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In this work we extend the approach used in [Emanuel Gallo and Osvaldo M. Moreschi, Phys.
Rev. D 83, 12 083007 (2011)] to the study of weak gravitational lensing in a plasma medium.
First, we present expressions for the deflection angle and optical scalars in terms of the components
of the energy-momentum tensor for spherically symmetric lenses surrounded by a cold nonmagne-
tized plasma. Second, we show that the same expressions can be deduced using the Gauss-Bonnet
theorem. Finally, we establish a correspondence between the spatial orbits of photons in a nonho-
mogeneous plasma and the nongeodesic curves followed by test massive particles whose dynamics
also depend on an external central field. As an application, we use the Gauss-Bonnet theorem to
compute the deflection angle of the nongeodesic trajectories followed by relativistic test massive
charged particles in a Reissner-Nordstrom spacetime.

PACS numbers:
I. INTRODUCTION

Gravitational lensing is an essential tool to study the
content of matter and energy in the Universe. In many
observations, the influence of optical media along the
path of the light rays propagation can be neglected. How-
ever, environmental effects cannot be safely neglected in
the radio-frequency range. At all physical scales we are
physically motivated to consider that galaxies, clusters
of galaxies, black holes or other compact objects are sur-
rounded by a dispersive plasma medium. In such an
optical medium, the propagation of light rays becomes
frequency-dependent.

The effect of plasma on light propagation has been
studied since 1960. The influence of the solar corona on
the time delay was first investigated by Muhleman and
Johnston in 1966 E] and four years later Muhleman, Ek-
ers and Fomalont calculated the light deflection in the
presence of a plasma in the weak-field approximation B]
In 1980 Breuer and Ehlers performed a rigorous deriva-
tion of a Hamiltonian for light rays including a magne-
tized plasma and curved background M—B] The light
deflection in a plasma was calculated for the first time in
the Schwarzschild spacetime (and in the equatorial plane
of the Kerr spacetime) without the weak-field approxi-
mation by Perlick in 2000 [7]. Since then the study of
the influence of plasma media become an active research
area

One of the crucial quantities in the study of gravi-
tational lensing is the deflection angle. In general, ex-
pressions for the deflection angle are written in terms of
derivatives of the metric components. However, in @],
Gallo and Moreschi introduced an expression for the de-
flection angle in the weak lensing regime which is written
in terms of curvature scalars. More precisely, in the case
of a static, axially symmetric lens configuration, it was

shown that the deflection angle « in a weak field regime
can be written at linear order in terms of the impact pa-
rameter b, and the projected Ricci and Weyl scalars ®gg

and Uy = —)pe?™ (we refer to [1] for more details) in a
very compact form which we reproduce here
a(b) = b(o(b) + (b)) (1)

The advantage of () is that it is written in terms of geo-
metrical quantities with a clear physical meaning instead
of the usual coordinate dependent expressions in terms
of the metric components. Recently, it was generalized
to the cosmological context by Boero and Moreschi @]
and by us to take into account second order corrections
in perturbations of a flat metric [31]. In addition, this
approach was used to study the dark matter phenomena
and alternatives to the Schwarzschild metric @, @]

On the other hand, Gibbons and Werner have also
established an alternative geometrical (and topological)
way to study gravitational lensing using the Gauss-
Bonnet theorem and an associated two-dimensional op-
tical metric M] This method allows us to calculate
the deflection angle in terms of other geometrical quan-
tities: the Gaussian curvature of an appropriate domain
D, the geodesic curvatures of the curves which conform
the boundary 0D of D, and its Euler number which is
a topological invariant. Since the seminal work of Gib-
bons and Werner, the Gauss-Bonnet theorem has been
applied in numerous studies @@, @@] In particu-
lar this method was successfully extended by us to the
plasma case ﬂﬂ, @] It is worthwhile to mention that
the concept of the optical metric and the related Fermat
principle for light rays in general relativity were intro-
duced first by Weyl in 1917 [60].

Therefore, for the pure gravity case there are at least
two alternative methods to compute the deflection angle
and related optical quantities in terms of coordinate-free
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uantities: on the one hand the null-tetrad approacﬁ,
é], and on the other the Gibbons-Werner method [34]
Note that even when these two methods are geometrical,
the associated geometrical quantities refer to two differ-
ent manifolds (a four-dimensional Lorentzian metric in
the case of [1]) and a two-dimensional Riemannian met-
ric in the case of M] As we mentioned above, we have
also recently extended the use of the Gibbons-Werner
method to more general situations where dispersive me-
dia are present. A natural question arises: can the null
tetrad method developed in @] also be extended to apply
to dispersive media? It is one of our goals in this article
to answer this question positively by showing that the
null-tetrad approach can be extended to incorporate the
influence of a plasma medium on the deflection angle and
other optical quantities when static, asymptotically flat
and spherically symmetric spacetimes are considered.

Moreover, we will show that for spherically symmetric
lenses it is also possible to write these optical quanti-
ties in terms of the different components of the energy-
momentum tensor and the parameters which character-
ize the plasma medium. These new expressions present
a clear advantage with respect to the usual standard ex-
pressions based on derivatives and integration of different
metric components, because in the last case it is not easy
to see how the different components of Ti,3 contribute to
the optical scalars. In particular, we showed in ﬂ] that
the deflection angle at first order can be written in terms
of the energy-momentum tensor components as

As 2
a:b/ |:47T(Q+PT)+b—2<%—47TQ):|dy, (2)
-\ T T

where b is the impact parameter, o, P, and M are the
mass density, radial pressure and mass function respec-
tively, 7 = /b* + 92, and —)\;, and \;; represent the
value of the y-coordinate of the observer and source po-
sition respectively (the lens is assumed to be centered at
r=0).

A crucial point in ﬂ] that allowed us to study the de-
flection angle and related quantities in terms of the cur-
vature scalars was the use of the geodesic deviation equa-
tion which gives information of how a family of nearby
null geodesics deviate from each other.

The first problem that arises when trying to extend
that procedure to the study of light rays in a plasma
media, is that photons in general do not follow null or
timelike geodesics. A detailed discussion and formula-
tion for that problem using a geodesic deviation equa-
tion was recently presented in ﬂé] However, we want to
present here a more practical choice, which makes use of
a 4-dimensional optical metric and where the computa-
tion of the different optical scalars follow from the study
of the spatial projection of null geodesics in this optical
spacetime.

An essential idea to incorporate the plasma effect in
this approach is the Gordon metric introduced by Gor-
don in 1923 [62]. As it is well known, this metric is
an effective 4-dimensional Lorentzian metric whose null

geodesics are in one-to-one correspondence with timelike
curves followed by light rays in a nondispersive media.
However, even when this nice property does not remain
valid for dispersive media, we will see below that in the
case of a static spacetime the spatial orbits of light rays
derived from the study of null geodesics of a modified
Gordon-like metric are the same as those obtained from
the usual Hamiltonian approach. It will be precisely this
result which will allow us to use the formalism developed
by Gallo and Moreschi @] to the description of the motion
of photons even for dispersive media.

On the other hand, there is a very well known corre-
spondence between propagation of photons in an homoge-
neous plasma and massive test particles in a pure gravity
field @] It is also our purpose to extend this correspon-
dence to a more general kind of motion. In particular, we
will establish for the first time a correspondence between
the motion of light rays in a nonhomogeneous plasma
and the orbits of massive charged test particles governed
by an external electrical field in addition to gravity. The
analogy will be possible due to the existence of a Rie-
mannian metric (known as Jacobi metric) introduced by
Gibbons ﬂ@] and collaborators and exhaustively studied
in later works M] In this way, we will demonstrate
that the Gibbons-Werner method originally conceived to
study null geodesics, and extended by us to the case of
plasma media, can also be used to study the nongeodesic
motion of massive test particles that interact not only
gravitationally with the background but also through ex-
ternal fields of nongravitational origin.

This work is organized as follows. In Section [[Il we
show that the spatial orbits deduced from a Gordon-like
metric associated with a static spacetime filled with a dis-
persive medium are exactly the same of those obtained
from the usual Hamiltonian approach. In Section [l we
use the same metric to incorporate the plasma effects in
the optical scalars and the deflection angle through the
null tetrad approach. In Section [Vl we compute the de-
flection angle and the optical scalars in spherically sym-
metric spacetimes for arbitrary distributions of matter
and for any electronic charge density profile using the
null tetrad approach and the Gauss-Bonnet method. In
Section [V] we show an analogy between the nongeodesic
motion of charged massive particles and the one of pho-
tons propagating in a nonhomogeneous plasma, and ap-
ply these results to the study of the deflection angle of
a massive charged test particle in a Reissner-Nordstrom
spacetime. An Appendix with details and clarifications
is also included.

