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Light deflection in plasma in the Hartle-Thorne metric and in other
axisymmetric spacetimes with a quadrupole moment

Barbora Bezdékova®" and Jiff Bicdk

Institute of Theoretical Physics, Faculty of Mathematics and Physics, Charles University,
V Holesovickdach 747/2, Prague 180 00, Czech Republic

® (Received 10 May 2023; accepted 20 September 2023; published 20 October 2023)

The light propagation in plasma medium around stationary gravitating objects is studied in the
geometrical optics limit. Static metrics with quadrupole moments are considered; however, most of our
attention is on the stationary Hartle-Thorne metric and Kerr metric. Their different effects on the light
deflection are compared. The deflection angle is given in a general analytic form, and the detailed
calculations are performed in the weak-field limits and illustrated graphically. The trajectories of the light
rays are constructed and compared, emphasizing the role of the quadrupole moment.
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I. INTRODUCTION

Stable compact astrophysical objects after having been
formed by gravitational collapse are likely to be stationary
and axisymmetric. If the initial conditions are such that the
collapse leads to a black hole characterized just by its mass
M and angular momentum J, the resulting spacetime will
be described by a Kerr metric. (We assume a possible small
electric charge can be neglected.) A Kerr black hole has
specific multipole moments, and all are expressible in terms
of M and J. However, the Universe is populated by a
number of other compact rotating objects like neutron stars,
many of them observed as pulsars or x-ray sources.
Possibly, more exotic compact objects like rotating boson
stars or wormholes exist.

In 1911, Einstein published the most often quoted paper
written during his Prague stay, in which, on the basis of the
preliminary version of his gravity theory, he suggested that a
light ray propagating near the Sun will be deflected by an
observable amount due to the Sun’s gravitational field. After
Einstein’s general relativity was completely formulated in
November 1915, the effect of 1.75 arcseconds of deflection
was predicted (twice as large as the Prague prediction). In
1919, it was famously confirmed by expeditions led by
Eddington and Dyson (see, e.g., Ref. [1]). The Event
Horizon Telescope Collaboration [2], 100 years Ilater,
released an image of the black hole in the center of galaxy
M87 which revealed how rich the effects of the strong
lensing around a black hole are. Numerous papers were
published since then, over 250 of them are quoted in a very
comprehensive recent review [3] on analytical studies of
black-hole shadows. Just a few works, however, consider,
together with the effects of black-hole field, the influence of
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a plasma surrounding the hole on the behavior of light rays.
For an example, see Ref. [4] where the deflection angle in
the Kerr metric in homogeneous plasma in terms of a strong
gravitational lensing is analyzed.

The main purpose of our work is to study the deflection
angle of rays propagating in a plasma around rotating,
gravitating objects with a general quadrupole moment and
make comparison with similar situations in the Kerr case
with plasma. We concentrate primarily on the Hartle-Thorne
(HT) metrics (cf. Ref. [5]) representing slowly rotating stars
with quadrupole moments. We define the multiple moments
in accordance with basic paper by Geroch [6]. We include
effects of surrounding plasma on the rays. In Ref. [7], it is
analyzed in detail that “the Hartle-Thorne approximation is
very reliable for most astrophysical applications...” The
authors integrate the HT structure equations for five
equations of state and match the models to numerical
solutions of the full Einstein equations assuming the same
mass and the same angular moment. They compare the
Hartle-Thorne approximation with numerical solutions of
the full nonlinear FEinstein’s equations and show that
deviations in the quadrupole moment Q are not more than
20% for the fastest observed pulsar PSR J1939 + 2134.

In Sec. II, we find the deflection angle formula for a
general axially symmetric stationary metric. We start from
an elegant Hamiltonian formalism introduced in Ref. [8] for
the light propagation in a general spacetime with a (locally
isotropic) refractive and dispersive medium. We assume the
medium to be stationary (with its four-velocity pointing
along the timelike Killing vector of the spacetime), and we
assume the rays are moving in the equatorial plane.

In Sec. III, the deflection angle is calculated for the
Hartle-Thorne metric accurate to the second order in the
angular velocity. The deflection angle formula for the Kerr
metric is first derived in the Boyer-Lindquist coordinates
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(Sec. III B) and then compared with the expression for the
deflection angle for the HT metric in the weak-field
approximation (Sec. III C). Some more cumbersome cal-
culations of the terms entering the final expressions for both
the Kerr and HT metrics in the weak-field limit are relegated
to Appendixes A—C.

Some other metrics with a quadrupole moment (e.g., the
Erez-Rosen metric or the so-called g-metric) are briefly
presented in Sec. IV.

In Sec. V, there are some figures constructed illustrating
the dependence of some exact and approximate deflection
angles on the minimal distance R/M that the rays can reach
from the source, which is either surrounded by vacuum or
by a plasma medium. For an explicit illustration, the ray
trajectories are plotted in both the vacuum and plasma cases
analyzed in the preceding sections.

The discussion of the results and some final remarks
follow in the concluding Sec. VI.

II. DEFLECTION ANGLE IN AN AXTALLY
SYMMETRIC STATIONARY SPACETIME

An axially symmetric stationary spacetime can be
described by the metric

ds* = —A(r,8)di* + B(r,8)dr? + 2P(r,8)dtdy
+ D(r, 9)d9* + C(r, 9)dq?, (1)

where A(r,8),B(r,9),C(r,8),D(r,8), and P(r,9) are
functions of radial coordinate r and polar coordinate 9.
To guarantee that the Killing vector fields d/0t and 9/d¢
span timelike surfaces, it must hold that A(r,9)C(r,9)+
P(r,9)* >0, B(r,9) > 0,and D(r,9) > 0 (for details, see
Ref. [9]). The functions can generally depend on other
parameters, for example, on specific angular momentum a.
These are constant factors not relevant in the derivation of
the equations of motion given below.
The inverse metric to (1) is

rro__ 1 99 __ 1
T =Be Y T Doy
A(r,9)
g = ’
A(r,9)C(r,9) + P*(r,9)
g = -C(r,9)
A(r,9)C(r,8) + P*(r,9)’
7o = P(r,9) 2)

AR 9)C(r,9) + PX(r,9)

Considering the ray propagation through a refractive,
dispersive medium characterized by refractive index n and
four-velocity V¢, a corresponding Hamiltonian takes the
form [8]

MO, pa) =3[ ppps = (7 = D(p, V7 ()

If we further assume the medium to be at rest in our
coordinate frame (see Ref. [8]), we have [10] VI =0,
V' = (-g,)~"/?, and the Hamiltonian can be rewritten as

MO, o) = 5lppps + (2 = Dpigil). (4)

Moreover, due to the dependence of photon frequency
@(x*) as measured by an observer at rest in the medium at
point x%, we get

@(x) = =paV*", (5)

s0 w(x%) = —p,(—g,,)~"/?. In a general dispersive medium,
n = n(x* w(x*)). From the relations above, we can obtain

1
S — 6
o) = p s )
With metric (1), one finds
« LT P P3 PA(r,9)
H-rd) =3 | B(r.9) " D(r.8) T A0 C(r.0) + P 0)
B piC(r,9)
A(r,9)C(r,9)+P(r,9)

zptquP(r"g) p%(l_nz) (7)

AR9)C(rd)+ P (rn9)  A(nd) |

Since for an asymptotically flat spacetime ¢ — —1 at
r — oo in adapted coordinates, we get w(o0) = —p, = wy.
Furthermore, we assume that the medium has refractive
index n = n(r,w(r)).

