r
With 7may = Fomin < 7p < T max-

For all our shadow images we use dimensionless
Cartesian coordinates, X and Y, which are related to the
celestial angle coordinates € and yw by stereographic
projection,

p
p

P

0
X = —2tan <§) siny, (78)

Y = —2tan <g) cosy, (79)

see Eq. (57) of Paper L.

Note the difference between the trapping mechanisms;
unstable spherical light rays are approached by other light
rays from one side in an asymptotic spiral motion. Stable
spherical light rays have trapped light rays in their
neighborhood that oscillate about them.

The solid part of the boundary curve corresponds to light
rays that approach an unstable spherical light ray from
above, either directly (red) or after going through a
maximum radius (blue). The dotted part corresponds to
light rays that approach an unstable spherical light ray from
below, either directly (blue) or after going through a
minimum radius (red). The tips of the fishtails correspond
to the light rays that approach the marginally stable light
ray at rp.x = smin irom below.

In this situation we have two types of light rays issuing
from the observer position into the past; those which go to
the horizon and those which oscillate between a minimum
radius and a maximum radius forever. (For this choice of
parameters there are no light rays going out to infinity.) For
deciding about assigning darkness or brightness to a certain
point on the observer’s celestial sphere it is now of crucial
relevance where the light sources are. There are several
possibilities:

(a) We may stick with the rule to associate darkness with
all light rays that go to the horizon. Then we have to
assume that there are no light sources in the region
crossed by those light rays, in particular not in the
region filled with stable spherical light rays. We are
then forced to associate darkness also with all light
rays that oscillate between a minimum and a maxi-
mum. This would mean that for our observer placed
inside the unstable photon region the entire sky is dark.

FIG. 2. Actual appearance of the shadow (shaded area in the
picture) for the curve shown in Fig. 1. This plotting is based on
the assumption (b) of the distribution of light sources; see the text
for more details.

(b) We may assume that, among all light rays that go to the
horizon, only those do not meet a light source that
have either no turning point or a turning point below
Fmax = Ts.min- 1N agreement with this assumption we
would have to assume that there are light sources in the
region of stable spherical light rays and above, but not
below. The resulting shadow is shown in Fig. 2. It
looks similar to the ordinary Kerr shadow in vacuo.

The boundary of this shadow corresponds to light
rays that spiral towards unstable spherical light rays
(red solid and blue dotted curves), and of light rays
that have their maximum radius exactly at
Fmax = Ts.min- INOte that both on the upper half and
on the lower half of the fishtail-curve there are two
points corresponding to the same radius value of the
limiting spherical light ray. The shadow of Fig. 2
singles out one of them; the point on the solid curve for
0 < 0 < /2 (red) and the point on the dotted curve
for z/2 < 0 < = (blue).

(c) We may assume that the region with light sources is
not exactly bounded by 7y, = Fsmin but rather by
some other value ry;,,;. As long as ryj,;; is bigger than
ro, the red solid curve is still part of the boundary of
the shadow, as in Fig. 2, but the other part of the
boundary is shifted either inwards or outwards. If ry;,;
is smaller than r,, the entire sky is bright.

So the situation is rather complicated; the shadow very
strongly depends on where the light sources are placed, and
there is no general rule which assumption on the light
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V(r)

A

3

2

FIG. 3. Graph of the effective potential (80) for a constant
plasma density. Here the values of the constants of motion K and
P, are chosen such that an unstable spherical light ray is located
at a radius r, with rp, = 1.0002m < r, < rg = Sm.

sources is “right” and which is “wrong”. As long as
consistency is respected, mathematically one can choose
any rule. However, whatever choice for the position of the
light sources is made, in no case the observer will actually
see the fishtails in the sky.

We emphasize that all six parts of the fishtail-curve (red/
blue solid, red/blue dotted, red/blue dashed) correspond to
light rays that have the same constants of motion K and p,,
as a spherical light ray. We now want to investigate which
of the six parts correspond to light rays that actually
approach a spherical light ray. To that end, we introduce
for each K and p,, the effective potential

V() = K= 5 (P + @+ ap, P+ £,(). (80

Then Eq. (14), which is the same as Eq. (32) of Paper I up
to the changed sign convention for @, may be rewritten in
the form of an energy conservation law,

§r2+V(r) =0. (81)

As the first term (the “kinetic energy”) is non-negative,
only the region where V(r) < 0 is allowed. The boundary
of this region gives a turning point if it is not an extremum
and a spherical light ray otherwise; at a maximum, the
spherical light ray is unstable and can be approached
asymptotically by other light rays.

In Figs. 3-5 we plot the effective potential (80) for the
case of a constant plasma density and different values of p,,
and K. We discuss what can be learned from this potential
about the shadow as it is seen by an observer at r, = Sm,
i.e., about Figs. 1 and 2. Figure 3 shows the potential for
values of K and p,, that correspond to an unstable spherical
light ray at a radius r, with ry;, < r, < rp. The potential

V(r)

>

3m mr, 1 15m 18m

FIG. 4. Graph of the effective potential (80) for a constant
plasma density. Here the values of the constants of motion K and
P, are chosen such that an unstable spherical light ray is located
at a radius r, with ro =5m <r, < rpy = Fgmin ® 8.4m. In
contrast to Fig. 3, where rp is closer to the black hole than the
observer, here r, is farther from the black hole than the observer.

has a local maximum at r,. We see that from the observer
position at r, = 5m there are two light rays with the chosen
values of K and p,; one that goes directly towards the
unstable spherical light ray at r, (red solid curve in Figs. 1
and 2) and another one that first moves outwards, has a
turning point and then goes towards the unstable spherical
light ray at r, (blue solid curve in Figs. 1 and 2). If we
perturb the potential a bit, so that the maximum goes either
up or down, we see the following; the red solid curve
separates light rays that go directly towards the horizon