II. SPATIAL ORBITS ASSOCIATED TO A
GORDON-LIKE METRIC

Let us consider a light ray with 4-momentum p,, prop-
agating in a general spacetime (M, gog) and filled with
a dispersive medium moving at velocity u®. In that
spacetime, the photon frequency measured by an ob-



server at rest with respect to the medium will be given
by w(z®) = pou®. The dispersive medium is completely
characterized by its refractive index, a function of the
coordinates and the frequency n(z%, w(z®)) that satisfies
the following dispersion relationship Né],

(63

Pap
(ppuf)?

In that situation the Hamiltonian governing the dynam-
ics of the photon is given by

it =1-

3)

H(e,p) = 56 + (%~ Du)paps. (1)

and the light rays paths are obtained as solutions of
Hamilton’s equations,

dz* _OH  dp, _ _OH (5)
d\  Opa’ d\ Oz’
with the constraint
H(z,p) =0. (6)

In 1923 Gordon was the first to introduce a symmetric
tensor gop with respect to which it is possible to describe
the propagation of photons in a medium characterized
by a refractive index 72(z®% w) [62]. This tensor can be
written as,

§*%(a,p) = ¢°7 + (A® — Duu’, (7)
with inverse jops, defined as §*# oy = (55,

- 1

gaﬁ(xap) = YGaB — 1- ﬁ UaUpB- (8)
In terms of this tensor the Hamiltonian (@) reads,

- 1 g

In general this tensor is not a metric, because it also
depends of the four-momentum p, through w. From (@)

and (@) it follows that the equations of motion can be
written as

dxz® on?

- = Naﬁ _ 2, « 10
L Wi (10)
dpa _ _1_5,

o = 39 laPspy (11)

Note that if the medium described by the refractive index
n is nondispersive, that is

on

— =0, 12

0 (12)
it follows that §? will depend only of the spacetime co-
ordinates ¢ and it becomes a Lorentzian metric @]
Moreover, in such a case the second term of (0] van-
ishes and hence the light rays becomes null geodesics of

the metric gog. That is, the Gordon tensor reduces to a
Lorentzian metric (known as the Gordon optical metric)
and the motion of the light rays in the physical space-
time can be alternatively described as null geodesics of
the gap given by (&).

The situation is different for a dispersive media, in that
case the second term of ([I0)) is not vanishing, and there-
fore the light rays do not follow null geodesics with re-
spect to gop. However, let us also consider a static space-
time with a timelike Killing vector £* = (6

« .
E) written
as

d82 = goodt2 + gijdibidl'j; (13)

filled with a dispersive medium which is also static, that
is, the spatial components of the 4-velocity u® of the
medium with respect to the coordinate system {t, x'} are
zero. The resulting tensor is therefore dependent on the
spatial coordinates z?, possibly of NV physical parameters
sn characterizing the geometry and the 4-momentum p,,
trough w = pau® = pou’. The corresponding equations
of motion for the light rays reduce to

0 ~9
dx on’ 5

o = g°0p0+%w u’, (14)
L= g, (15)
b _y, (16)
(Clgi = —%éﬁ”,ipﬂpw- (17)

together with the constraint (@).

Motivated by these equations of motion, we would like
to construct a slightly modified Gordon metric depending
only on the spatial coordinates (without any p, depen-
dence) and in such a way that even when their associated
null geodesics will be not in one-to-one correspondence
with the spacetime curves determined by the equations
(I@)-(TD), the spatial orbits will be the same. Note that
in the static case, w = pou’ and therefore, the refractive
index n for a dispersive medium in general will have a
dependence on pg, in particular g—;; = g—Zuo # 0. In
order to construct a new metric that avoids this depen-
dency we introduce the quantity @ = pou’, where pg
is a new parameter unrelated for the moment with the
timelike component pgy of four momentum p,, of the pho-
ton. In order to do that, let us consider a new metric
tensor gop(x) in the same way as in (§) but where the
refractive index is replaced by a function only depending
on the spatial coordinates, assuming the metric is static.
This proxy function for the refractive index is given by
n = n(x?) = Azt &(2?)), that is, we have replaced w
(which depends on p,) by @ which does not share this
dependence. By replacing this expression for the refrac-
tive index into (8) we obtain the following Gordon-like
optical metric,

. R 1
gaﬂ(l'aSNapO) = 4dapB — (1 - ﬁ)u(xuﬂu (18)



where we have made explicit the dependence of the re-
sulting metric tensor §ns(x,sn,po) on the N physical
parameters sy describing the physical metric and also
on the new parameter sy41 = po. The null geodesics of
Jap follow from

N 1 . .
H = 59 B(‘Tu SNupO)pozpB (19)

which is an homogeneous function of p,, together with
the constraint H = 0 and are given by

Cil_x; — gOO((E,SN,ﬁo)pO7 (20)
6;1: = §"(z,sn,P0)P;) (21)
d

% =0 (22)
CCZZI;\Z = _%g577i(I,SN,ﬁo)p5p,y, (23)

Now, let us assume that we solve these equations of mo-
tion by setting the new parameter pg to take the same nu-
merical value that pp (which must be a constant through-
out the world-lines of the light rays because of ([22])). In
that situation, we see that with the exception of the first
of these expressions, all of them agree with equations
(@)-([T7), and in particular the spatial orbit will be ex-
actly the same. That is, the spatial orbit of the timelike
curves followed by light rays in a dispersive medium in
the physical metric go5 are the same of those which fol-
low from the study of the null geodesics of g.p satisfying
Eqs.([20)-(23) after setting the parameter py to take the
value pg. As the approach to study optical scalars pre-
sented in [1] depends on integration on null geodesics,
this result will be very useful in order to extend it to
dispersive media.

Until now our considerations have been general. From
here, we will concentrate on the situation where the dis-
persive media is given by a cold plasma. That is, let us
consider a static spacetime (M, gqop) filled with a cold
nonmagnetized plasma described by the refractive index,

we (x)

w2 (2)

2 (z,w(z)) =1 . (24)
As before, in the previous expression w(x) is the photon
frequency as measured by a static observer and w.(x) is
the electron plasma frequency,

4 2
w3(x) = e

"N @) (25)
where e and m. are the charge and mass of the electron
respectively; N(z) is the electron number density in the
plasma.

In this kind of plasma, the Hamiltonian governing the
trajectory of photons given by (@) reduces to [1],

H(r.p) = 5 (0 paps + &2),  (20)

where the path of light rays are obtained as solutions of
the Hamilton’s equations,

dz®  OH dpa 0H
i = a3 L = T (27)
dA OPa dA oz
with the constraint H(z,p) = 0.

If we consider a static and spherically symmetric space-
time

Gapdrdz® = A(r)dt* — B(r)dr® — C(r)dQ*,  (28)

where dQ? = di¥?+sin® ¥dy? is the metric of a unit sphere
and we also consider a plasma density profile with the
same symmetries, that is w?(z) = w?(r), it is easy to

€
show from that the spatial orbits are described by
the equation [T]

dr\? B

(dw) -

with p; = po and p,, result both constants of motion asso-
ciated to the energy and angular momentum respectively.

As we discussed above, if the medium is dispersive,
as in the case of a cold plasma, the solutions of Hamil-
ton’s equations associated with ([[9) do not agree with
the ones associated with (26) and then the Hamiltonian
H does not describe the actual trajectory of a photon
in the spacetime. Despite of this limitation, the spatial
orbits coincide.

Let us see this particular case in more detail. If we
assume that the plasma is static with respect to the ob-
servers following integral curves of the Killing vector field
%, we can take

) (7 Cl)i(r)
B(r><p3, A0 1)’ (29)

u® = % . 30
00 (30)

In this case the Gordon-like metric gog is given by the
expression,

Gapde”da’ = %dﬁ — B(r)dr® = C(r)dQ?,  (31)
with
”2(’")‘1‘&55&) - S0AD gy

where we have used that &(r) = pou’ = weo/\/A(r),
and we have identified py with the numerical value of
which be later the photon frequency w., measured by an
observer at the asymptotic region. As discussed above,
this is only a parameter which takes the numerical value
of ws and not should be thought a dynamical variable
depending on p,,.

Due to the spherical symmetry, we can take ¢ = 7/2
without loss of generality and from the Hamiltonian



H(z,p) = 29°% (z)papp with the constraint H(z,p) =0
we get that the null geodesics must satisfy,

prdr) B R
i B O (33)

where again p; is a rename of pg. By using the Hamilton’s
equations associated to H we can see that

dr— pr dp  py

dx — B(r)” dx C(r)’

(34)

and that p; and p, are conserved quantities associated
to the Killing vectors % and % respectively. Therefore
the spatial orbital equation reads,

dr C(r) pr

dp ~ B(r)p, (35)

Finally, upon substituting for p, from (B3] we get,

(dr)2 GO (OO )
dp) ~ B \pz Al ’

which exactly matches with the spatial orbits ([29) de-
scribed by the physical metric (28] if we identify the re-
spective constants of motion.