Using the Hamiltonian (7), we get the equations of
motion in the form

. OH P,A(r,9) — P(r, 8)w,

Y= op,  A(r.9)C(r.9) + PX(r.8) ®)
_OH __ pr
“op, B(r.9) ®)

From H(x%, p,) = 0, it is possible to obtain the expres-
sion for p,. It reads
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w}C(r,9) + 2w0p,P(r.9) — p2A(r, 19)

py = £/B(r.9)

The relations given above allow us to derive the
following equation of motion for the rays:

do g B(r,9) p,A(r.9)—P(r,9)w, (1)
dr ¥ pr A(r,9)C(r,9) + P*(r,9)

Let us further assume that the rays are moving in the
equatorial plane, so 9 = z/2 and hence, py = 0. This
assumption enables one to obtain a total deflection angle in
analytical form. The equatorial plane is the most natural
choice, also regarding the well-known Bardeen-Petterson
effect. Using the expression (10) for p, implies

dp_ VACBO(5-5) () peP()
dr VAC(r) + PA(r) \A(r) a5~ agA(r)
- - o , -1/2
_u_n5A<x£%$P<>> | (12)

In fact, the ray trajectory consists of two parts, where
the r coordinate either decreases or increases along with ¢
increasing. In each part of the motion, the corresponding
sign (+ for r increasing, — for r decreasing) in Eq. (12)
is used.

Formula (12) can be further rearranged as

Similar to the previous work (e.g., Ref. [3]), it is useful to
introduce function /#?(r) defined as

wgzﬁﬁg+;g> (14)

For refractive index n in a cold plasma approximation,
it holds

2 _ _wf,(r): wp(r)
G I

A(r), (15)

because the photon frequency w(x) can be obtained from
the relation (5); plasma frequency w,(r) is given by the
properties of the medium surrounding the gravitating object.
[Formula (15) holds only in an unmagnetized cold plasma,

A(r,8)C(r,9) + P*(r,9)

A(r,9)  D(r.9)

while in a more general case, an additional dispersion
relation would arise, and a nonisotropic tensor would be
needed to describe the medium.] Hence, function 4%(r) can
be rewritten as

:ded+P%ﬂO_wﬁ”Mg) (16)

A%(r) a)%

h*(r)

The deflection angle formula in an axially symmetric
stationary spacetime with a refractive medium can thus be
written in a general form as follows:

a==+2 / \/
R (r)
(& _ M) 2
g A(r)
Here, R is the turning point of the ray trajectory, i.e., the

minimal value that the » coordinate can reach. At this point,
it hence holds

+P2( )
-1/2

-1 dr — 7. (17)

dr
— =0. (18
d(p r=R )
This condition is satisfied when
Py P(R)\?
RBR) =(Z2-—2). 19
® = (rem) 19)

Since Z—Z defines the commonly used impact parameter b,

formula (19) actually shows a relation between function
h?(R) and b. In this case, the impact parameter can thus be
expressed as

(20)

When definition (19) is applied,
formula finally takes the form

e [ amBO)
“‘i?ﬁ ¢mwa@+P%w

the deflection angle

~1/2
2
< | P()(r) 1| dr-z (21)
(58 -5 = n(r))
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Because of the relation (20), the deflection angle can also be expressed as a function of b. The deflection angles as a
function of the impact parameter in the case of the metrics discussed in the present work are derived in Appendix D.

III. DEFLECTION ANGLE IN THE HARTLE-THORNE METRIC

A. Relevant terms of the Hartle-Thorne metric

Let us now employ formula (21) for the derivation of the deflection angle for the HT metric [S] and compare the results

with the deflection angle in the Kerr metric.

The external gravitational field of the rotating star, accurate to the second order in the angular velocity, takes the form

2M  2J? J? M
ds? (1——+—>{1+2P2(c058){—3<1+—>+
rt Mr r

7)

r

2M 20\ ! J?
+ <1_T+7> {1—2P2(C0819) |:W <1

r

SM

50— /M
8Q /Q2<

e

+§wQ2<__ 1)] }dr2

J2
201 4+2P N|——=(1
+r { + 2P, (cos 9) 7

) 2
x {d192 + sin*8 <d(p - r—{dr) },

where M is the total mass, J is the total angular momentum
of the star, Q is the quadrupole moment, Q1 (x), Q3(x) are
the associated Legendre functions of the second kind, and
P,(cosd) represents the Legendre polynomial of the
second order. Let us introduce compact notation for the
following dimensionless quantities:

8 M

2M  2J? J?

A =1-"—4=_ =
! r+ 47 V=R
K 50~ /M .2
8 M =2

o-a(i)

We again restrict the motion to the equatorial plane, so
9 =n/2 and P;(cos 9)|g_s = —1. The terms relevant for
the deflection angle can then be calculated explicitly. They
are derived in Appendix A.

We now start from the expressions (A5)—(AS8) for the
deflection angle given in Appendix A and keep terms up to
the order O( 7 RZ) and the lowest nonzero terms ~K. The
terms entering the deflection angle formula (21) then read
as follows:

A8 =1- % - (1-20)"

L Cmme-e)

. 2M
- 2JKQ%<1 _T>’

0= 02 (—— 1) (23)

2
R A

ezl el

(22)

A(r)C(r) + P*(r) = A r? +jr2¥ (1

2
r
2M

—KAPr——— 0!
] r(r—2M) 2

(o2 o)

-(i +%)(27MQ5], (25)

r r(r—2M)
2 2
2M M
=00 =120 i1 2 (147
a)o 600 r r
- KA Q3 - ji+ 1K

PO (121

y [1 —K<ﬁQi —2Q§)]. (27)

Now, let us compare the deflection angle formula for the
Kerr metric with that for the HT metric up to O(%—;). For this
reason, the expansion of the Kerr metric including terms of
the order &, & M Ma & M. Mg M and 4 s needed. The
reasons for the choice of the third order expansion will be
clarified further. Before that, the expansion of the deflection
angle in the Kerr metric in the Boyer-Lindquist coordinates
is derived. To compare both the HT and Kerr metrics, one
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has to set J =—Ma and Q = J?>/M in the HT metric
(see [5]).

B. Deflection angle formula in the Kerr metric
in the Boyer-Lindquist coordinates

The deflection angle formula in the Kerr spacetime with
plasma in the Boyer-Lindquist coordinates in the equatorial
plane reads (e.g., Ref. [11])

a—:t2/ \r(r=2M)
R

r? —2Mr—|—a
(R —2M)?h*(r) -1z
X((zm( —r)i(r—2M)h(R))2_1> dr—n
(28)

where

R2(r) = (12 = 2Mr + a?) <1 —“’;E)r) (1 —2TM>> (29)

and similarly for 4?(R). This result can be derived from our
general formula (21) when considering that

Ay =1-2M -
r)=1-— r) =
r’ 2 —=2Mr+ a*’

2Ma? 2M
Cr)=rP+a+==,  P=-=S. (30)

Notice that the terms are given in the equatorial plane and
they are hence simplified.

The form of the deflection angle in the Kerr metric in the
Boyer-Lindquist coordinates in the weak-field approxima-
tion (when M/R < 1) in vacuum is then

M M2 157 4Ma M2
2Ma? 122 15z
- ) 1
R3 TR R3 < 3 2 ) (31)

Terms up to the second order were calculated in Ref. [12],
and a complete derivation of formula (31) can be found in
Appendix B. The deflection angle formula in the weak-
field approximation in the Schwarzschild metric follows
from (31) when setting a = 0. The first term in (31) is the
so-called Einstein angle (see Refs. [13,14]). Analogous
expressions for the Kerr metric have been obtained by
different techniques in several other previous studies, e.g.,
Refs. [15-17]. In those works, the deflection angle was
derived in terms of mass M, angular momentum per unit
mass a, and impact parameter b (cf. Appendix D).
However, when one wants to compare the deflection
angles of the Kerr and HT metric, it is necessary to
transform the Kerr metric into the appropriate coordinates.