V(r)

A

3

2

T —
3m bm 9m

rp, 12m 15m 18m

FIG.5. Graph of the effective potential (80) for a constant plasma
density. Here the values of the constants of motion K and p,, are
chosen such that a stable spherical light ray is located at a radius r),
with rop =5m < rpy = Fymin ®84m < r, < rgpmy = 12m. In
contrast to Figs. 3 and 4, the potential now has a local minimum,
rather than a local maximum, at 7, and the value r), is farther away
from the black hole than both the observer position and the
T'max Value.
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from light rays that oscillate between a maximum and a
minimum. According to assumption (b) above we assign
darkness to the first and brightness to the latter, so the red
solid curve is part of the boundary curve of the shadow.
Similarly, from the perturbed form of the potential we see
that the blue solid curve separates light rays that have a
turning point and then go to the horizon from light rays that
oscillate between a maximum and a minimum. In any case,
these neighboring light rays pass through the region of
stable light rays. According to assumption (b) above we
assign brightness to all of them, so the blue solid curve is
not part of the boundary of the shadow. We repeat, however,
that it corresponds to light rays that spiral towards an
unstable spherical light ray.

Figure 4 shows the effective potential for values of K and
p, that correspond to an unstable spherical light ray at
radius r, with rp < r, < ry,,. In this case, only the blue
dotted curve corresponds to light rays that spiral towards
the unstable spherical light ray at r,. Points on the red
dotted curve correspond to light rays with the same
constants of motion; however, they go directly towards
the horizon, so the red dotted curve is not part of the
boundary curve of the shadow. Note that here it is essential
that the potential has no zeros between the horizon and r,.

|

ar\2 A =rA(r) o _

(Z—Z —a)[2ar+ (r—2m)(

Figure 5 shows the effective potential for values of K and
P, that correspond to a stable spherical light ray at radius
rp, With 7 nin < 1, < rg max- In this case, the potential has a
local minimum at r,,. Again, there are two light rays from
the observer position with these constants of motion,
corresponding to the red dashed and the blue dashed curve,
respectively. The light ray on the red dashed curve goes
directly towards the horizon, the light ray on the blue
dashed curve has a turning point at a radius between r, and
Fmax = T'smin- Neither of them comes close to r,. According
to assumption (b) we assign darkness to both of them.

VI. EXACT DEFLECTION ANGLE OF LIGHT
RAYS IN THE EQUATORIAL PLANE

The equations of motion of a light ray in the equatorial
plane of the Kerr metric in the presence of a nonhomo-
geneous plasma are given by Egs. (36), (37), and (40),
where it is assumed that (34) holds and w),(r,7z/2) is
abbreviated as ,(r). In this section, we derive the
expression for the deflection angle of such a light ray.

Dividing (40) by the square of (37) yields, after
some elementary rearrangements, the orbit equation in
the form

Po _ a
Wy

)}

()

This equation agrees with Eq. (8.53) of Perlick [29]. More
generally, Crisnejo, Gallo and Jusufi [28] have presented
the orbit equation of a light ray in the equatorial plane of a
stationary and axisymmetric spacetime surrounded by a
pressure-free nonmagnetized plasma, see Eq. (106) there. If
the Kerr metric coefficients [Eqs. (85)—(88) of their paper]
are substituted, the resulting equation also agrees with our
Eq. (82).
As an alternative, Eq. (82) can be rewritten as

<%Da:4 {

as can be easily verified by putting the two terms inside the
bracket of (83) on a common denominator and then pulling
out a factor of (r —2m) from the numerator.

Equation (82) is more involved than (83), but it has the
advantage of being directly applicable to light rays inside
and outside of the ergoregion. Equations (83) and (82) are
equivalent if r # 2m, but for light rays that cross the
boundary of the ergoregion it is more convenient to use (82)

2
2m

(1==1)]

B aP

|-l

RA) 1 -
[ar + (r —2m)(

A(r)?
r—2m)

@,

064063-

rlar + (r —2m)

(82)

Lo
W

—a)P

|

because it can be immediately applied whereas (83)
requires invoking the Bernoulli-1’'Hopital rule or an analytic
extension.

Either of the two equations [(82) and (83)] determines
the geometric shape of all light rays in the equatorial plane
that are not radial (i.e., for which ¢ is not a constant). In
particular, either of these equations gives us the deflection
angle for any light ray in the equatorial plane that comes in
from infinity, reaches a minimum radius value r = R and
then goes out to infinity again. For such a light ray, the
relation between the minimum radius R and the constant of
motion p,/w, can be found from the condition that the
right-hand side of (83) must vanish at » = R, i.e.,

o =a=wa(R). (84)
where
R w,(R)? 2m
wﬂE(R):R_2 {—ai A(R)\/l— pr (1—R>}.
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Here and in the following, the upper sign is for rays with
@/wo > 0 and the lower sign is for rays with ¢/w, < 0, as
can be read from (37). As we assume that a > 0, i.e., that
the black hole is rotating in the positive ¢ direction, this is

|

equivalent to saying that the upper sign is for rays that are
corotating and the lower sign is for rays that are counter-
rotating with respect to the black hole. Inserting this
expression for p, /@, into (83) yields,

E —wi(R)(2ar + (r = 2m)ws(R))}

(my PR = ra(n) ™2

do

r(ar + (r —2m)wy (R))?