It is important to note that a necessary condition to
obtain the equivalence for the spatial orbits was to con-
sider the dispersive medium to be at rest with respect
to the static observers. In general, if we consider a 4-
velocity with a nonvanishing spatial part (u’ # 0), in the

equations of motion derived from the Gordon-like metric
will lack terms of the form %" w?u? which otherwise are
present in the true spatial orbits of the photons in the

presence of plasma determined by the Eq.(I0).

III. GORDON-LIKE METRIC APPLIED TO
THE STUDY OF GRAVITATIONAL LENSES
USING THE NULL TETRAD APPROACH

In this section we argue that because the spatial or-
bits of light rays in a plasma can be found by studying
null geodesics in the associated 4-dimensional Gordon-
like metric, it is possible to apply the null tetrad approach
with a gravitational lens surrounded by plasma. The null
tetrad approach was used by Gallo and Moreschi in ﬂ]
to study the bending angle and optical scalars in pure
gravity.

A. Review of the null tetrad approach in
gravitational lensing

Let us consider a past-null geodesic congruence start-
ing at the observer position O and ending at the source
position S. The tangent vector to a fiducial null geodesic

of this congruence is given by ¢ = 8%' The observer is

assumed to be placed at A = 0 and the source at A = \;.
We complete a null tetrad {¢* n® m®,m*} at the ob-
server position where m® and m® are orthogonal to the
observer 4-velocity u®. Then we parallel transport the
tetrad along the congruence up to the source position.

The deviation vector, with vanishing Lie derivative
along the congruence, can be written as

¢ =(m™ + (m™ + (L. (37)

It has been well discussed in the literature (see for exam-
ple m@]) that the geodesic deviation equation which
describes the deviation vector along the congruence can
be reduced to

(LX) = —Q4X, (38)

=) e=(e) @

1
Doy = —§Raﬁeae6,

where

and
Ug = CoprslomPOm®.  (40)

Although equation (B8)) does not determine the evolution
of the component (g, it is sufficient to obtain an expres-
sion for the optical scalars and deflection angle in the
weak field approximation ﬂ, |&_1|] To use this approach
we only need to know how the deviation vector changes
in the plane expanded by m® and m®.

Let us assume that a thin lens is placed at A = )
and let us define \j; = Ay — \;. As explained in ﬂﬂ], in
this approach the normalized convergence and shear at
second order defined as,

k= K, 7= ¥, (41)

are given by the following expressions

R = Kg) + Rg@) + Rso + Roo + Kow, (42)
where
A
Koy = / ‘I’(()Zo)d)‘ 1=12 (43)

dx, (44)

8(13(1)
Fse = / Sx 1)a 00
z(0)(X)

foe = )\l)\ls/
(I)

x @oé’w)

/XA —N(A=N) (45)
V(NN d,

Fow = Ns=NA=N) (46
oy NN / / ) (46)
< TSI T (V)N d,

and

Y= '7\1,(1) + '7\1,(2) + Yoo + Yoo + Yoa, (47)



with

As )
o :/ v{ldx,  i=1,2, (48)
A, (49)

(1)
Yo = / 5:17(1 8\11
z(0)(N)

Ams// e = N)A—N) (50)

x d )T (A)dN dA,

Ams// e = N =) (51)

x T2 (\)dN dA.

Yoo =

Yoe =

The notation has to be read as follows. The terms /)
indicate the contribution to the convergence due to the
scalar ®go at " order, while the term #s, indicates
that a first order correction to the photon path dz(Me
is included via the term 61:(1)0‘804(1)&). The quantity
@gt) is the ®go scalar at the same order. The last two
terms in ([@2)) indicate the contribution by <I>(1) ()\)fl)(%) (\N)
and \If(l)()\)\ll(l)()\’ ) respectively. Similar interpretation
should be given for each term in ({@7). In addition in ﬂﬂ
we obtained an expression for the rotation optical scalar
which is zero for spherically symmetric spacetimes (for
more details see ﬂﬂ]) Finally, the deflection angle can
be expressed in terms of £ and 7 as,

a = b7+ 9), (52)

where b is the impact parameter.

The advantage of this approach is that we can study
separately the contribution to the optical scalars and de-
flection angle given by the energy-momentum distribu-
tion (through the Ricci tensor and Einstein equations)
and by the Weyl curvature (through the Weyl tensor).

As we have shown in the previous section, light rays
follow exactly the same spatial orbits both in the physical
spacetime (whose dynamics is determined by the Hamil-
tonian (26])) and in the 4-dimensional optical spacetime
(following null geodesics of ([3I)). Therefore, since the
t = constant spacelike sections of both spacetimes have
the same spatial metric, in both spaces the angles are
defined in the same way. In particular, it also applies to
the deflection angle of light rays, which implies that we
can use the machinery originally adapted only to cases of
pure gravity to study deflections of light rays in a gravita-
tional environment where a dispersive medium is present.

B. Gravitational lenses surrounded by an
homogeneous plasma

In this subsection we will use two simple examples to
demonstrate the use of the previous formalism to calcu-
late optical scalars and deflection angle in an homoge-
neous plasma medium (w. = constant).

Let us first examine the Schwarzschild lens model at
linear order, and after that a situation a little more com-
plicated: the parametrized-post-Newtonian (PPN) lens
model, at second order.

1. Schwarzschild lens model

Let us calculate the first order contributions to the
deflection angle and optical scalars for a static spherically
symmetric lens described by the Schwarzschild metric (in
isotropic coordinates),

1—m 2 4
ds? = %dﬂ (1 + 72”7) a7,  (53)
2r

where di? = dz? +dy? +dz? and r = /22 + y2 + 22. We
will consider the case in which the lens is surrounded by
an homogeneous plasma (w.=constant) with refractive
index

:(1-3)?
20(1+2T)2’

(54)

where the gravitational redshift has already been taken
into account, that is w(r) = we/+y/A(r) with ws the
photon frequency as measured by an asymptotic observer
which can be related to the frequency w, measured by an
observer which is placed at finite distance r, from the lens
by Weo = wer/A(r5). In the rest of this work, we always
assume that the observer is at great distance from the
lens, and therefore we can take ws =~ w,.

The Gordon-like metric associated to (53)) is given by

1 (1 m)2
n2(r) (1+ 5)?

By doing the change of variable,

ds? =

4
dt* — (1 + ;) dz®.  (55)
T

t= ! : (56)

and expanding at first order in the mass parameter, we
obtain the following expression for the Gordon-like met-

ric,
ds? <1—2—>dt —<1+2—)d (57)
T‘no

where we have defined,

e (58)

In order to compute the bending angle and the optical
scalars using the formalism developed in this section, we
have to integrate the curvature scalars ®y and ¥, along
the actual null curve followed by a photon from the source



to the receiver. In the weak gravitational lensing regime
the actual path can be thought as a null geodesic in the
flat background plus higher order corrections. Since the
curvature scalars are already linear order quantities, in
order to compute the optical scalars and the deflection
angle at this order it is enough to approximate the actual
path by the null geodesic on the background. This is
known as the Born approximation.

We choose a Cartesian coordinate system with respect
to which this curve propagates in the y negative direction
and we will perform the integral toward the past from the
observer to the source position (The observer is assumed
to be at the asymptotic region). Then the tetrad adapted
to this curve in the background can be selected as (see
[1] for more details),

1“=(~1,0,1,0), m®=—(0,i,0,1),

§|H

(59)
m® :L(O,

V2
It is convenient to introduce coordinates b and ¢ repre-
senting the impact parameter and polar angle measured
from z related to Cartesian coordinates by,
z =bcos(¥) =0,
x =bsin(9) = b,

—i,0,1), n*==(—1,0,-1,0).

N =

(60)

where in the last equality we used the spherical symmetry
which allows us to work in the plane ¥ = /2 without
loss of generality.

As in previous works ﬂ, |&_l|], we choose the origin
of the coordinate system in the lens’s position A\; and
parametrize the geodesic by

(@A), y(N), 2(N) =(2,y = A, 2)
=(b,y — A\i,0).

By computing ®¢9 and ¥y we get

(61)

mb? — 202 + 40\ — 2)\? 1
Doy = — L1 - — 62
0= T+ (= A < n> (62)
3m b2 1
Uy=—— 14+ —|. 63
0= <b2+<A—Al>2>S/2< *n%) (63)

In particular, we can see that for the vacuum case (n? =

1) we get ®gp = 0 and consequently the convergence is
Zero.