The transformation originally introduced by Hartle and
Thorne [5] reads

-2
12120

2 M
8—»8—%sin8cos8<l+7>. (32)

In the equatorial plane, the relevant form of the trans-
formation up to the given order is

()

The transformation implies only the change in the term
x MR—%Z. We now obtain [18]

99, (33)

/°° 3Ma*(r* + R(R+r)(r? = R?))dr  2Ma® (34)
R 2R (r + R)Vr* — R? R

Hence, in the new coordinate system, the deflection
angle formula for the Kerr metric with M/R < 1 becomes

AM  M? [15x 4Ma M?a

Qransf = R +R2 ( 4 4) + R2 F — R (107[-16)
AMa* M3 /122 15z
7?*?@?“7) (35)

C. Deflection angle formula in the HT metric
in the weak-field approximation

To be able to directly compare the terms of the deflection
angle for the Kerr metric and for the HT metric, we express
the relevant HT metric terms obtained above up to the third
order in R, maintaining terms up to the second order in
angular velocity when the approximation of HT metric as
an external gravitational field of the rotating star is still
valid. In this order, it is also possible to see the effect of the
quadrupole moment. The HT metric as an approximation of
the external field of nonrelativistic stars was already given
by Hartle and Thorne [5]. We aim to compare the deflection
angles in plasma in both the HT and Kerr metric in the weak
field. For this reason, it is useful to derive the HT metric in
the weak-field approximation directly. At first, we compare
the deflection angle in the HT and Kerr metric in vacuum
with a quadrupole moment Q = J?/M. In the equatorial
plane and when K = 0 [cf. (23)], which is valid in the Kerr
case, the corresponding terms take the form

2M
Alr) =1-"2_j= A, (36)
r
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A(F)B(r) = 1 = AB,, (37)
A(r)C(r)+ PX(r)=1r? (1 - 27M> = ACP,, (38)
w3 (r) o) (o 2M
1- p A(r)=1 p (1 . ])
(o), (39)
2 0>
@
P(r)  20( M\ _
o —7<1 +T> = PA,, (40)

The deflection angle formula for the HT metric under
these assumptions yields

apTo = iZA furo(r)dr — =, (42)
where
> (r -1/2
| ACPO(I— zfz)Ao)
Jur) = e A2 (PR P(’)ioh PER
35 - KR = aw)
(43)

This part of the deflection angle in the HT metric in
the weak-field approximation in vacuum gives (see
Appendix C)

The formula is the same as the deflection angle formula (35)
obtained for the Kerr metric after the coordinate trans-
formation (33) and considering that J = —Ma.

To see the effect of the quadrupole moment in the lowest
order, after neglecting the mixed terms proportional to both

7 and R%, ie., x 1\;_1%4’ we further add

A(r) = Ay — K03, (45)

A(r)B(r) = AB,, (46)

M2
A(r)C(r) + P2(r) = ACP, — KTrzm 0l (47)
2 2
- wz)(zr) Alr) =1- wf’(;) (Ao — KQ2), (48)
0 0
P
AE:; = PA,, (49)
_ 2Mr? 1

hz(r) :ACP() K /r(r=2M) 0, (1 _a)%,(r) (A —KQ2)>

(Ag—KQ3)* w0 7))

(50)

Then for the deflection angle in the HT metric, we obtain

gy = +2 /Rm Fer(P)dr -z, (51)

—1] . (52)

AM  M?* [(15x 4] MJ
ayTo :?—FF (T_4> ¥F :FF(IOE— 16)
472 M3 /122 15
+—3+—3<———”). (44)
MR R 3 2 where
|
_r_2m? o\ (19D s o2 -1/2
f ( ) ABO (ACPO K r(r=2M) Q2> (1 a’(z) (AO KQ2)>
HT\T) = >
ACP, — K\/f(ﬁf_’—zmQ% (Ag — KQ3)*(PAy(R) — PAy(r) £ h(R))?

Notice that Q) and Q% explicitly appearing in the last formula are functions of r. The function 4(R) is also the function of
Q! and Q3, but these are now functions of R. The lowest term with the quadrupole moment in fyp(r) reads
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M 2

f(r) :K\/WQ%(”)"'Krz_Rz

0;(r) R)

M M |
. (7m ~VRE—2m >
+3(R) —Q§<r>>

2

|:M4(R4 _ I"2R2 _ V4)
~-K

r4 R4

4 3 r3_ 3
SELLEL

5

Let us introduce a mixed term containing both the
plasma (~w,) and quadrupole (~K) parts

72

fo(r)= TR
> (r w’
201~ KQ30) - (1 - KGHR))
N r*(w3(r) —w5(R)) 4KM? (R0} (r) — rPwk(R))
2w (r* = R?) B 5w3rR*(r* — R?)
:prerr(r)_prT(r)- (54)

The obtained expressions were calculated under the
simplifications which arise from relations

2M 3(2M?* - 1?) r
1 _n2 — 1
r(r—2M) -0 2M?> n r—2M
2M? —3rM — 372
B rM ' (53)
2M M —
0! — 3( r) ln< r >
r(r—2M) M r—2m
2M? — 12rM + 612
rM + 6r ’ (56)
r(r—2M)
3r(r—2M) r
2 1
Z 202 n<r—2M>
(r—M)(2M* + 6rM —31%) (57)
rM(r —2M) '

and in the weak-field approximation (M/r < 1), one gets

oM 4M
7Q2 Nii’
r(r—2M) 5r

When the partial deflection angle formula for the HT metric
(44) obtained above is taken into account in the weak-field
approximation, the corresponding deflection angle formula
in the HT metric in plasma can be expressed as

aHT—izlewaT(r)d”_”—izjf[ wro(r)

R f,,,<r>>] dr—n  (59)

Wr* —R?

where individual terms are given by (43), (53), and (54).
The additional terms give

© R
|

B 2K/°° {M“(R4 - r’R? — 1Y)
5 R PR3V r? — R?

—EK 97rM4_|_8M3
5 16R*  R3 )’

AM3(r* - R?)
PR (1 — R2)?

dr

(60)

00 R
_— +(r)dr
[e r r2—R2pre ( )

R [er(oi(r)—oi(R)dr 1

- Z—a)(z) R (}"2 _ R2)3/2 = Earefr(R)»

(61)

© R
| gt

_ AKM? /00 (RPw}(r) — rPwi(R))dr
Sw% R R (r* — R2)3/2
1

= E QrefrHT (R) :

(62)

Notice that when plasma is homogeneous, i.e., ®,(r) =
@, (R), eqr Vanishes.