(36)

Solving for dg and integrating over the entire light ray gives us the angle Ag swept out by the light ray on its way from

infinity to the minimum radius and back to infinity,

Ap = £2

where

= ~~—3

Vrlar + (r = 2m)w. (R))

f(r)dr, (87)

_AMJ NCE

[This function f(r) should not be confused with the
function f,(r) from Eq. (10).] Ap immediately gives us
the deflection angle & which is defined by

&::I:A(p—ﬂ:Z/f(r)dr—ﬂ. (89)
R

So & is positive if the light ray is deflected towards the
center, independently of whether the ray is corotating or
counterrotating.

Our new formula for Ag should be compared with an
earlier formula that was given already in [29]. After
correcting a misprint [there was a spurious square in
Eq. (8.55) that carried over into Eq. (8.57) of [29]], this
previous formula reads

w:ﬁ/v
,
R

2—2mr—|—a

~1/2
— — - 1] dr, (90)
e — 5 = h(R))?

r—2m
where
r(r* = 2mr + a?) r a)p(r)2 1/2
= — . 1
h(r) [ r—2m <r —2m w3 On

The main advantage of the new formula is in the fact that
it can also be used for light rays that enter into the

(R)(2ar + (r =2m)wy(R))

I

ergoregion, R < r < 2m; in [29] such light rays were
excluded from the outset and the final formula (90) can
be used inside the ergoregion only by analytic extension.

Below we will plot the exact deflection angle, for some
special plasma densitites, both as a function of the mini-
mum radius coordinate R and as a function of the impact
parameter b which is often preferred for characterizing light
rays that come in from infinity. To that end we need to
establish the relation between the impact parameter and the
constants of motion p, and .

In the vacuum case, for a light ray that comes in from
infinity in an asymptotically flat spacetime, the impact
parameter is known to be equal to |p,,/@,|. To find out the
physical meaning of p,,/w in the presence of a plasma, we
consider the orbit equation in the form of Eq. (83) in the
situation that the light ray is still far away from the center.
Assuming that the plasma density approaches a finite value
for r — oo, (83) can be written as

) ()’

O -
dp) — (py/ap)? @5

Integration yields

)(1 +0(m/r)). (92)

lim (r(¢(r) = ¢(c0))?)

r—0o0

= (pofan (1- 225

@y
(93)

The left-hand side is equal to the squared impact parameter
b?* of the light ray, so we find finally,
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A

4
3n

2r

R
1 Zm>

2m 4m 6m 8m 10m

FIG. 6. Ag in the Schwarzschild spacetime as a function of the
minimum radius coordinate R, for light rays in vacuum (solid)
and in a plasma with ,(r)* = 70}(m/r)> (wide-dashed),
w,(r)> =Twi(m/r)* (dotted) and w,(r)* = Twj(m/r)*>
(narrow-dashed). The vertical line marks the horizon.

(@)2 — b2n(o0)2. (95)

@

or

Formula (95) agrees with the result of [28], see the text after
their Eq. (106). If w,(r) — 0 for r — oo, then the impact
parameter has its usual relation with the constant of motion

(p(/)/a)O):

Py
@

= b. (96)

We exemplify our new version (87) with (88) of the
deflection formula by Figs. 6 and 7 which show A in the
Schwarzschild and in the extreme Kerr spacetime, respec-
tively, for vacuum and for two different plasma densities.

From Fig. 6 we see that for large R the presence of the
plasma with a decreasing density profile makes the deflec-
tion smaller in comparison to the vacuum case. This can be
easily explained by the refractive effect of a nonhomo-
geneous plasma. We will further discuss this issue below
for the case of weak deflection. At the same time, Figs. 6
and 7 reveal that for small enough R the presence of the
plasma can make the total deflection bigger in comparison
with the vacuum case, even for a decreasing plasma density
profile. Note that the deflection angle diverges if the light
ray asymptotically approaches a circular light ray in the
equatorial plane. If one takes this into account, one sees that
for the Schwarzschild spacetime the above observation is in

>

3r

2|

2m 4m 6m 8m 10m 12m

-2n

-3

—4n

FIG.7. Ag in the extreme Kerr spacetime, a = m, as a function
of the minimum radius coordinate R, for light rays in vacuum
(solid) and in a plasma with w,, (r)* = 7wj(m/r)* (wide-dashed),
,(r)? =T0}(m/r)*  (dotted) and  ®,(r)* = Tw}(m/r)*/?
(narrow-dashed). The vertical solid line marks the (outer) horizon
and the vertical dotted line marks the boundary of the ergoregion.

w

agreement with analytical results obtained earlier, see
formulas (57) and (58) in [48]. In vacuum the radius of
the photon sphere in the Schwarzschild metric equals 3m.
In [48] we have found analytically the linear correction to
this radius due to the presence of a small-density plasma. It
has been shown that, depending on the index k of a power-
law density profile, the radius of the photon sphere may
become smaller (k > 2) or bigger (k < 2) than 3m. This
agrees with the behavior of the curves in Fig. 6 for small R.

With the help of (84) the angle A@ (and, thereby, the
deflection angle) can also be viewed as a function of the
constant of motion |p,, /|, rather than as a function of
the minimum radius R, see Figs. 8 and 9. We have already
demonstrated that in the case that @, (r) falls off to zero for
r — oo this constant of motion equals the impact parameter
b. In Figs. 8 and 9 we see an important difference in
comparison to the case where the minimum radius R was
plotted on the horizontal axis; now there is no crossing of
the graphs for different density profiles.