By using the relations ([@2]) and (1) at first order one
obtains for the optical scalars,

r =0,
N 2m ( . 1 ) (64)
- S

N\, b2 w2 /w2,

Notice that even when the Gordon-like metric does not
satisfy the Einstein’s field equations, the convergence co-
incides with its value in the vacuum case which is zero.

That is, at first order the homogeneous plasma has not
influence in the convergence.
Finally, from (52]) we obtain the deflection angle,

2m 1
1 -
=T < *1—w3/wzo)’ (65)

which is in complete agreement with the known ex-
pression found using a standard coordinate-dependent
method[9].

2. Parametrized-post-Newtonian (PPN) lens model

In order to compute the optical scalars and deflection
angle at second order with this approach we will consider
a more general lens model described by the parametrized-
post-Newtonian (PPN) metric whose line element is given

by,
2 2 2 3um?
ds = mn ﬁm dat? — +—Mm+ ) az?,
212
(66)

By making the change of variable t = -~ the Gordon-
like metric associated with the PPN metrlc is given by,

om  2m
i _<1 -
n2r  nt

(ﬁn +2(1—n ))>dt

2
- 1+—“m+3”m di?.
r 272
In order to calculate the deflection angle we need to make

a parallel transport of the null tetrad (B9) at first order
along the vector £*. Then, we obtain

ét_—1+( L 2 >m (68)

(67)

VI2E+ A B2+ (A= N)?
gx_(1+ngu)< A=A 3 Al )ﬂ
b VA =N P+
(69)
n2p—1 1 m
v 1 _ o
6 <\/b2 )\ )\l \/b2 ¥ )\2> n2a (70)
07 =0; (71)
t i )\_/\l )\l ) m
= _— 72
AV < NCES oSN =y (72)
- 7 L m
m' = — - — ——, 73
V2 V22 (V- N)? )
oo PRDY Al )
my = 2 m, (74
\/ij(\/m A=N)2 o2+ N ™
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The correction to the background null geodesic, which
follows from the integration of the ¢* components at first
order is

(75)

Szt = <# -2 arcsinh(/\ —_ /\l)

2 2 b
V0?4 A (76)

-2 arcsinh(%)) mn

—
o

. (M2p+1)
bt =ttt (B2 4 A = VB (= NP

TABLE II: Shear. The computation of each terms in (@) for
the PPN metric

PPN
Yo T+ oz)

Ty TEBr(48 — & — 246 + 1802y + 6p — 39n2p?)
Ysw %(2 + Tn2p + 5niu?)

e ot (Mop = 1)

e Sty (mon — 1)

The corresponding curvature scalars are given by

77
W ym o
VB2 + A7) n
Do = @éﬁ)) + @é%), (80)
A—=N Al Yo = \I}((Jl) + \I’((JQ) (81)
da¥ = [( 1 —n2pu) (arcsinh( 5 )+ arcsinh(?) where the expressions for the linear terms are given by
B A ) o pA }ﬁ (78)
/12 1+ )2 2122 | n2’
b% + A VORI NG ¢(1)_mb2_2A2+4)‘)‘l_2/\l2 1 (2)
0T T (=22 M2 )
527 = 0. (79)
TABLE I: Convergence. The computation of each terms in
[#2) for the PPN metric
PPN 1) 3m b? ( 1 )
gl = 28 +—). (83
K1) 0 0 2 (02 + (A — \)2)5/2 H n2 (83)
Fop(@ mﬁ%(fg — 16 — 6vnZ + 2u + 9n2p> + 8B)
Ksa ——4—87;7:,)23 (=2 +nop + ngp?)
2 (1= 202 + nip?)
Fow _ ég;r:;)i (14 2n2u + n'p?) Ca;l;ge second order corrections terms are more compli-
@ _ m? e (w2, — w?) + w2 ]2 (26% + A + AN)
O T (= AP — w2 VEEN

(who —w?)
2062 + (A — \p)?]1/2
13w (w2 — 2w?)b? + 6wl (N — )\1)2} }

2 _ 2
Wso We

+

oo

{bz 203 (48 + ) + (W3 — w2)(154° = 6v)] = 6(wl, — wi) (A = N)*p® = 12w (A = \)*p

(84)
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By replacing these expressions into Egs.([@2)) and [@T) and
taking the limits \; — oo and A\;s — oo we obtain,

7rm2

m(—g + 4ﬁ - 3n§u - 8/14), (86)

[Z;:

2
5= Qb—T<u+ i) n g”gzg(s 48 + 3n2v + 8u). (87)
These expressions generalize the results recently derived
by us in [31].

In the Tables [l and [[Il we can see the contribution of
each term to the convergence and shear, respectively. Ex-
cept for the term &, ), which remains equal to zero as in
the pure gravity case, each of them are modified by the
presence of the plasma. In particular, if we only consider
first order corrections in the mass parameter, the pres-
ence of the plasma will contribute to the shear but not
to the convergence.

Finally, from the relation (52)) we obtain the deflection
angle

2m 1 am? (2—B+2u 3
a:770”7ﬁ>+ = ( 2z 1) 89

o o

recovering the result obtained previously by us in @]
using the Gauss-Bonnet theorem.

IV. DEFLECTION ANGLE AND OPTICAL
SCALARS IN TERMS OF
ENERGY-MOMENTUM DISTRIBUTIONS FOR
LENSES SURROUNDED BY PLASMA

n [1] Gallo and Moreschi have shown that for spher-
ically symmetric spacetimes, expressions for the deflec-
tion angle and optical scalars can be obtained in terms
of the energy-momentum distribution. Particular cases
of these expressions were recently reobtained by De Leon
and Vega using the Gauss-Bonnet theorem [56]. Deriv-
ing these expressions require use of a null tetrad adapted
to the geometry of the matter distribution. In addition,

3pP (Wl —w?) + 4uw§o) ~ a2

— 10pw?,

A — 4N (w2

b2 2
(5w2, — 8w?)

oo €

2 w2, — 4dw?
o w2 —w? ﬂ

4

— br(w? —w?) +

8wl (A=)t (85)

4
2 2 Woo
— we)) —20°(A = A) (A + 2/\l)m

o0 €

220+ A)(A — A)? w‘“’ig"w?]}

we must find the transformation between this tetrad and
one adapted to the motion of photons at first order ([1l}).

As we mentioned in the Introduction, to have expres-
sions for the deflection angle in terms of the energy-
momentum tensor instead of the metric components have
several advantages. We will see how to extend this ap-
proach to the case of lenses surrounded by a cold nonmag-
netized plasma. Finally, we will compare these results
with those obtained by using the alternative geometrical
method based on the Gauss-Bonnet theorem.

A. Using the null tetrad approach

Let (M, gag) be a static, spherically symmetric and
asymptotically flat spacetime with a line element given
by

ds* = A(r)dt* — B(r)dr® — r?(df? + sin® 0dp?), (89)

with

1
1— 2M(r) *

A(r) =e2*™ B(r) = (90)

A more general energy-momentum distribution compat-
ible with spherical symmetry is described by an energy-
momentum tensor given by

Ty = 962@(”; (91)
P,
Tr = ; (92)
(1 _ 2M(r))
T99 = Pt T2; (93)
T,, = Py r?sin(0)?; (94)

where we have introduced the notion of radial component
P, and tangential component P;.



The Einstein field equations
Gaﬁ - _87TT0¢5; (95)
in terms of the previous variables are @]

dM
e 412 o, (96)

,d® M + 43P,
292 _

dr ] _ 2@

G

dd M dM
S Il (98)
T dr (1 r dr )
aM
—r—+ M =8mr°P,.
dr

3 (d2<1> N d<1>)2> G2

The conservation equation is

P, o 2

- _ py—_ =%
dr (e+ )dr r

(Pr _Pt)- (99)

1.  Gordon-like metric

In Section [[I] we have proved that spatial orbits fol-
lowed by photons in a cold nonmagnetized plasma are
the same for both the physical metric g,g and an effec-
tive optical metric gop given by (B1), where for a spheri-
cally symmetric cold nonmagnetized plasma the index of
refraction is given by

w

20) 4.

2 _
n*(r)=1- oL

(100)

As before, ws is the photon frequency measured by an
asymptotic observer.

As we are interested in small deviation from the flat
background it is enough to make the following approxi-
mations to the metric components,

Alr) = 1+29(r), (101)
B(r) =~ 1+%® =: B(r). (102)

In addition, let us consider electron plasma frequencies
of the form,

w2(7°) ~ Wgo + K Ni(r),

€

(103)

where K, = 4:;162 , being e and m, the charge and mass of
electron, respectively. In this case we are assuming that

w2, = constant and

K.N .
KM(r) <1, lim Ny(r)=0.