The complete form of the deflection angle formula in the
HT metric is thus

32KM? 9z KM*
a = Ayt + —

s T — 2—07 + arefr(R) - arefrHT(R)'

(63)

To give a specific example, assume the plasma frequency
of the form w?(r) = Cr~*, where C and k are constants. Let
us assume that the last two terms of (63) can be expressed
by (D13) and (D16), respectively. The corresponding

deflection angle terms then are

RCk [~ r~*ldr
arefr(R) = _60—(2)[€ m

_ VAl +))

B Ck /1 ukdu
TR Jo (=) R T

(64)
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8KM3RC(k + 3) r & =4dr IV. DEFLECTION ANGLE IN SOME OTHER
UreiirT(R) = — 507 / —R%)1/2 SPACETIMES WITH A QUADRUPOLE MOMENT
SKM3C(k +3) u"+3du Having obtained a general formula and an approximate
= 52RH3 / 012 result for the deflection angle in the HT metric, we shall
g 1 (1 —u ) .. . .
L now indicate how this procedure can be applied to other
_ 8KM*Cy/zT(;+2) (65) metrics with a quadrupole moment. For this reason, let us
Sw%R’”r3 F(% + %) ’ consider the Erez-Rosen (ER) metric. It reads (e.g.,
Ref. [20])
where -
. ds? = —eWdi? + ¢2rV) [(1 + w) dr?
I'(z) = / e 'dt. (66) r—2Mr
0
+ (r* =2Mr + Mzsin219)d192}
Expression (64) was already derived in Ref. [19].
Therefore, in our approximation the deflection angle + e~ (r? — 2Mr)sin?9dg?, (67)
depends linearly on the quadrupole moment Q, as it follows
from (65). where
|
1 2M\  qr 3rr  3r 2M\  3r
=—In|1- —P N|=—=——-——+1)In{1 —-— — =3, 68
2“( r)+ 3 Faleos )sz mth)m F ) tm (68)
1 r2—2Mr r2—=2Mr 3/r M
=-1 1 —=|—=—-1)In({1-—) =3]. 69
=2 n(r2—2Mr+Mzsin219> +qER[n<r2—2Mr—|—Mzsin219) 2<M ) n( r ) } (69)

The terms of the second order in quadrupole parameter ggg were omitted. Equation (21) can be used for the static metric
when setting P(r) = 0. A complete formula of the deflection angle in the ER metric in the equatorial plane thus has the form

e’/ 12 = 2Mr + M?> e (r* — 2Mr) (e—Zy/(r) TR

a)%,(r)) -1/2

a =

R r2—=2Mr

To see how this formula is related to the deflection
angle in the HT metric, let us express the relevant terms of
the ER metric in the weak-field approximation. Assuming
M/r < 1, these terms simplify to

B(r) =1+ 2 ZfﬁR%—4f§RAf_:’ (72)
C(r)y=r? (1 - 2?? A;I—j) (73)

Setting (see, e.g., Ref. [21])
qer = —g% (74)

we get the same form of terms as the HT metric terms in
the weak-field approximation when J =0, and Q is
identified as a quadrupole moment [introduced in (22)].

e=2v(R)(R2 _ JMR) (e—2v'< ) —

-1 dr—m. (70)

I
It can thus be seen that if in the formula for the deflection
angle in the HT metric (63) one sets J = 0, one gets the
relation for the ER metric.

Another exact solution of the Einstein equations with a
quadrupole moment is given by the so-called g-metric (e.g.,
Ref. [22]). It can be written as

2M N\ 4+l 2M N\ 4
dszz_(l__q) dtu(l_ )
r r

M2sin?9 \ —4(2+9) 2
X {(1 +7qsm ) (*erM +r2d82>
1 =224

rr—2M q
+ rzsin219dg02] . (75)

Since the other metrics are determined in terms of the
zeroth and second multipole moments, we write down the
relations between them and the parameters M, and ¢
(cf. Ref. [23]) as

3

M=(1+gM, Q= —%q(l +q)2+4q). (76)
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These allow us to compare the results obtained for the
g-metric with those derived in other spacetimes. For this
reason, it is further useful to express the g-metric param-
eters as functions of multipole moments, which read

Y 1
M‘I M3+ ’ q Q+1 ( )

3

Such defined relations set a restriction on the possible
values of M and Q to guarantee that the root in both
expressions is positive. For more details about the trans-
formation between the two sets of parameters, see
Ref. [24].

In the equatorial plane, the deflection angle for-
mula reads

o 2M N\ -1/2 M2 _@ 2 1_2/\:lq —-q
a:A 1(1— ") <1+ q ) Rzgl_zjl\:%qg

¥ r rP=2M,r

For ¢ =0, the formula is identical to that for the
Schwarzschild metric; see Ref. [25]. Hence, obtaining
the form of the deflection angle in the weak-field approxi-
mation for the HT metric yields the deflection angle in the
g-metric as in the case of the ER metric.

V. ILLUSTRATION OF THE
DEFLECTION ANGLES

As was shown above, there is an evident connection
between the Kerr, Hartle-Thorne, Erez-Rosen, and g-metric.
They can all be reduced to the Schwarzschild metric if
certain parameters are neglected. When comparing the
deflection angles in plasma in these spacetimes, the results
obtained for the HT metric can be applied to the other
cases under certain simplifications. In this section, the
results presented above mainly analytically are illustrated
graphically.

It is evident that the applications of the deflection angle
formulas in the weak-field approximation are limited and
cannot be used too close to a strongly gravitating object. It
is thus desirable to compare the results with exact formulas
and set a range of suitable radial distances where the weak-
field approximation is safe to use.

To quantitatively express how much the plasma profiles
manifest, several were chosen and the results were depicted
along with the deflection angle in vacuum.

Further, we compare the ray trajectories in vacuum and
in various plasma models. It can thus be directly seen how
much different parameters of a gravitating source affect the
ray propagation.

Since the quadrupole moment substantially influences
the results, solutions for several explicit quadrupole
moments are considered and discussed.

A. Comparison of approximate formulas
and exact results

Let us first show how the weak-field approximation
formulas differ from the exact results in vacuum. Since

plasma presence causes a decrease of the deflection angles,
the vacuum case represents an upper estimate. This provides
an idea when it is indeed necessary to apply an exact
formula. For sufficiently large » >> M, terms proportional to
other parameters but M become negligible, and all solutions
basically take the form valid for the Schwarzschild metric.
So, let us consider the Schwarzschild metric first.

Figure 1 shows the dependence of the exact and approxi-
mate deflection angles in the Schwarzschild metric in
vacuum as functions of the ray closest radial distance R.
The exact deflection angles obtained by using formula (21)
with P(r) = P(R) =0 are drawn by the solid curve,
whereas the approximate expression calculated from (31)
under assumption a = 0 is shown by the dashed curve.
Figure 1 demonstrates that at sufficiently large radial
distances (from about 6M), the approximate deflection angle

4 |
‘1 exact Schwarzschild
\ — — — -approx Schwarzschild
3r [
S 2
~k
0 1 2 3 4 5 6 7 8 9 10
R/M
FIG. 1. Exact and approximate deflection angles in the

Schwarzschild metric as a function of the ray minimal radial
distance R. The solid curve shows the deflection angle calculated
by the exact general formula (21) applied under assumption
P(r) = 0, while the approximate solution derived in the weak-
field approximation is depicted by the dashed curve.
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(a)

arr

exact Kerr _

— — — -approx Kerr_

exact Kerr
3

— — — -approx Kerr

4

exact ER
— — — -approx ER
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4

exact HT _
— — — -approx HT

exact HT
+

— — —-approx HT |

l
}
}
[}
}
1
|
3 \
\
\
\
\

(d)

exact g-metric
— — — -approx g-metric

R/M

FIG. 2. Exact and approximate deflection angles for the (a) Kerr metric with J = 0.8, (b) HT metric with J = 0.8, Q = 2.5, (c) ER

metric with ggg = —18.75, and (d) g-metric with g = 0.25.

formula can be applied with satisfactory accuracy. Moreover,
it is also nicely seen that while the exact solution at small
radial distances asymptotically reaches 3M (photon sphere
radius), the approximate solution diverges for small R.

Figure 2 shows a comparison of the exact and approxi-
mate deflection angles in the Kerr metric [Fig. 2(a)], the
HT metric [Fig. 2(b)], the ER metric [Fig. 2(c)], and
the g-metric [Fig. 2(d)]. The dashed and solid curves have
the same meaning as in Fig. 1. Because of the presence
of the angular momentum, the Kerr and HT metrics exhibit
two branches of solutions corresponding to the corotating
(+) and counterrotating (—) orbits, respectively.