Qualitatively new features arise if the plasma is very
dense or, equivalently, if @, is very small. We illustrate this
in Figs. 10 and 11 with another example on the
Schwarzschild spacetime. We see that the wide-dashed
plot shows a nonmonotonic dependence of Ag on R and
also on b. Moreover, Ag is smaller than z for some values
of R and b, i.e., it shows a negative deflection angle which
means that the light ray is not attracted towards the center
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Ay
3 |
2n ‘;
v/
b
2m 4m 6m 8m 10m 12m>
FIG. 8. Ag in the Schwarzschild spacetime as a function of the

impact parameter b, for light rays in vacuum (solid) and in a plasma
with w,(r)* = Twj(m/r)* (wide-dashed), w,(r)* = Twj(m/r)*
(dotted) and w ,(r)> = Tw}(m/r)*? (narrow-dashed).
Ap
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FIG. 9. Ag in the extreme Kerr spacetime, a = m, as a function
of the impact parameter b, for light rays in vacuum (solid) and in a
plasma with w,(r)* = Twj(m/r)® (wide-dashed), w,(r)* =
Tw}(m/r)* (dotted) and w, (r)* = Twj(m/r)*? (narrow-dashed).

but rather repelled. In the narrow-dashed plot in Figs. 10
and 11, which refers to an even denser plasma, Ag even
goes to zero for b — 0 which means that the light ray which
aims directly at the center is reflected back in the same
direction from which it came. At the point of reflection
the index of refraction is zero and the light ray stands

|

3n

2n

2m 4m 6m 8m I0Om 12m 14m 16m

FIG. 10. Ag in the Schwarzschild spacetime, a =0, as a
function of the minimum radius R, for light rays in vacuum
(solid) and in a plasma with @ ,(r)* = 6.6w3m/r (wide-dashed),
w,(r)? = 8w}m/r (narrow-dashed). The vertical line marks the
horizon.

Ag
|
A |
3r |
|
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2 I
|
|
|
T \\‘7747—*—ji—i_t_i,iif—fffAffff::;'
b
2m 4m 6m 8m 10m 12m 14m 16m
FIG. 11. Ag in the Schwarzschild spacetime, a =0, as a

function of the impact parameter b, for light rays in vacuum
(solid) and in a plasma with @ ,(r)* = 6.6w3m/r (wide-dashed),
w,(r)* = 8wim/r (narrow-dashed).

momentarily still. This phenomenon is well-known e.g.,
from Earth’s ionosphere where rays of very low frequency
are reflected back.
Without a plasma [w,(r) = 0] Eq. (89) reduces to
Oyae = £APyye — 7, (97)

where
A(pvac = iz/fvac(r)dr (98)
R

with

(R —2m)*r*(r* = 2mr + a?)

fV‘dC(r) =

-1/2
= -1 : 99
r* = 2mr+a* ((r —2m)RVR? —2mR + a* F (2ma(r — R))? ) ®9)
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Then

A

Q.

' (100)

=& = Qyae = TAQ F Ay
gives the contribution to the deflection angle that is
produced by the effect of the plasma. If the frequency
@y is big in comparison with the plasma frequency w,(r)
everywhere along the ray, we may be satisfied with
linearizing with respect to w,(r)*/w} for all R < r < co.
This results in

a1 = 2/fp](r)dr+ (101)
R

F) — _fvac(r)3A(r)3(R_2m)2r
2m[(r —2m)R\/A(R) F 2ma(r — R)]?

w{ L= 2R /AR = 2matr - ) 225

@y
- \/A(R)(R—Zm)Rw”(fy}. (102)
0

VII. WEAK DEFLECTION OF LIGHT RAYS
IN THE EQUATORIAL PLANE

In this section we obtain the weak deflection approxi-
mation for the deflection angle @& introduced in (89).

In the situations considered above, the effects from the
black hole spin and from the plasma environment of
the black hole are mixed together. In order to separate
the contributions of these two effects and to compare them
with each other, we consider light rays flying past the black
hole with big impact parameters which results in weak
gravity effects on the ray. Additionally we assume that the
plasma effects on the paths of such light rays are also small.
As a light ray with a big impact parameter stays far away
from the center, the latter is true if the plasma density falls
off to zero if infinity is approached. This causes the
deflection angle to be small, and the contributions to the
deflection angle from gravity and from the plasma can then
be separated from each other.

For calculation of the deflection angle in the case of
weak deflection we use the formula (90). We denote the
integrand of Eq. (90) by f(r). For further convenience, we
also introduce the abbreviation f,(r) = w3 (r)/w}. We
assume that the values of the dimensionless quantities
m/r,a/rand B,(r) are small. Then, the trajectory of a light
ray is almost a straight line, i.e., & < 1.

We expand the expression f(r) keeping terms propor-
tional to m, m? am, a* and also f,(r) and S,(R).

We obtain,

Fr)=Fo(r) +Fu(r) + fua(r) + fa(r) + faa(r) + fo (1),

(103)
where
Folr) = ——s (104)
o 2 —R?
 m(R*+rR+r?)
T
B 3m*(R? + rR + r?)?
faalr) = 2PR(r + RV - R (106)
2am
TNy
a*(r* — 2R?)
farlr) = YNk (108)
P A AT R,

2(% — R2)?