2
weo T—00

(104)
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It is convenient to introduce the definition

2
weo

Ne =14/1— o2 (105)
and make the change of variable
~ t
t=—. 106
- (106)

In this way the Gordon-like metric can be expressed as
follows,

ds? = A(r)dt? — B(r)dr® — r?(d6* + sin? 0dp?), (107)
where

20(r) K Ni(r)

72 2 72
o Wao o

/I(’I”) =1+

: (108)

and B(r) given by [I02).

2. Null tetrad adapted to the geometry of the matter
distribution and curvature components

In ﬂ] Gallo and Moreschi constructed a null tetrad
in terms of the metric components A(r) and B(r) for
a static, spherically symmetric and asymptotically flat
spacetime with a metric like [89). In order to include
the effects of the plasma we can repeat those calcula-
tions to obtain a principal null tetrad {¢%,n%, m%b, m%
associated to the Gordon-like metric (I07) in terms of
the coefficients A(r) and B(r). Explicitly we have,

oY) AE)]

where the coefficients A(r) and B(r) are given by (I0S)
and (I02), respectively. However, let us note that in order
to compute the leading linear order contributions to the
associated curvature scalars we only need to consider the
previous principal null tetrad at zero order, that is, we
canset A =B =1.

As it was shown in [1], at linear order, the transforma-
tion between the null tetrad {£%, m®, m®, n®} adapted to
the motion of the light rays under study and the princi-
pal null tetrad adapted to the energy-momentum distri-
bution induces the following transformation on the cur-
vature scalars ®gy and ¥y,

b2 - .
Uy =3 \Ilg(r)emﬂ, (112)

r2



20°

N 1- N
Qoo = T—Q(q’ll - 1‘1’00) + ®qo, (113)

where \i/g, &)00 and <i>11 are the curvature scalars calcu-
lated from the Gordon-like metric (I07)) and using the

tetrad {E‘;D,ﬁap,m‘;g, m%}, at first order. Explicitly, they
are given by,

by = PO L (K0 )

3 ~2 2
T TNZ 2wz,

~ M (r) 1 (K.N{(r)
or8 | AnZ

— € 1"
. i), )

2
o0

& :TM/(’I“)—3M(T) 1 <Ke (N ()

? 6 62 \ 202,
(116)

—rN{(r)) + ' (r) — T@”(r)) )

Using the Einstein field equations (@6), (@7) and the
conservation equation ([@9) it is possible to express these
curvature components in terms of the energy-momentum
tensor components and the function M (r), which because
of ([@6) contains the same information that o(r),

B =4n (g(r) + PT—?) + Miy) <1 L

> (117)

7 7z
K.
+ MN{(T)a
~ M(r) 1
(1)11 ——g <Q(’I”) + 2Pt( ) — PT(’I”)> + 2T3 ( ﬁ_g)
8 26~2 {/(T)7
(118)

b = (i) - ) + (et - 55

1 K.
X (1 + ﬁ_g) + T2 i (TN{'(T) - N{(r))
(119)
Relations (I12)) and ([II3) together with the previous
expressions for the curvature scalars allow us to write the
optical scalars and the deflection angle in terms of the
energy-momentum tensor components and the electronic
density profile. In particular, from the relations (@2]),
@7 and (B2) we finally obtain,

Als P,
K :/ [47T (g + ~—2) +
-\ 7’LO

1 /3b? M 1
— =M —-— 21?1 - =
+r2<27"3 r T Q)( ﬁg)

47h?

W(Pt -P)

(120)

b2Ke ! 1" Ke !
- W(Nl —rNy) + le dy,
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As b2 [ 4
~ AT
7 /Al TQ[ﬁz(

- 0 (121)
x [ 1+ ! + K. (N] —rN{)|dy
n2 drw2 n2t ! 1 '
M P, b2 (3M
« :b/ {4#(9 + ﬁ) + 2 < 3 47TQ>
N ° (122)

where we are integrating in the y coordinate defined in
Eq.(@T).

As before, \; denotes the distance from the observer
to the center of the lens if the spacetime were flat. In a
similar way, A\;s = As — A;. These expressions generalize
the results obtained in [1] for pure gravity (72, = 1 and
N; =0). In particular it is easy to see that in that limit

Eq.([IT22) reduces to ([2I).

8. Ais —> 00 and A\ — o0

In typical astrophysical situations, it is often conve-
nient to assume that both the observer and the source
are far away from the lens. In this case, by replacing
the extremes of integration A\;; — oo and \; — oo and
integrating by parts, we can show that the explicit depen-
dence on o(r) can be omitted in (I20), (IZI) and (I22).

By using the Einstein field equation (@6) we can write
o(r) as a first derivative of M (r) and then integrate by
parts all the terms containing o(r). Doing that, it is easy
to check the identities,

/OO o(r)dy = i _O:O Mir) (1 = b27;2T2>dy, (123)

r3

* o(r) 1 [ M(r) r?
——dy = — — d 124
/ 2 YT oo TP 3 2 —2 )% (124)

— 00

where the boundary terms vanish due to the spacetime
is asymptotically flat which implies,

=0 and lim M

M
lim (r)
y—Foo 74

y—Foo 72

=0.  (125)

Using the relations (I23)) and (I24]) one can express the
optical scalars and the deflection angle as,

. * [4r b2
=R (e me-m)

+£ 1 L 1+i
2r3 b2 — 12 n2

l)2K6 K.
(N} — NY)) + —N{] dy,

T 43,2 72 2 52
4driws nz 2rws nz

(126)



oo p2 M 1
Y = P. — P, —_
" / r2 {no( Y+ o (b2 — 7°2>

1 K.
X <1+ﬁ> +W(N1 N{’)}dy,

o

/ o b M 1 47r P,
o= 1 + +—
r|r2 n2

It is worthwhile to notice that even when these expres-
sions are very compact and they are potentially very
practical, we have no knowledge about a previous pre-
sentation of them in the literature.

(127)

KN/
dy. (128
+2w§oﬁ§] y. (128)

4. Analogy between photons in an homogeneous plasma and
massive particles in pure gravity

As is very well known there exists a correspondence be-
tween the motion of photons in an homogeneous plasma
(N{ = 0) in a given spacetime and the geodesic motion
of massive particles on the same background.

In the context of this work, this correspondence re-
duces to setting N{ = 0 and to identify 7, with the speed
v (which represents the initial speed of a test massive par-
ticle as measured by an asymptotic static observer when
the particle was far a from the gravitational source).
For more details see ﬂg |ﬁ @] Then, the deflection angle
amp for massive particles is given by

b M 1 47r P,
O[mp = / , |:’r2 (1 + ﬁ) —|— B} :|dy (129)
Alternatively it can be written as,
a]w 1 ap,
Omp = - (1 + ) + 2 (130)
with
ap = / —dy, ap, = 47r/ rP.dy. (131)

The expression (I30) generalizes the results found in ﬂ]
by including the deflection of massive particles. In par-
ticular, if v = 1, that is, if we consider massless particles,
then the deflection angle reduces to oo = apr + ap., and
therefore these quantities represent the contribution to
the deflection angle for massless particles due to the total
mass and the radial pressure. Note that these results are
independent of the particular mass density profile under
consideration. In particular, if the spacetime is such that
the pressure can be neglected, the relation between the
deflection angle for massive amp and massless particles
oy = oy is given by

«Q 1

(132)
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B. Using the Gauss-Bonnet theorem

In order to check the results found in the previous sub-
section we will use the geometrical method developed by
Gibbons and Wern(‘erﬁ@] and extended by us to include
the plasma effects [27]. This method of studying gravi-
tational lenses is based on the use of the Gauss-Bonnet
theorem.

As we have seen in [27] for a spacetime (M, gos) with
line element given by (89), spatial projections of the light
propagating through a medium with refractive index n
on the slices t = constant are geodesics of the following
Riemannian optical metric,

n2(r) 2 27 2
= A0 (B(T)dr +redy ), (133)

do® = gomdzzr da’! =

where we have restricted to the equatorial plane ¢ = 7/2
without loss of generality due to the spherical symmetry.
Again, we express the metric functions A(r) and B(r) as

Ar) = 0, B() = —7-

T

(134)

For a cold nonmagnetized plasma the refractive index
given by ([I00) can be equivalently rewritten as

n?(r) =1— (1 —n2(r)A(r), (135)
where the redshift has already taken into account and

n2(r) is given by,

(136)

In order to calculate the deflection angle using the
Gauss-Bonnet theorem we have to choose a specific do-
main in the optical manifold (M, g?P*). There are
several ways to do that, the most simple domain, and
following the original work of Gibbons and Werner, is to
consider a simply connected region as shown in Fig. [
where its boundary is formed by the spatial geodesic v,
followed by the photon in the optical manifold and the
curve Cp defined as r(¢) = R = constant. Then, the
deflection angle can be computed by ﬂﬂ, @],

) T+ dO’ )
lim Kg—— de =7 — lim KdS,
0 dp Cr R—o0 Dr

R—o00
(137)

where K is the Gaussian curvature, dS is the surface
element in coordinates (r,1) and kg4 is the geodesic cur-
vature of Cg.