In Fig. 2(a), it can be seen that in the Kerr metric, the
sufficient correspondence between the exact and approxi-
mate solutions occurs already at around 4M in the branch
with a negative sign of a, which is significantly closer to the
photon sphere radius than in both the Schwarzschild and

positive branch cases. On the contrary, the solution with a
negative sign gives worse accuracy of the approximate
solution in the HT metric [see Fig. 2(b)]. This is caused by a
different sign in the definition of J in the Kerr and HT metric
(for the correspondence between the Kerr and HT metric,
one has to set J/ = —Ma; see Ref. [5]). 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. 2(b) was chosen to be Q = 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 approxi-
mate 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
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solutions in the negative branch is around 8M and in the
positive branch it is around 6M.

Comparisons between the exact and approximate vacuum
results in the ER metric and g-metric are shown in Figs. 2(c)
and 2(d), respectively. The quadrupole coefficients in both
cases can be easily directly compared with the quadrupole
moment in the HT metric. Additionally, M, present in the
g-metric was calculated from the defined M, which thus
remains the same for all discussed metrics (M = 1). It is
seen that even the corresponding quadrupole moments can
have different effects in particular metrics. In the ER metric,
the approximate and exact solutions are in good agreement
already at around 7M, which is comparable with both
branches in the HT metric. On the other hand, in the g-
metric the sufficient correspondence between exact and
approximate solutions occurs already at around 5M. In fact,
in this case the two solutions are in good agreement and
coincide much better than in the previous case. This
demonstrates that not only the quadrupole moment value
itself plays a significant role, but also the way it enters into
the metric is substantial. Hence, it can be seen that in the g-
metric the quadrupole moment presence influences the
spacetime in a different way from the ER and HT metrics.

B. Comparison of the deflection angles in vacuum
and in plasma

If plasma is present, the deflection angle changes,
depending on the plasma properties. Following Ref. [12],
we assume the plasma frequency to be w,(r)? = 10wj ()%,
where k =3/2,5/2,7/2, respectively, to have some spe-
cific model for illustration. Note that the results for the
Schwarzschild and Kerr metrics presented here were
obtained already in Ref. [12]. The parameter M in the
definition of @, (r) represents a mass of a given gravitating

Schwarzschild Metric

3rr
vacuum

2m
3

=k

3 4 5 6 7 8 9
R/M

FIG. 3. Deflection angle for the Schwarzschild metric in

vacuum (red curve) and in several plasma cases (dashed curves).

object, which appears in the expansion terms in the weak-
field approximation. (This is the zeroth multipole moment
as given in Geroch’s definition; cf. Ref. [6].)

The deflection angle a as a function of R in the
Schwarzschild metric in vacuum and in plasma with
different values of coefficient k is shown in Fig. 3. The
exact vacuum solution is shown by the red solid curve,
while the deflection angles when plasma is present are
shown by the dashed curves. As already mentioned above,
Fig. 3 (and all panels in Fig. 4) demonstrates that the
plasma presence causes the light rays to be less bent than in
vacuum. This is due to the fact that the refractive index in
plasma is < 1 (in other nonvacuum media with n > 1, the
rays would be more bent). It is also seen that when the
plasma frequency (or rather, the plasma density [26])
decreases steeper with a radial distance, its effect is less
manifested than for a gradual decrease. Because the plasma
frequency sufficiently decreases for chosen plasma fre-
quency functions at larger r, the deflection angles in plasma
become close to deflection angles in vacuum. At small
radial distances, the deflection angles are limited by the
photon sphere radius. In the Schwarzschild metric, the
range of radial distances where the plasma effect manifests
most is thus between approximately 3M and 5M, depend-
ing on a concrete plasma profile.

In plasma with a k = 3/2 profile, the deflection angles
steeply decrease already at low R, close to the photon
sphere radius (3M), and they are significantly lower than in
the vacuum or other plasma cases. Plasma presence can
thus significantly influence the deflection angles at sub-
stantially large radial distances, and this effect can also
persist for the closest distances. However, the plasma
frequency must evolve reasonably. Hence, even the rays
which are eventually less influenced by gravity (their
closest radial distance is large) can still be significantly
affected by plasma.

Similar results for the Kerr and HT metrics are shown in
Figs. 4(a) and 4(b). The effect of plasma frequency with
k =3/2 is again substantially stronger than in the other
cases. While the presence of a quadrupole moment in the
HT metric causes a quantitative change of the deflection
angles (they are in general larger than in the Kerr metric),
there is no significant qualitative change. The range of the
deflection angles where the effect of plasma is manifested
most extends from the photon sphere radius to several
closest radial distances with corresponding values in both
solution branches. While the plasma effect in the solution
with the negative angular momentum in the Kerr metric
(analogous to positive angular momentum in the HT
metric) is most obvious at radial distances up to around
6M, in the Kerr solution with the positive angular momen-
tum (corresponding to negative in the HT metric), it is
spread slightly further, approximately between 7M and 8M.

Notice that in the negative branch of the Kerr metric
solution with plasma with the k=3/2 profile, the
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(c)
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(b) : HT Metric
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1 2, 32
: “pl
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=

FIG. 4. Deflection angle in the vacuum and plasma cases for the (a) Kerr metric with J = 0.8, (b) HT metric with / = 0.8, Q = 2.5,
(c) ER metric with ggg = —18.75, and (d) g-metric with ¢ = 0.25. In panel (a), the branch closer to R/M = 0 corresponds to the rays
with negative angular momentum, while the other is with the positive angular momentum. In panel (b), the rays with negative angular

momentum occur in the branch farther from the origin.

deflection angles are negative at small R. This effect is
apparent up to radial distances around 6. This means that
light is actually bent to the opposite side and plasma thus
causes a significant effect. Although for the simple plasma
profiles, the negative deflection angles are small, this effect
could be more apparent in some other types of plasmas.
Deflection angles in vacuum and various plasma cases for
the ER metric and g-metric are shown in Figs. 4(c) and 4(d),
respectively. While the deflection angle profiles obtained
for the ER metric slightly vary from the Schwarzschild
case, the g-metric exhibits almost identical behavior. The
difference between the deflection angles in plasma and in
vacuum is less significant, and the effect of plasma with the
k = 3/2 profile is not even as peculiar as in the other cases.
Figure 4(d) thus indisputably demonstrates the robustness

of the g-metric definition, where the quadrupole moment
plays the most significant role. The effect of plasma is
significantly less manifested in the g-metric than in other
metrics. However, it still holds that in plasma with the
k = 3/2 profile, the deflection angles are noticeably lower
at substantially large radial distances.

C. Ray trajectories in vacuum and in plasma

What specific rays around given gravitating objects look
like is shown below. The same plasma profiles as in the
previous section are used; only the case with k = 3/2 is not
considered because for k = 3/2 the plots are rather messy.

The equations of motion (8) and (9) and corresponding
equations for p, and p, were used to calculate the
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Schwarzschild Metric
10 y

FIG. 5. Ray trajectories in the vicinity of the Schwarzschild
black hole in vacuum (dash-dotted lines) and plasma cases (solid
lines) when k = 5/2 (orange) and k = 7/2 (yellow). The dashed
circle shows the position of the radius of the circular photon orbit.
The ray impact parameters were set as 2, 5, 8, 10.