By integration of these terms [see Eq. (90)], we find the
contributions of different effects to the total light deflection,

2[f0(r)dr =1, (110)
27fm(r)dr:i’:, (111)
g
27fm2(r)dr:%, (112)
g
27fa(r)dr— o, (113)
/
27fa2(r)dr =0 (114)

Note that, although the terms proportional to a® are present
in the integrand [see Eq. (108)], they do not contribute to
the total deflection [see Eq. (114)]. It is known that in the
vacuum deflection formula of a Kerr black hole, terms with
a? appear only in terms which are of third order altogether,
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as ma®/R? or ma®/b>, see, e.g., Refs. [61-63]. Integration
of the term f,(r) gives the refractive deflection of a photon:

[Se]

refi :2/fw(r)dr

R

(115)

This expression can be transformed (see Appendix B in
[64]) into

. RK, ¥ 1 dN(r) _ 4ne?
arefr(R) - (1)(2) \/m dr dr’ Ke: m, s
R
(116)

where N(r) is the number density of electrons in the
equatorial plane. As a result, we obtain the deflection angle
as a function of R:

am (15 2
a(R) = = (”—4)';;2

dma

+ ?J”&refr(R)' (117)

Here the first three terms describe the vacuum gravitational
deflection. More precisely, the first term is the first-order
Schwarzschild deflection, sometimes called the Einstein
angle, and the second term is the second-order contribution
of the Schwarzschild deflection. It makes sense to take this
second-order term into account, as the rotation term is of
second order as well. The third term describes the deflec-
tion due to the rotation of the black hole, cf. e.g., [65,66]. In
the presence of rotation, the deflection angle becomes
smaller for direct orbits (corotation, upper sign), and
becomes larger for retrograde motion (counterrotation,
lower sign), cf. [65-70]. (Note that some authors incor-
porate the plus-minus sign into the spin parameter a with
the convention that positive a corresponds to corotation and
negative a corresponds to counterrotation. However, we do
not adopt this convention; as indicated above, we choose
a > 0 throughout.) The last term in (117) is the refractive
deflection, & (R), given by Eq. (116).

For the gravitational lens equation, it is necessary to have
the deflection angle not as a function of the distance of
closest approach R but of the impact parameter ». Up to
quadratic terms, the gravitational deflection angle in
vacuum is (see, for example, [61,62,69])

4m 15zm?> _ 4ma
= —— F —. 118
b a2 (118)
In turn, the refractive deflection &,z can also be rewritten
as a function of b (see Appendix B in [64] for details of the
transformation),

(o]

) K, [oN
arefr<b) = J/%dz
0

(119)

To link up with the notation of [64], here we have written
the electron number density in the equatorial plane as N =

N(r) where r = v/b? + 7%, with z denoting the coordinate
along the axis parallel to the incoming ray. For more details
about calculations with formulas (116) and (119) see, e.g.,
[6,64]. Formula (119) was also derived in [22,1].
Calculations of refractive deflection for power-law plasma
distributions can be found, e.g., in [1,6,21,22,64], see
also [28].

Finally, we obtain the total deflection angle as a function
of the impact parameter b:

157 m?
4 p?

dma

4m

&(b) b + + &refr(b>7 (120)
where the first three terms describe vacuum gravitational
deflection up to second order in m and first order in a, and
the last term is the refractive deflection, & (b), given by
Eq. (119). Note that in the following, when writing &(...),
we will always mean the functional dependence on b as in
(120), rather than on R as in (117).

With our definition of &, the gravitational (i.e., vacuum)
deflection angle is positive, as it is usually considered. The
refractive deflection & (b) can have either sign, depend-
ing on the specific plasma distribution. In view of appli-
cations to astrophysics it is realistic to assume that the
plasma density decreases with the radial coordinate
(dN/dr < 0). In this case, in the weak-deflection approxi-
mation the refractive deflection is negative; [@,.q(b) < 0],
see [1]. The total angle @& can be either positive and
negative, remaining small. Recall that a positive value of
a means that the light ray is bent towards the center.

For the sake of completeness we conclude this section by
giving some further references where higher-order terms
for vacuum deflection in the equatorial plane of a Kerr
black hole can be found [61,62,71]. Exact expressions for
the vacuum deflection angle in the Kerr spacetime are
examined in [63,72]. The vacuum deflection angle by a
Kerr black hole when the incoming trajectory is parallel to
the rotation axis was found already in [73], see also [68,74].
Gravitational lensing by a Kerr black hole in vacuum
(derivation and solution of lens equation, calculation of
image properties) was also investigated in the following
works: [21,62,68,70,75-85].

VIII. INFLUENCE OF THE BLACK HOLE SPIN
AND OF A PLASMA ON IMAGE POSITIONS

In this section, we consider primary and secondary
images of point sources produced by gravitational lensing
of a Kerr black hole surrounded by a plasma. We study the
influence of the black hole spin and of the plasma on the
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position of these images, assuming that the observer and
the light sources are in the equatorial plane and working in
the regime of weak deflection.

It should be noted that, in general, both the black-hole
rotation and the presence of a plasma can lead to the
appearance of additional images. Recall that in the
Schwarzschild spacetime without a plasma, in the weak
deflection approximation there are two images, a primary
one where the azimuthal coordinate sweeps out an angle
between 0 and 7z and a secondary one where the azimuthal
angle sweeps out an angle between z and 2z. In the
following we stick with the weak-deflection approximation
and we calculate the correction to the position of these two
images as they are produced by the spin of the black hole
and by the plasma density, both of which are assumed to be
small. A similar approach was used in [6] where linear
plasma corrections to the time delay of primary and
secondary images in the Schwarzschild spacetime were
calculated. We mention that the appearance of additional
images due to the presence of a plasma is crucial for
microlensing phenomena, see [3,4] for the influence of a
plasma on microlensing.