As we are interested only on the linear corrections in
M (r) and ®(r) to the deflection angle, it is sufficient to
consider 7, as the background solution,

ro = ——, (138)
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FIG. 1: The points S and O represent the source and observer
position while v, indicates a light ray emitted by the source
and that reaches the observer. b is identified with the impact
parameter.

and, on the other hand, we only need to compute KdS

and ngg—g at first order in M (r) and ®(r),

P’ M / 1AV
Kds :[(Tn2) + <7> _ (o) +]—‘] drdgp,  (139)
where
F =F(Onl, on &'n! (n))? Mn!, Mn! M'n.)
(ny)? (rng,)’ (ny)? My
ng —2(1) ’]’Lg +6(I)T—é_4q) Tn—g (140)
n (noM)" (ng)*M
No n2 '

and ' denotes derivative respect to the radial coordinate.
On the other hand,

do r® M rnl
= 1= _= o 141
g dp n2 T + Mo +6, (141)
where G = G(®n/, Mnl) is given by
@ !/ !/
G=2"T_nmle (142)
n3 Mo

In the following, we will neglect the contributions
plasmaxgravity given by the terms F and G. Now let
us consider two situations: one in which the two-form
KdS # 0 and the other when it vanishes.

1. KdS #0

If KdS # 0 we get the following expression for the
deflection angle,

oo [ [ () -
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By integrating by parts and discarding terms of order
O((n)?,®'nl), we can rewrite (IZ3) as a line integral

T (b/ M /

a = / [T_2 = rno] dep, (144)

0 L n? r No | |p—y

[

where we have assumed that

! (b/
lim =2 =0 and  lim — =0, (145)

r—oo M, r—00 NZ

We transform to a new coordinate y related to r by
y = Vr? — b2, thus satisfying tan¢ = b/y. By using the
Einstein equation at first order in M:

M(r)

[
P =

+ 4mrP.(r), (146)

we finally obtain an expression for the deflection angle in
terms of components of the energy-momentum tensor for
a lens surrounded by plasma,

o

/Oo b M 1 d7rP, n/
a=[ -|S5(1+5])+
T2 n2 n2 o

where r, = /b% + y2.

dy (147)

T=Ty

2. KdS =0

This situation could be found for a specific kind of
plasma media. For the case that we are in a pure gravity
situation, this condition is found for example when the
mass distribution is determined by an isothermal density
profile[34]. If KdS = 0 then by discarding the F term
and also all the terms of order O((n,)?, ®'nl), we can see
from Eq.(I39) that

r® M rn ' N2 e
(5 + 2 -2 o em) - 7

(148)
=0 (cbn;, dn!!, d'n! (n))?, Mnl, Mn!, M’n;) :

which implies that the following quantity is constant with
respect to the radial coordinate at the considered order

r® M rnl

n2 r No

= C = constant. (149)

It should be noted that this constant C' is a first order
quantity. Therefore it follows that at this order

do r® M rn
ool = -z
Plicg o T Mo llR(y) (150)
o M g
n2 T o ||,




where we have used the fact that as it is constant, it
can be evaluated along the trajectory r, = b/sin(yp) in-
stead of R(p) = constant. Then, the relation (I37)) for
calculating the bending angle reduces to,

/”+O‘ [ rd M m;}
-2y
0 n2 r No

Finally, by splitting the domain of integration from 0 to
m and from 7 to ™ + o and approximating,

dp = 7. (151)

Te

Tt / /
M

/ {1—r—2——+m°} dp~a,  (152)

” n2 r o ||,

we obtain
Uy @/ M !/

a:/ {T—2+— - Tno} dp =Crm (153)

o L n2 r o Jlp—y,

Note that the integral expression coincides with the ex-
pression for « in the KdS # 0 case. That is, for the
practical purpose it is not necessary to discriminate be-
tween the two cases and we can use the same formula for
the bending angle.

3. Comparison

Additionally, if we split w? as in Eq.(I03) we get

~ KeNl (T)
ng = ng (1 — W (154)
and then
n! K.Nji(r)
- =""27 155
Ny 2n2w?, (155)

On the other hand, because of we are assuming that

Leﬁg}” < 1, we can approximate n? ~ 72, obtaining
finally,
b[M 1 4mrP, K.Nj
O‘:/ ‘{—2<1+~—2>+ T o | dy, (156)
e T LT n2 n2 2w2 N2

which completely coincides with (I28). In this way, we
have obtained the same expression for the deflection an-
gle in terms of the energy-momentum tensor components
using two different geometrical approaches.

V. CORRESPONDENCE BETWEEN THE
SPATIAL MOTION OF PHOTONS IN A
NONHOMOGENEOUS PLASMA AND MASSIVE
PARTICLES IN A GRAVITATIONAL AND
EXTERNAL FIELD

As was discussed above, there exists a well known cor-
respondence between the geodesic motion of test massive
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particles in a gravitational field and the motion of pho-
tons in a homogeneous cold plasma medium. In this sec-
tion we show that there exist also a striking correspon-
dence between the nongeodesic motion of test charged
massive particles in a gravitational field where an elec-
trical field is present and the motion of photons in a non
homogeneous cold nonmagnetized plasma.

Let us consider a static spacetime whose line element
is given by,

ds* = A(z")dt* — g;jdr'da?, i, j,k,...=1,2,3. (157)

The action for a test charged massive particle with charge
q and mass ;1 moving under the influence of the gravita-
tional field and a static electrical field determined by a
potential U(z?) is given by

S= /E(a:i,:'ci)dt, (158)
where the integral is along the world line of the particle
and the Lagrangian density £ reads,

L(:ci, xl) = —puy/ A(z?) — gij3'3T — qU(:z:i).

Before continuing, we recall that the most general
Lagrangian for a test massive charged particle in an
Einstein-Maxwell field is given by £ = —pu\/gagu®uf —
qA,u®. Here we are assuming that in the {t, 2"} coordi-
nates only Ay # 0. More importantly, our considerations
will be also valid for any central scalar potential U(x?)
not necessarily of electromagnetic nature.

The motion of the particle can be studied from the
corresponding Euler-Lagrange equations or equivalently
from the Hamilton-Jacobi equations of the Hamiltonian
H(z*, p;) given by the Legendre transformation,

H(z!, pi) = pia’ — L(z,37),

(159)

(160)
where @' = 4%(27,py). The 4-momentum is defined as,

o
Pr=Ba

For this case the Hamiltonian takes the form,

(161)

H(o' ) = 12 A) + A@)gpp; +qU (). (162)

A few years ago, Gibbons introduced the Jacobi metric
formulation to study the motion of test massive particles
in static spacetimes ﬂ@] In this formulation the motion
of these particles is given by the geodesics of a energy-
dependent Riemmanian metric known as the Jacobi met-
ric.

Moreover, any nongeodesic motion can be described by
a geodesic associated with the Jacobi metric derived from
a given Hamiltonian. In particular, for a test particle
whose motion is described by the Hamiltonian (I62) the
Jacobi metric J;; is given by,

Jij = EZ, Q%Pta (163)



where

o[- 52) -5l

Aopt

(164)

For a free massless test particle, g.;" coincides with the

optical metric gij in pure grav1ty.

On the other hand, we know that the photon trajec-
tory in a medium described by a refractive index n are
geodesics with respect to the optical metric

opt __ —n2 (:171) Gij

gz] A(IEZ) )

which in particular for a cold nonmagnetized plasma n is

given by (I00).

By splitting the electronic density profile w? as,
wi(2') = wg, + KeNa(a'),

(165)

(166)

with we, = constant and comparing the refractive index
n with the factor that precedes to A%Zi) in (I64) we can

see that if we make the following identifications

Weo 4 [y Weo > Foo, (167)
Ni(a) o %(w@ _ U, (168)

and Np(z') > 0, then the spatial orbit of a charged mas-
sive particle in a given spacetime when an electrical field
is present is equivalent to the spatial orbit of a photon in
a very particular (energy dependent) nonhomogeneous
plasma, and vice-versa. Note that this analogy is not
only valid when a gravitational field is present, it also
occurs in a Minkowski spacetime. For example, if we as-
sume that we have a fixed electric charge @) generating a
central potential U(r) = @Q/r, the orbit of a test particle
of mass i, charge ¢ and total energy F, governed by the
Lorentz force agrees with the orbit of a photon with the
same energy moving in a plasma which in addition to the
homogeneous part of the plasma electronic number den-
sity given by K.u? has also a non-umform charge density
that must be given by 7= (2E ) which will be pos-
itive if g@ > 0, that is the repulswe character between
charges can be described by the divergent effect of the
trajectory of a particular photon with energy E., in a
particular plasma density profile. Of course, for the rest
of the photons with different energies moving in the same
plasma medium, the correspondence is not achieved.