Kerr Metric

individual ray trajectories. The rays start at the same initial
point and with four different impact parameters [defined by
Eq. (20)]; their values are 2, 5, 8, 10. The connection
between impact parameter b and the closest radial distance
R used in the previous sections is discussed in detail in
Appendix D.

The ray trajectories around the discussed metrics are
presented in Figs. 5 and 6, respectively. Rays in vacuum are
drawn by dash-dotted purple curves, while those in plasma
are plotted by the solid curves. The trajectories obtained in
plasma with a density profile with k = 5/2 are orange and
those with k = 7/2 are yellow curves. Since n < 1, the rays
in plasma are generally less bent than in the vacuum case.
Moreover, the higher coefficient & is, the less the rays are
bent. This is well demonstrated in all cases. Red dashed
circles in Figs. 5 and 6 show the position of the circular
photon orbits. Because of the rotation, the Kerr and HT
metrics [Figs. 6(a) and 6(b), respectively] have actually two
circular photon orbits. Only photon orbits with a positive
angular momentum (in terms of the HT metric) are plotted.
The sizes of gravitating objects in Figs. 5 and 6 (radii of
black circles) are defined as their event horizons.

HT Metric

g-Metric

oY

~ 4»/—'—\
A S
4
I." A\‘ X
T T

8 6 4 |\ 2/ 4 6 8 10

FIG. 6. Same as Fig. 5, but for the (a) Kerr metric with J = 0.8, (b) HT metric with J/ =0.8, Q = 2.5, (c) ER metric with

ggr = —18.75, and (d) g-metric with ¢ = 0.25.
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(a)

3 35 4 4.5 5 5.5 6 6.5 7 7.5 8
R/M

HT Metric

FIG. 7. Effect of the quadrupole moment in the HT metric with J = 0.8 on the (a) deflection angle and (b) ray trajectories in plasma.
Plasma defined by w,(r) with k = 5/2 was assumed. Ray impact parameter is equal to 7.

Figure 5 shows the rays in the Schwarzschild metric. It
can be seen that rays with the same impact parameters will
or will not be captured by the black hole, depending on the
plasma profile. This is also manifested in the case of the HT
metric in Fig. 6(b). For sufficiently small impact param-
eters, the plasma presence cannot prevent the rays from
being captured by a gravitating object.

The ray trajectories in the other metrics are shown in
Fig. 6. Generally, it can be seen that the behavior of the rays
significantly varies, and it is well demonstrated that plasma
presence can play a significant role. It is also apparent that
along with the increasing impact parameters, the effect of
plasma decreases, since both the gravitation and plasma
density are weaker and they hence influence the light
trajectories less.

Figures 6(a) and 6(b) are useful to demonstrate the
effect of the quadrupole moment. While maintaining the
same angular moment, it is evidently seen that the object
described by the HT metric is not only significantly
larger than the Kerr metric, but it also affects the ray
trajectories significantly more with larger impact param-
eters. Sufficiently large quadrupole moment thus can be
strongly manifested also at larger radial distances.

Quadrupole moment effects are further well demon-
strated in comparison with Figs. 6(c) and 6(d), which show
the ray trajectories in the vicinity of the ER metric and
g-metric, respectively. It is clearly seen that the quadrupole
moment presence again causes the photon sphere radius to
be larger, and the more distant rays are thus significantly
affected.

The parameters of the gravitating objects are maintained
the same as in previous sections. However, in the g-metric
with ¢ = 2.5, all investigated rays fall on the object, and the

results hence are not particularly interesting. The value of
the quadrupole parameter was set to be 0.85 in this case
[Fig. 6(d)].

D. Effect of the quadrupole moment on the light rays

To better demonstrate how the rays evolve in the HT
metric, the astrophysically most relevant metric with a
quadrupole moment, we discuss its effect in more detail.
Different quadrupole moments will have different impact
on the light propagation. This is demonstrated in Figs. 7(a)
and 7(b). Both the deflection angles corresponding to
different quadrupole moments [Fig. 7(a)] and the ray
trajectories around the HT metric with various quadrupole
moments [Fig. 7(b)] are shown. Only results with the
negative angular momentum are plotted in Fig. 7, and only
plasma of density profile with k = 5/2 was considered.

The deflection angle in the Kerr metric, when
Q = J?/M, is shown by the dash-dotted curve. Notice
that in the comparison with the other quadrupole moments,
the Kerr metric case plays no special role. It simply
represents one concrete choice of the quadrupole moment.
Moreover, as can also be seen in Fig. 7(b), the larger
quadrupole moment causes the photon sphere radius to
increase and the deflection angle at larger R hence also
increases.

Figure 7(b) shows how specific rays evolve around an
object with different quadrupole moments described by the
HT metric in plasma. Because both the event horizon and
the photon sphere radius differ for various quadrupole
moments, their radii are plotted by different colors as solid
and dashed circles, respectively. In this case, the ray impact
parameter was set to 7.
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VI. RESULTS AND DISCUSSION

Besides mass and angular momentum, one of the basic
features which characterize a gravitating object is the
quadrupole moment. The effect of this parameter on the
light propagation around such an object with surrounding
plasma was investigated in the present work.

We first derived the general formula describing the
deflection angle in stationary axially symmetric spacetimes
with a refractive and dispersive medium in a cold plasma
approximation in the equatorial plane. This formula can
also be used for a spherically symmetric object, which leads
to an expression already obtained in Ref. [25]. Our
formula (21) actually holds in a more general situation
when an arbitrary dispersive medium around a gravitating
object is present, i.e., it satisfies n = n(r,®(r)). In this
sense, a cold nonmagnetized plasma applied further in this
study is just a special example of such an environment
(cf. Ref. [27]).

The expression for the deflection angle was applied in
the Kerr and HT metrics to demonstrate how the presence
of a quadrupole moment affects the light propagation. The
results derived first in the weak-field approximation, when
M/R < 1, were then compared with exact expressions
given by formula (21). It was demonstrated that the
quadrupole moment enters the formula not until the order
of O(M?3/R?). Hence, the quadrupole moment manifests
only at sufficiently small radial distances. The results were
also presented graphically. For completeness, we also
graphically demonstrated all results for an object described
by the Schwarzschild metric.

To understand the effect of a quadrupole moment in
other cases, the deflection angles in the Erez-Rosen metric
and g-metric were calculated. In the g-metric, the weak-
field approximation gives very good results, as it can be
used at comparatively close radial distances in comparison
with the other cases. However, its effect is naturally
fundamentally affected by the chosen value of the quadru-
pole parameter which was relatively low. These examples
also showed the application of the general expression for
the deflection angle in spacetimes without an angular
momentum.

Our results confirm that due to the medium refractive
index in the cold plasma approximation, its presence
effectively diminishes the light bending. Hence, rays which
would be captured by a gravitating object in vacuum can
escape from its vicinity in plasma.

The effect of the quadrupole moment on the light
propagation in the vicinity of a gravitating object in plasma
was analyzed separately. The obtained results showed that a
concrete definition of the quadrupole moment in the HT
metric is crucial for its corresponding manifestation in

the light propagation. The comparison of the results with
the Kerr metric (in which the quadrupole moment has a
special value of J?/M) demonstrated that in the HT metric
the quadrupole moment can both decrease and increase the
deflection angle.

The ray impact parameter b is a suitable ray characteri-
zation because it is a frame-independent dimensionless
quantity. Since our results were presented first in terms of
the ray closest radial distance R, we further found a relation
between the two. A general formula between R and b in an
axially symmetric spacetime in plasma was also derived.