In this section we use the standard lens equation for weak
deflection gravitational lensing [86,87]. It relates the
angular position of a source f to the angular positions 6
of images:

(121)

In this lens equation, several assumptions are used. Both
the observer and the source are situated very far from the
black hole; D, is the distance between the lens and
the source, and D, is the distance between the observer
and the source (Fig. 12). All light sources are located in the
source plane. The gravitational field is weak, and light rays
are bent only in a lens plane. Deflection angles are small, as
well as all other angles involved: 3, 0, @ < 1. It is supposed
that the angle S is positive, while the angle @ can be either
positive or negative. (The angle # should not be confused
with the function f, used earlier in Sec. VIL.) Different
forms of a lens equation, based on various approximations,
are known in the literature [62,85-92].

Here we assume that both the observer and the light
source are in the equatorial plane of the Kerr metric
(Fig. 12). As the Kerr metric is asymptotically flat, this
implies that the light rays are asymptotically straight lines.
In the presence of a plasma the lens equation can be applied
in the usual form only if we assume that the plasma density
goes to zero as the radial coordinate goes to infinity.

Note that in Eqgs. (119) and (120) the argument b is
considered as positive. Therefore, in order to allow negative
0, the lens equation for the spherically symmetric case can
be rewritten as [e.g., Eq. (17) of [93], Eq. (13) on p. 104 of
[87], Eq. (19) of [6] ]:

SOUFCE_A_

Tobserver

FIG. 12. Lensing in the equatorial plane of a Kerr black hole
surrounded by plasma in the weak-deflection approximation. The
angular position of the source is given by f > 0. The angular
positions of the images are given by 6. The primary image is the
image located on the same side of the lens as the source (6, > 0),
and the secondary image is the image on the opposite side
(0_ < 0). The light ray in the left part of the picture corotates with
the black hole, whereas the one in the right part counterrotates.
The angles f, 0, & are assumed to be small. The source and the
observer are assumed to be far from the black hole, D; > m.

0
p=0-a(l0]) .

5 (122)

where

a(lo]) = 22 a(1D,6))

s

(123)

Here we have used the approximate relation b = D,|6)],
which is valid for small 6. The angle & can be decomposed
into a contribution from the gravitational field in vacuum
and a contribution from the plasma which was denoted &,
in the preceding section. For practical purposes, the main
interest is in density profiles that are everywhere decreasing
with the radial coordinate, which implies &, < 0. Since it
is more convenient to work with positive values, we
introduce a function B,,(|6|) by (cf. [3.6])

Dds N
D—arefr = _Bw(|9|)

N

(124)

We mean here that after substituting b = D,|6| into
Eq. (119) we obtain some function of |@| which, after
multiplication by distances and changing sign, is then
denoted B, (|0]). The function B,(|0|) is positive for
density profiles decreasing with the radial coordinate.
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Now we use Eq. (120) with b = D,|6| and find

0 6 02
a(|0]) = 5+ 5 en F o5 €~ €aBo(|0]). (125)
o1 lop jop
Here 6 is the vacuum angular Einstein radius,
D
0% = 4m—%_ (126)
Dst
and we have introduced the parameters
15
8m=—ﬂﬂ, EG:i. (127)
16 D, D,

For consistency, on the right-hand side of (125) we have
also introduced a bookkeeping parameter ¢, which will be
set equal to unity after all equations have been linearized
with respect to it.

With (125), the lens equation (122) finally becomes:

=60- 9% 92 : 0 128

We remind the reader that the upper sign in Eq. (125) and in
the lens equation (128) corresponds to corotation, and the
lower sign corresponds to counterrotation.

Now we will solve the lens equation (128) perturbatively,
in the approximation that ¢,,, €, and &, are so small that
only terms of linear order with respect to these parameters
have to be taken into account. Then the solution of zeroth
order represents the Schwarzschild case with the deflection
term 6% /0, whereas the second-order Schwarzschild deflec-
tion, the deflection due to the black-hole rotation and the
plasma refraction are linear perturbations independent of
each other. We will consider the case shown in Fig. 12,
where the primary image is formed by a ray that is
counterrotating with respect to the black hole, and the
secondary image is formed by a ray that is corotating. As
throughout this paper, we assume that @ > 0. If the black
hole rotates in opposite direction compared to the picture,
we will just need to change a sign in front of all terms with
a. Perturbative solutions of the lens equation were also
determined for strong lens systems with a singular iso-
thermal ellipsoid model of the lens in [5] and for a singular
isothermal sphere model in [6].

Let us begin with considering the primary image, for
which the corresponding ray is counterrotating and 6 > 0,
|0] = 0, see Fig. 12. Therefore, the lens equation (128)
takes the form,

0% 0% 02
p=0-"L-

)T m—ezs +¢,B,(0).

(129)

We will seek the solution in the following form:

0=00 +¢,00m +¢,0 +¢,0. (130)

Here 0, () 9(@) and 0®) are unknown functions: 0 is
the zeroth-order term, and the other terms are first-order
corrections associated with the second-order Schwarzschild
deflection, the black hole spin and the plasma, respectively.

Substituting expression (130) into Eq. (129) and keeping

the terms linear in ™), ¢(@ and @), we obtain
=00 +¢,00 +£,0 +e,0)
—H(—Zg>+em9<m>%+ea9(“)%+ew9(w (;f;)z
—(;(%)ng—(;z) e, +e,B(00). (131)
The zeroth-order equation
B =060 O (132)
210

for positive 8(*) gives the position of the primary image for
the point-mass Schwarzschild lens:

\/ P+ 402,

Combining the terms containing &,,, we obtain the first-
order equation for the Schwarzchild correction 6’(’”),

(133)

N[ =

2 2
0=0m gm _%___ 0 (134)
(02 (90)2"
and its solution
" 0%
" e "
Analogously, we obtain
a O
o) :6%—!—(0(0))2’ (136)
0ON2B (90
o) — _—( )"By(07) (137)

0% + (69)?