On the other hand, the Jacobi metric not only allows
us to make the previous analogy between the motion of a
photon in a cold plasma medium and particles in external
fields, it also allows us to use the powerful Gauss-Bonnet
theorem to study the scattering of relativistic particles
following nongeodesic motion, extending in this way the
original purpose of this method which was only restricted
to study of null geodesics. More precisely, for a spher-
ically symmetric spacetime we can use the expression

(@27 with n,(r) given by
5 1 2qU(r)E

¢*U(r)*
TLO(T) =1- @ (M2 + A(’I”) -

A(r)

), (169)
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in order to compute the deflection angle. Keeping only
the leading order terms of that expression, we obtain that
the deflection angle reduces to (I56]) which if we only keep
the linear terms in U(r) gives:

T=Ty

N/OOb 1+ 1 +47T’I“PT+ qUu’
ar r|r2 v2 v2 Eov?
(170)

This equation generalizes the expression found in @] to a
more general situation where massive particles and non-
gravitational external central potential are allowed.

In the following subsection we show the power of this
technique by computing the deflection angle of relativis-
tic charges particles in a Reissner-Nordstom spacetime
keeping terms of higher order than in (7). For a de-
tailed study of the Jacobi metric for this particular sit-
uation where a more general kind of orbit are discussed
we refer to the recent work of Das, Sk and Ghosh [68].

dy.

A. Deflection angle of charged massive particles in
a Reissner-Nordstrom spacetime

Let us consider a test charged massive particle moving
in a Reissner-Nordstrom spacetime

ds* :(1——+—2)dt2—
T r 1-—

— 72(d¥?* + sin® 9dp?),

dr?

EaE (7

and under the action of the electric Coulomb potential

U(r) = Q

r

(172)

The energy E. and angular momentum .J of the particle
measured by a static asymptotic observer are given by the
following expressions m],

1% pvb
Vv1—02 V1I—02

In the above expression v is the speed of the particle
when it is in the asymptotic region as measured by the
same observer while b is the impact parameter.

Let us start by computing the linear order contribu-
tions to the deflection angle in terms of the energy-
momentum tensor components and the potential as given
by ([[T0). As is well known for a Reissner-Nordstrom met-
ric the mass function M (r) and the radial pressure P, (r)
are given by

E. = and J= (173)

2
M(r) m— ?—T, (174)
2
P.(r) = _Sfr?r‘*' (175)

By replacing these relations and Eq.([I72) into (I70) and
taking into account that r = 1/b% + y2 we find that at



linear order the deflection angle is given by

2m 1 TQ? 2 2qQ

T <1 + v2) 40? <1 + v2> b2 Ea
Note that we have obtained this expression in a very easy
way through the use of the Eq.(IZ0)), which was derived
in a geometrical way using the null-tetrad approach and
the Gibbons-Werner method.

Let us move now to the computation of higher order
corrections to the deflection angle. It has been proved
in many works that the Gauss-Bonnet method is a very
useful tool to calculate the deflection angle. In order to
apply this method we can proceed in different ways. For
instance, we can calculate the deflection angle of a pho-
ton moving in a nonhomogeneous plasma with electronic
density profile given by (IG6]) and then use the identifica-
tions (I&7) and ([IG8) with the nongravitational potential
U given by (I'72). In that case the correspondence is only
physical if the test particle has a charge with the same
sign as the total charge of the black hole. However, the
use of the optical metric as given by (I63]) is indepen-
dent of the sign of the charges. In our case the effective
refractive index given by,

(176)

2m  Q? 29Q | ¢°Q?

20N 1 _am Q7 o2y T
ni(r) =1 (1 r + r2 >(1 V) rE + r2E2’
(177)

where we have used the first identity in (I73) in order
to express the refractive index in terms of the velocity,
charge and energy of the particle.

Now we can apply the Gauss-Bonnet method as devel-
oped in [27] for the nonpure gravity case to compute the
deflection angle. The optical metric reads,

dr? r2dcp2
2 Q2 +
(1- =+ T—2)2 1-—

do? = n2(r)< ) (178)

2m 4 Q2
7‘+r2

At this time it is convenient to introduce the following
dimensionless parameter, which we assume are small,

gom @ 5@
b’”y b27 b2

(179)
We are interested in the computation of the deflection an-
gle conserving all the terms of order O(, 7, §, 32, §2, B5);
and therefore we need the following expression for the
two-form KdS,

b3 1 b2§ P
b262 5 b3ﬁ6 5 b27
X 3t +2(3v _4)7r3v4Eoo +(2+v )—r3v2
20452
2

+0(72’/83753’6/827ﬂ77ﬂ62757)’
(180)
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or equivalently, in terms of the variable u = 1/r as

1 b26
Kds _{bﬂ<1+ U—2> — —— + (v* + 607 — 4)

v2E
ub? 3 9 ub?Bo 5, ub?y
X —2(3v _4)U4Eoo —(2+v%) 2
2ub* 52
+0(72’/83’63’6/827ﬂ77ﬂ62757)'
(181)

In order to calculate the deflection angle to the de-
sired order (which include terms of order 5% and §2) we
have to integrate along a spatial orbit which takes into
account corrections of order 5 and ¢ to the straight line
orbit (given by up = sin(g)/b). These corrections to the
orbit are needed because even when KdS has already
contributions of order 82 and §2,! it also contains linear
terms in these parameters, and therefore it follows that
the integral of these linear terms valued in the § and ¢
corrections to the orbit will also produce extra contribu-
tions to the required quadratic order in those parameters.
As we show in Appendix [A] at the considered order the
orbit is given by

u(p) :% [Simp + ((1 — cos ) 4 v?(cos? ¢ — cos gp)) v%

— (1 —cosp)V1-— ’1}2%] .
v2p
(182)
It is important to remark again that in this case we only
had to solve the orbit equation up to 8 and § orders.
This is the main difference between the use of the Gauss-
Bonnet method for calculating the deflection angle and
the alternative way which follows from the explicit solu-
tion of the spatial orbit equation. In the last approach
one must to solve the orbit equation to the same order
as the one needed for the deflection angle, which is much
more laborious and cumbersome. More details are given
in Appendix [A]l where the evaluation of the deflection
angle using the orbital equation approach is realized in
detail.

Finally, using the relation (I37) where the left-hand
side reduces to o + 7™ due to the spacetime is asymp-
totically flat we obtain the following expression for the
deflection angle,

2m 1 3mm? 4 TQ? 2
i)+ (1 ) -2 (14 2
“ b(+v2>+ 4b2<+v2> 4b2<+v2>
29Q 1*Q*  3mqQm

T b?EL | 20202E2,  b202EL,

(183)

1 These terms will contribute to the deflection angle with 52 and
52 terms when the required integral is valued at the integration
limit given by the zero order orbit ug.



The first three terms agrees with the ones obtained re-
cently by Pang and Jia ﬂﬂ] where they studied the de-
flection angle of neutral massive particles in a Reissner-
Nordstém background. The fourth and fifth terms are
also present in a Minkowski spacetime. For that case,
an exact expression for the deflection angle (valid for all
kind of velocities, and magnitude of the deflection angle)
was found by Synge (see Appendix C of [74]). In our
notation his expression reads:

4
a=-7+ e arctan VT; (184)
where
/ 5202
and
0202u2 + (E2, — p2)?2 — 0E b

/S0 + (B2 — 1i2)% + 6BEaob’

and 0 is defined in (I79).

Taking into account Eqs.(I8H) and (I8d), and by doing
a Taylor expansion of (I84) in terms of the parameter ¢
we obtain:

2Eb bir

“=- Ot oEE )

2 3
TR 52+ O(6%).

(187)

It is easy to check that this expression agrees with the
forth and fifth terms of (I83]). The last term is a Lorentz
force term which indicates that the dynamics are indeed
in a curved background.

VI. FINAL REMARKS

In this paper we have shown how the formalism of null
tetrads originally proposed to express the deflection angle
for photons in pure gravity in terms of curvature scalars
can be extended to be used when dispersive media are
present. At the same time we have presented expressions
for the optical scalars in terms of the different compo-
nents of the momentum-energy tensor.