We demonstrated how the quadrupole moment can
significantly change the light propagation. Our approach
is sufficiently universal to be applied also for other space-
times and plasma environments.
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APPENDIX A: HT METRIC TERMS ENTERING
THE DEFLECTION ANGLE FORMULA

Assuming that the rays move in the equatorial plane, the
terms in the HT metric are substantially simplified because
then § = /2 and Py(cos9)|y_s = —1. The terms present
in the deflection angle formula (21) read

A(r)=A4A, [1 —j<1+A;[> —KQ%] - [1
+j<1+27M>—K<—r(iﬂ_42M)Qi—Q%>} (A1)
B(r) = A7! {1 +j(1 —STM) +KQ§}

C(r) =1 [1+j<1 +27M>—K<%Qé— %)}

(A3)

(A2)

por =i i(1+24)

—K<ﬁQé—Q§)]-

Explicit terms arising in the deflection angle formula (21)
thus look as follows:

(A4)
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A(r)B(r) = {1-j<1+¥) - K03 - jiAT [1+j<1+2TM> —K<ﬁ%‘ §>]}

x [1+j<1—57M> +KQ§}, (A5)

2M

A(r)C(r) + P*(r) :A,ﬂ[l —j<1 +¥) —KQ%} {1 +j<1 +27M> —K(mgg - 5)} (A6)

1- Z)(% Ar)=1- i’)%r){,ql{l_j@—k%)—KQ%]—j%[l—kj(l—i—zTM)—K(%Q%— %)]} (A7)

%— i) [1 +j(1 +27M> w(ﬁgg— Q%)] {Al [1 _,-<1 +¥> _KQ%}

—ﬁ[1+j<1+¥)—1<<ﬁ%— %)}}_1- (A8)

APPENDIX B: DEFLECTION ANGLE TERMS
IN THE Kerr METRIC IN THE WEAK-FIELD APPROXIMATION

S

3%}

S
S

The deflection angle formula in the Kerr metric in the equatorial plane generally reads

o= j:Z/oofKerr(r)dr— . (B1)
R

where
w3 (r) ) -1/2
A=) (PR=2MP(7 —2mr @) (1= (1-2))

Sren(r) =3 oy (2Ma(R - r) £ (r —2M)h(R))?

(B2)

Although the complete calculation of the above integral (B1) is quite complicated, it can be significantly simplified in
the weak-field approximation when M/r < 1. Under this assumption, the terms up to the third order are further

considered. Note that term the ;—33 is not present in (B2) from the definition. Moreover, the HT metric is accurate up to
the second order in a. In the weak-field approximation, the individual terms in vacuum (@, = 0) take the form

N r(r—=2M 1 M & 3M?* 5M° 3Md?

%“— I+ —=7F+-3 53 ) (B3)

r-=2Mr+a r ror 2r 2r r
5 . oo apa |, 2M 4M? a® 4Ma* 8M?
r(R—ZM) (r —2Mr+a)~ R 1_E(ZF+R)+W(I-+2R)+?_W_W’ (B4)
(Ma(R 1)+ (r—2)h(R) ~ 2R 1 = 2 (o op) + 2 o, 4y 4 &AM

—r r— r — r r — =
¢ 'R ”R R~ R
8M3  4Ma M

This leads to
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(R —2M)?(r* = 2Mr + a?) 1/2
-1
((ZMa(R —r) £ (r=2M)h(R))? )
N R (1 N Mr +M2(4R2+4rR+3r2)
ViR R(r+R) 2R*(r + R)?
a? 2Mar M(4R? 4+ 3rR + 2r?)
+W$R2(r+R)< rR(r +R) )
a*(4R?> + 2rR + 37?)
2rR¥(r +R)
M3 (4R(r + R)(2R* + 2rR + 3r%) + 5r%)
2rR3(r + R)?

) , (B6)
and thus,

M(R?> + rR + r?)
rR(r + R)

R
r————= 1
fKerr(r) , /—rz —R2 ( +

3M*(R*+ rR+r?)? | a*(r’ —2R?)
2r’R*(r + R)? 2r’R?
2Mar M(5R? + 4rR + 2r?)
R2(r+R)< rR(r +R) )
3Ma*(r* + R(R + r)(r? — 2R?))
2r°R*(r + R)

SM3(R® + R + r2)3>

(B7)

2r°R*(r + R)?

The integration of the individual terms yields
7

[e r\/rZ—RZ_E’

MR2+rR+r)dr 2M
r+R Vit —R? R’

/°° 3M*(R* + rR + r*)*dr  M?
R

157 - 16),
2rR(r+ R)*Vr* - R? 8R2( )

(B10)

/00 2Madr _2Ma
R R(r+R)Vr’*—R? R’

(B11)

0 2 2_2R2 d
/ M_O, (B12)
R

2P RV r* — R? B

©2M?a(5R? +4rR +2r° M?a
/ a(5SR* +4rR+2r%)dr (B13)
R

= 5 8
rR*(r+R)*Vr* —R? R’ (57 =8).

©3Ma?(r* + R(R+r)(r* —=2R*))dr Ma?
=—, (B14)
R 2r*R*(r+ R)Vr* — R? R
/00 SMP(R* 4+ rR+r?)dr  M? <61 157T> (B15)
R 2r4R2(r+R)3\/m R\ 3 4 )

Plugging these  relations back to (Bl) and (B2)

gives Eq. (31).

APPENDIX C: DEFLECTION ANGLE TERMS
IN THE HT METRIC IN THE WEAK-FIELD
APPROXIMATION

As already discussed in Sec. III C, the deflection angle
formula for the HT metric in the equatorial plane in vacuum
and when K = 0 yields

ayTo = i2A fHTO(r)dr_”v (Cl)

where fyro(r) is given by (43) in which @, = 0.
When assuming the weak-field approximation, i.e.,
M/r < 1, one gets

and in vacuum it further holds [28]

(1_M) -1/2
(1=
P(R) _ P(r) 2
(W < h(R))
_ R 4 Mr +M2(4R2+4rR—|—3r2)
"V -R? R(r+R) 2R*(r + R)?

2J M(4R* + 3rR + 277
- r m ( r r*)
R*(r +R)

rR(r + R)
J*(R* +rR +r?)
MrR3(r+R)
M3(8R%(r + R)?> + 12r2R(r + R) + 5+*
JMCEREARE Y PRI R) 451 o
2rR*(r + R)

-1

Individual terms of the deflection angle are thus
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R {1+M(R2+rR+r2)

2 —R? rR(r +R)

3M?(R* + rR + r?)? 2Jr

2°R(r+R? | R(r+R)

< M(5R> +4rR + 2r2))

x |14+
rR(r 4+ R)
S5M3(R* + rR + r*)?
2R (r + R)? ]

Suro(r) ~

J*(R?> + Rr+1r?)
MrR3(r+R)

(C4)

It can be seen that most of the terms are the same as these
obtained for the Kerr metric. Integration of the correspond-
ing terms gives

00 VA

s )
MR2+rR+r)dr 2M (C6)
2r+RWVPA-R2 R’

©3M2(R: + rR + r2)2dr ~ M?
/ (R*+rR+r%) r:—2(15ﬂ'—16), ()
R 2r°R(r+R)*Vr*—R*> B8R
/oo 2Jdr 2 8)
R R(r+RWP-R R

© 2MJ(5R? + 4rR +2r2)dr  MJ
/ ( +4rR +2r°) r:_3(5ﬂ_8), (C9)
R rR*(r + R)*Vr* — R? R
/oo JX(R*+rR+r?)dr  2J? (C10)
R Mrsz(r+R)\/m_MR37

/oo SMP(R® + rR+ r*)%dr <g 1571) o
R 2r*R%(r + R)3\/m R\3 4)

It is also seen that unlike in the Kerr metric, the term
proportional to 1‘3—2 (originally M{—ZR2 in the HT metric), which
drops out due to the integration in the Kerr metric, does not
occur at all in the HT metric.