Finally, we get the following expression for the position of
the primary image,
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Izm 0
16 Dagy + (07
a6 (007B.0Y)
D, o2 (0)y2 2 (0)y2
a0f +(6037) O +(637)

0, =67 +

(138)

where 0 is defined in Eq. (133).
Let us also present this solution as an explicit function
of . After some algebra we get

_g0  Prm oy 4o
1
— W (BB, (O, (139)
where we have introduced the function
W (B) = 14— (140)

Note that the plus-minus sign in w(*)(f) is unrelated to the
plus-minus sign that distinguishes between primary and
secondary images.

Now let us consider the secondary image. Here we have
0 <0, |#] = —0 and the light ray is corotating (Fig. 12).
Therefore, the lens equation (128) takes the form

03 02 03
p=0--FL+-Le —9—1258“

—¢&,B,(-0).
Hezm gmw(g)

(141)

Analogously to the primary image considered above, we
obtain the solution,

g o _15mm 0
T T 16 D6+ (09)2
a 0% (09)2B, (—0)

. (142)

+ R
D, 6% + (60)? 6% + (09))?

where ) is the zeroth-order solution for the secondary

image,
o_P_1 /n 2
00 == ——/p"+40; <O. (143)
2 2
or, as an explicit function of f,
g — oo _brm () + ——— i) (§)
32 D, 2D,
1
WO (B)B,(—00). (144)

where w(*) () is defined in (140).
The second-order Schwarzschild corrections in (139),
(144) agree with the results of [94-96]. Both second-order

terms (second-order Schwarzschild and first-order Kerr)
agree with [62] [see formula (32) there and non-numbered
formulas further], see also [81,70].

The expressions (139) and (144) for the image positions
can be significantly simplified if we additionally assume
that f < 0. In this case, the angular positions of the two
images are close to an Einstein ring. The zeroth-order
solutions are

b

00 =0, L. 00— 0,0 <0 (1a3)

If p is so small that it can be neglected in all the linear
corrections derived above, we obtain for the primary image:

p 15zm 1a 1

0, :9E+5+§D_d+5D_d_§B‘”(6E)’ (146)
and for the secondary image,

9_:—95+§—135—2”Dﬂd+%Did+%Bw(eE). (147)
The angular separation between the two images is

AO=0, -0 =20, + 7™ _p 6. (148)

16 D,

The first two terms on the right-hand side give the
separation of the two images for a Schwarzschild lens
with second-order corrections taken into account. The last
term is due to the presence of the plasma. We see that, in the
approximation of Eq. (148), neither a shift of the source nor
an increase of the black hole spin leads to a change of the
angular separation: in first order, the corresponding terms
cancel each other. Only the presence of the plasma leads to
a change, namely to a decrease, of the angular separation.

On the basis of Egs. (145)—(148) we can compare the
influence of different corrections on the image positions,
see Fig. 13.

In Fig. 13(a), there is a Schwarzschild lens in the case of
perfect alignment of source, lens and observer (f = 0). In
this case the observer will see a circular image known as an
Einstein ring. For purposes of vizualization, we have
arbitrarily chosen the equatorial plane of this black hole,
and have shown only two light rays in this plane which give
two points of the Einstein ring. Now we discuss how the
positions of these two images are changed due to different
effects.

The second-order Schwarzschild correction makes the
photon deflection angle bigger, i.e., it leads to a slight
increase of the size of the Einstein ring. This effect is not
drawn separately in the picture.

In Fig. 13(b), we show the Schwarzschild lens in the case
that the source is shifted relative to the observer-lens line
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(b) Schwarzschild
+ source shift

(a) Schwarzschild

(d) Schwarzschild
+ plasma

(c) Kerr

FIG. 13. Comparison of different effects on the position of primary and secondary images. The case of a Schwarzschild lens in vacuum
with perfect alignment of source, lens and observer is shown in panel (a). In this case the observer would see an Einstein ring. The
equatorial plane with two rays is chosen arbitrarily in this picture. A shift § of the source relative to the observer-lens line, see panel (b),
leads to a breaking of the Einstein ring. Now there are two images which are shifted in the direction of the source position. To within first
order in /3, the displacements of images are equal, i.e., the angular separation between the two images is the same as the diameter of the
Einstein ring in panel (a). The rotation of the black hole, see panel (c), also leads to a shift of both images. To within first order with
respect to the spin parameter a, both images are shifted equally. Thus, also in this case the angular separation between the two images
equals the diameter of the Einstein ring in panel (a). By contrast, the presence of a plasma with decreasing density profile around a
Schwarzschild black hole, see panel (d), leads to a shift of both images towards the lens. Therefore, the angular separation between them
is smaller than the diameter of the Einstein ring in panel (a), already in the first order of the plasma correction; see the last term on the
right-hand side of (148). See more details in the text.

(B > 0). In this case, the rotational symmetry is broken, so
the observer does not see a ring but rather two images. They
are shifted in the direction of the source position. As
follows from Egs. (145)—(147), in the first order of angular
shift # of the source, the displacements of images are equal
by absolute value which means that the angular separation
between the two images remains the same as in the case of
perfect alignment shown in panel (a).

Figure 13(c) shows a Kerr lens in the case of perfect
alignment of source, lens and observer with the source and
the observer in the equatorial plane. Similarly to panel (b),
the Einstein ring of panel (a) breaks into two images, but
now because of the rotation of the lens. In the case of
corotation (left ray), the rotation of the black hole reduces
the gravitational deflection angle, i.e., a ray with the same
impact parameter is deflected by a smaller angle as
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compared to the Schwarzschild case. Therefore, the light
ray is forced to go closer to the black hole in order to reach
to the observer at the same location, i.e., it must have a
smaller impact parameter than the corresponding ray in the
Schwarzschild case. Therefore, the left image is shifted
towards the lens. In the case of counterrotation (right ray),
the rotation of the black hole increases the angle of
deflection. As a result, the ray forming the image passes
the lens at a greater distance, i.e., its impact parameter is
bigger than the corresponding ray in the Schwarzschild
case. Therefore, the right image is shifted away from
the lens.

As follows from Eqgs. (145)—(147), to within first order
with respect to the spin parameter a, both images are shifted
by the same amount. Thus, the angular separation between
the two images in this case also does not change, i.e., it
remains equal to the diameter of the Einstein ring in the
Schwarzschild case.

It is easy to see that the influence of the spin parameter a
on the image positions is equivalent (in the first-order
approximation) to the angular shift of the source from the
observer-lens line by the angle = a/D,, see [68] and
references there, and also [70]. Therefore, even if the
observer knows the position of the lens and knows that
the shift of both images takes place, the shift due to the
black-hole rotation is indistinguishable from the shift of
images due to a shift of the source.

In Fig. 13(d), we show the Schwarzschild black hole
surrounded by a plasma with a density that is decreasing
with increase of the radial coordinate. The presence of the
plasma reduces the total angle of deflection. Therefore, to
reach the observer, both light rays in the picture come
closer to the lens in comparison to the vacuum case. As a
result, the observed images are closer to the lens, and the
angular separation between them is smaller. The magnitude
of this effect depends, of course, on the ratio of the plasma
density and the photon frequency.

IX. CONCLUSIONS

(1) In this paper, light propagation in a nonmagnetized
pressure-free plasma in the domain of outer com-
munication of a Kerr black hole is considered, which
is a continuation of our previous study (Paper I [49]).
We assume throughout that the plasma density
depends on the coordinates » and & according to
(10) which allows for separability of the Hamilton-
Jacobi equation for the light rays, i.e., for the
existence of a Carter constant. The necessary and
sufficient condition for separability was derived in
Paper 1. Here we have focused on the analysis of
different types of orbits and have found several
phenomena which do not exist in the vacuum case.

(ii) Starting from the equations of motion for a light ray
in the Kerr metric in the presence of a plasma that
satisfies the separability condition, Eqgs. (11)—(14),

(iif)

(@iv)

)

(vi)

(vii)
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we have investigated spherical and conical orbits in
Sec. III. Itis revealed that there can exist two spherical
light rays travelling through the same point, but that
this can happen only inside the ergoregion. We have
also shown that, as for the spherical light rays, there
are at most two conical light rays through a point
outside the equatorial plane. In the same section, we
give the condition for the existence of light rays in the
equatorial plane, see Eq. (34), and their equations of
motion, see Egs. (36)—(40).

In Sec. IV we have derived the necessary and
sufficient conditions for the existence of circular
light orbits on and off the equatorial plane, see
Egs. (46) and (48). In contrast to the vacuum case,
where circular light rays off the equatorial plane do
not exist in the domain of outer communication, in a
plasma with a 9-dependent density such orbits are
possible. This was already briefly mentioned in
Paper I but is discussed in more detail, with
examples, here. Moreover, in the same section the
equation for circular light rays in the equatorial
plane is written in a compact form, see Eq. (49), and
several particular cases are discussed.

In Sec. V we have continued our discussion of the
influence of a plasma on the shadow of a Kerr black
hole, which was the main topic of Paper I, in
particular the appearance of “fishtails” in the boun-
dary curve of the shadow, see Fig. 6 in Paper I. We
have found that the actual appearance of the shadow
strongly depends on the location of light sources and
that in no case the observer will actually see the
fishtails in the sky.

We have given an exact formula for the deflection
angle of a light ray in the equatorial plane in Sec. VI,
see Egs. (89), (88), and compared it to an earlier
formula derived by Perlick [29]. The main advantage
of the new formula is that it is suitable for all rays
that come in from infinity and return to infinity,
including those that enter into the ergoregion. We
have also discussed the notion of impact parameter
in relation to other constants of motion in the
presence of a plasma. In particular, the expressions
(94) and (95) are found.

For several examples we have graphically inves-
tigated the exact dependence of the deflection angle
on the distance of closest approach, and then also on
the impact parameter (Sec. VI). Remarkably, it is
found that the dependence can be nonmonotonic, see
Figs. 10 and 11.

We have studied and compared the effects of the
black hole spin and of the plasma on gravitational
lensing in the weak-deflection approximation, see
Secs. VII and VIII. We have calculated the deflec-
tion angle of light rays in the equatorial plane of
the Kerr metric with arbitrary value of the spin
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parameter and in the presence of an arbitrary spheri-
cally symmetric plasma distribution. The lens equa-
tion is solved perturbatively and angular positions of
primary and secondary images are found, see
Egs. (139) and (144). Whereas the presence of the
black hole spin does not lead, in first order of a, to a
change of the angular separation between two
images in comparison with the Schwarzschild case,
the plasma presence does, already in the first order
of the function w3 /wj, see Fig. 13.

(viii) In this paper we have considered in more depth the
questions raised in Paper I, and also addressed a
number of other issues related to light propagation in
a plasma on Kerr spacetime. In the future, it would
be worthwhile to consider some of the issues (for
example, the separability condition) in a more
general isotropic medium. Another direction of

research may be an attempt to obtain analytical
results for a magnetized plasma, which is an
anisotropic medium.
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