APPENDIX D: DEFLECTION ANGLE
AS A FUNCTION OF THE IMPACT
PARAMETER

As was already derived above [see Eq. (20)], impact

parameter b = Z—‘(’; can be expressed as a function of R
in terms

Although there is a sign ambiguity, in Ref. [29] it was
discussed in detail that without loss of generality, it is
possible to choose only the positive solution. This is
applied further. In accordance with the previous results,
let us present the expressions up to the order « R;

At first, let us focus again on a vacuum case, i.e., set
n = 1. In that case, for the Kerr metric one gets

b= R . (D2)

\/1 2M +4Ma 4MPa

R3
The last term is not applied at the given approximation
(up to the third order); it is given only for completeness. Let
us further express R as a function of b. This can straight-
forwardly be performed from the previous formula, and it
leads to the result

r—bl1 M 4 +2Ma 3IM?
n b 20 b*  2b?

(D3)

Only the terms relevant in the assumed approximation are
given. The first two terms correspond to the well-known
relation between R and b, as was already noticed, e.g., in
Ref. [29]. When the last relation is substituted into (31), we
find

AM  15zM?* 4Ma M3a

ap(b) = b +Tﬁ¢7¢7(10”—8)
8M’a 4Ma®> 128 M?
e, w8l D4
PR T3 (D4)

In the case of the HT metric when K = 0, the relation
between R and b takes the form

~uay R (1)
i)

This expression can be rewritten in the form analogous
to (D2):

(D5)

R
b = )

\/1 2M+4Ma_4M2 a_ 2Md?

(D6)

R3 R3

which gives (up to relevant terms)
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M 2Ma 3M?>
R=bll——4+"F—-"—
( b+ b? 2b2)

(D7)
This relation can again be substituted to the deflection
angle formula obtained for the HT metric, Eq. (44). Hence,
one gets

AM 15z M?* 4Ma M?a
ayo(b) = 74‘7? T T 7(1071’ -8)
8M%a 4Ma* 128 M3

e T3y

(D8)

As can be seen from the expressions derived for ag; (b) in
(D4) and ayro(b) in (D), these two relations are identical.
It is thus seen that since the impact parameter is a
coordinate-independent variable (ratio of the constants of
motion), in the weak-field approximation when K =0,
these two deflection angles coincide, as expected.

Let us further discuss the case of the HT metric when

K # 0. However, at given approximation, i.e., up to the

third order in %, and considering that the terms ~K are o %—;

R’

M4 . . .

&> respectively, these terms remain the same as in
the previous case, only with substitution R — b.

Let us now consider plasma, given in the same way as

before, i.e., for refractive index it holds

GG
(1) o}

and «

n?=1- A(r). (D9)
This term also appears in the relation for the impact
parameter, and it leads to an additional term which yields as

P(R)  VAR)C(R) + P*(R)

"M AR) AR)
a)f,(R) 2
S VARC(R) + P(R)
— by+ by, (D10)

In the Kerr metric, the plasma part is given by

@*(R)R M & M* Md> M
bpl: p( 2) < ——+—2——2+—3——3), (Dll)
2w; R 2R? 2R* 2R’ 2K

demonstrating that when only the first plasma term in
the deflection angle is applied, this expression can be
neglected completely. In this text, it is mentioned only
for completeness.

Terms which remain to be expressed as functions of b
instead of R are still the plasma term ;. and the combined
term @pyr- The recalculation of .., as a function of b was

already derived by Bisnovatyi-Kogan and Tsupko [30], and
it yields

C, [®oN
arefr(b) = w_%A %dz

Because the term st Was treated in the similar manner,
let us briefly repeat the procedure of the . (b) derivation
as performed in Ref. [30].

Let us begin with a simple substitution in the form

(D12)

R [or a)% r —a)%, R))dr
Xetr(R) = 0)_(2)[% ( ((,,2)_ R2)§/2))
1 —r
sub.d(m> - (r* — R?)3/?

o e 1
:_%Iewﬁﬂ—%mw4¢ﬁ:ﬁ)
__R@p() ~ w3 (R))|*
= NP -R |,

LR [e 1 dop(n) (D13)

60_(2) R Vri—R? dr

The first term drops out because for r — oo it obviously
goes to zero, while when r — R one can write

R(w},(r) — a3 (R))
w3Vr? — R?
R
%w3\/2R(r—R)

X <a)?, (R)+ daj’r( ")

r—R

, (D14)

r—R

(r=R)-a3(®))

r=R

which eventually gives zero as well.

The second term of Eq. (D13) can be further treated
when considering that w3(r) = C,N(r), where C, is a
constant factor given by combination of physical constants,
and N(r) denotes the plasma number density which is
given by the concrete plasma distribution. Thus, one can
further write

R [ 1 da)?,(r)d
— r
w5 Jr VPP—RE dr
RCe/oo L aN,
=— | ——=——dr
(U% R \/rZ_RZd}"
sub.rP=b*+72||R=b,r* —R* =72
_ zdz ON _ ordN _ bdN
dr=*2% B =adr = rdr
C, [>~oN
=— —d7 = Qg (D). D15
Y D13)
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In this calculation, it was assumed that » = R, but as was already discussed above, it is a sufficient approximation for the
calculated term. The transformation was performed under the assumption that the unperturbed light trajectory is a straight

line parallel to the z axis with impact parameter b, and it also holds r = v/b* + 7.
Let us now perform a similar calculation for the term @,.qyt. At first, it is desired to rewrite the term to be similar to the

previous case, and to perform the same substitution as before. This leads to

® (RPwj,(r) -

8KM?
arefrHT(R) = 5 w% R ZRZ(

8KM3/ (r)
N 560% R

_ SKMg/ a)f,(r a)(R
503 Jr r R3

rRdr b d 1 B —r
_R2) SUD. JA-R) (P-R)"
1
(\/r —R2>

S8KM3R (w%,(r) w3(R

iV — R

},.3 R3

o N S8KM3R /oo 1 d (w5(r) J
— r.
R 503 Jr V2-R2dr\ P

(D16)

The same arguments as in the previous case can be applied to show that the first term drops out in the given limits. The

second term can be treated as before, i.e.,

S8KM’R /oo 1 d (w3(r) J 8KM’RC, /oo 1 d (N 4
— r= — | = |dr
50 Jr VP2—R2dr\ r 5w} R V2 —Rdr \r’

sub. r?r = b* + 72,

dr — 2z i E :1 10N 3_N
r dr \r3 bob 12

R=b,r*—R> =2,

_ 8KM°C,
B 5w}

= arefrHT(b ) .

And that brings all relevant terms to be functions of b
instead of R.

For completeness, let us briefly express the relation
between b and R also for other metrics discussed above.
The relation for the impact parameter as a function of R
for a spherically symmetric metric can be obtained from
the equation defined above when setting P(r) = 0. This
gives [31]

n-. (D18)
For the Schwarzschild metric, the relation is

M 3M?
_b<1 5 sz), (D19)

/oo 10N 3N bdz
o \bob b*+72) (b*+2)?

(D17)

l
which follows from the result obtained in the Kerr metric
when a = 0. Moreover, because the corrections stemming
from the quadrupole moment in the ER metric are at least of
the third order, in the given approximation the relation
introduced above holds also for the ER metric.

In the case of the g-metric the transformation is given by

2

Mq

—1(3+4q(q+ 2))> . (D20)

It can be seen that for ¢ = 0 the formula takes the form
valid for the Schwarzschild metric.
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