On the other hand we have arrived at several of the
same results through the use of another recently proposed
geometrical method that makes use of the Gauss-Bonnet
theorem. In particular, although this method was orig-
inally proposed to study null geodesics, we have shown
that it can be extended to the study of massive particles
even when they do not follow timelike geodesics.

Finally, we have shown that there is an analogy be-
tween the spatial motion of photons in a dispersive
medium and that of test particles subject to an exter-
nal repulsion field. It is valid not only for electrostatic
fields but also for any central potential.

Let also note that even when we have applied the two
types of optical metrics to the weak field regime, there is
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not any impediment to apply them to the strong gravi-
tational region. For example, the 4-dimensional Gordon-
like optical metric [BI]) takes the form:
A
Japdr®d® :ﬁdﬂ — B(r)dr? — C(r)dQ?
n?(r) (188)
=A(r)dt* — B(r)dr* — C(r)dQ2.

As previously stated light rays which solve Eqs.([27) in
the physical metric follows the same spatial orbits of null
geodesics of this optical metric. As it is well known,
circular null geodesics which define photon spheres at
radius 7 = rphet of a metric like (I88) satisfy the equation

(r)
i)

c'(r)
C(r)

; (189)

T=Tphot

T=Tphot

where a prime meaning a derivative with respect to r.
Eq.([I89) follows from the study of null geodesics of (I88)
or alternatively, in geometrical terms, from asking for the
existence of a 3-dimensional timelike surface S with the
tracefree part of the second fundamental form vanishing
(See [75] for more details). The condition which follows
from (I89)) applied to the metric (I88]), namely

C'(r)yn(r)A(r) — A'(r)C(r)n(r) + 2C(r)A(r)n’(r) =0

(190)
agrees with the equation that follows from the Eq.(32) of
Ref. ﬂﬁ], which was derived studying the timelike curves
which are solutions of (27)). It would be interesting to
see how these results extend to the case of a rotating
stationary spacetime. In such a situation, instead of an
Riemannian optical metric that encodes the movement
of particles, there is an associated Jacobi-Maupertuis-
Randers-Finsler metric @] In future works we will at-
tack this more general situation.
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Appendix A: Bending angle of a charged massive
particle in a Reissner-Nordstrom spacetime from
direct integration of the orbit equation

In this Appendix we calculate the deflection of charged
massive particles in the Reissner-Nordstrom spacetime
directly from the spatial orbit equation. As we have seen
in Section [l the equation is given by,

(&) - C (e

where A, B and C are the metric components and p, and
p: are constants associated with the axial and temporal

- 1>, (A1)



Killing vector fields, respectively. In general one identifies
these constant of motion with the angular momentum .J
and energy E of a test particle which measured by an
asymptotic observer reduce to (IT73). Then,

(A2)

On the other hand, for the Reissner-Nordstrom space-
time, we get

(A3)

Making the change of variable v = 1/r and taking into
account the Eq.(ITT), the orbit equation ([(AT]) reduces to,

du\® 1 2
() =+ (= - SVI=) 2

18

If we want to calculate the deflection angle at the order
O(B,7,6,8%,+%, 62, 35) we have to solve the orbit equa-
tion at the same order. Then, let us consider the follow-
ing ansatz in terms of the parameter defined in (I79),

u(p) =uo + u1(p)B + uz(p)d + uz(p)y + ua(p)Bo
+ us () B2 + up ()82
+O(R?, 83,583,862, Bv, B5?, 5v),

(A5)
where ug = *3# and impose the asymptotic condition
lim u; () = 0. (A6)
@—0

It follows that each of the u;(¢) functions (i = 1..6) must
satisfy a differential equation of the following form:

dui(p)

— 1= M(/ﬁ —¢*) Ju? +2mu® cos p————= + sin pu;(¢) = Fi(p,u;i(p)) (AT)
b2202 g i i (0, u;(p)),
_ Q2U4
(A4)  with j # 4. Explicitly, the F; functions are given by:
|
singp 1
Fi(p) = —2(=5 —cos” ), (A8)
sin
Fip) = ——orVi- 2, (A9)
1 sin?¢p 4 9
F5(p) = %( 3 o8 © +3cos®p —2), (A10)
. 1 1—12 duy dus
2
Filp.un(phus(e) = wa@)Bsin® o+ = = 1) = burle) D=2 —p(wohuate) + G2 52). (a1
1 b dui \?
Fs(p,u1(9)) = wm(9)(2+ — —3cos’9) — 5 |uile) + (= |, (A12)
v 2 dy
b .2 2 / 2 dus\* 2,2
Fo(p,ua(p)) = T2 (1 =v7) +2uV1 —v2uz(p) + |uz(p) + ao ) MUy (A13)

Therefore, we can solve the first three equations for
u1(p), uz(p), us(p), fixing the respective integration con-
stants in order to satisfy the asymptotic condition (A€,
and after that we can solve the remaining equations for
ua(p), us(p) and ug(p) using the known expressions for

u1(p) and wua(p) and fixing again the integration con-
stants with the condition (A€).

Doing so, the solution of the orbit equation in term of
the physical parameters is given as follows,
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1 2
u(p) =3 [simp + <(1 — cos ) + v?(cos? p — cos ga)) b% + ((2 +v%)pcos p — 2sin p — v? cos? psin gp) )
2
- (31}2 cos? psin p — [8sin (1 4 v?) — (12 4 3v?)¢] cos ¢ + 2sin p(v? — 2)> 4;; 5
v
— (I =cosp)y/1—v? Q@ _ (sinp — 3pcosy + 2cospsinp)y/1 —v? qQm
bv2u b2v2p
292
: 2y °Q
— (pcosp —sinp)(l —v )m] .
(A14)
At this point it important to remark that if we had where “dot” means derivative respect to ¢ and
calculated the deflection angle using the Gauss-Bonnet
method we would only need to determine the function wu; - ALG
and wuy. In addition, we need to compute the two-form (p) = r(p) CF)S ¥ ( )
KdS' at the same order as required for the deflection an- y(p) = r(p)sine. (A17)

gle, but this is easier than having to calculate the other
functions w; (i = 3,4,..,6). This is an operational ad-
vantage of the Gauss-Bonnet method that allows us to
determine the deflection angle at the desired order in an
easy way.

To finish, we may calculate the deflection angle a as
follows,

a~tana = lim M, (A15)
oo ()
|

2 1 2¢Q V1 —v? 2 4
a :_m 1+— | — q_Q v + 3mm 1+ —
b v2 bv? 1 4h2 v2

Using the first expression in ([I73)) for the energy of the
particle we can see that the last expression for the de-

Note that in principle one should take the limit of ¢
going to ™ + « instead of w. However, it can be checked
that if in Eq.(ATH) we take the limit ¢ — 7 + A, where
A is assumed to be a quantity composed by terms of
order 3,7, and § they will contribute to the deflection
angle as given by (AIS]) with terms of higher order than
considered, and therefore it is consistent to take ¢ — 7.
Finally, using the relation (AT5]) we get

7?Q% 1 — v?
26202 2

TQ? 14 2 3rqQm V1 — v? n
4h2 v2 b2v2 1

(A18)

flection angle coincides with the previous one given in

(@=3).

[1] Emanuel Gallo and Osvaldo M. Moreschi. Gravitational
lens optical scalars in terms of energy-momentum distri-
butions. Phys. Rev. D, 83:083007, 2011.

[2] D. O. Muhleman and I. D. Johnston. Radio propagation
in the solar gravitational field. Phys. Rev. Lett., 17:455—
458, Aug 1966.

[3] D. O. Muhleman, R. D. Ekers, and E. B. Fomalont. Ra-
dio interferometric test of the general relativistic light
bending near the sun. Phys. Rev. Lett., 24:1377-1380,
Jun 1970.

[4] J. Breuer, R. A.; Ehlers. Propagation of high-frequency
electromagnetic waves through a magnetized plasma in
curved space-time. i. Proceedings Mathematical Physical
& Engineering Sciences, 370, 03 1980.

[5] J. Breuer, R. A.; Ehlers. Propagation of high-frequency
electromagnetic waves through a magnetized plasma in

curved space-time. ii - application of the asymptotic ap-
proximation. Proceedings of the Royal Society of London
Series A, 374, 65 (1981).

[6] J. Breuer, R. A.; Ehlers. Propagation of electromagnetic
waves through magnetized plasmas in arbitrary gravita-
tional fields. Astronomy & Astrophysics, 03 1981.

[7] Volker Perlick. Ray Optics, Fermat’s Principle, and Ap-
plications to General Relatively. Lecture Notes in Physics
61. Springer-Verlag Berlin Heidelberg, first edition, 2000.

[8] G. S. Bisnovatyi-Kogan and O. Yu. Tsupko. Gravita-
tional radiospectrometer. Grav. Cosmol., 15:20-27, 2009.

[9] G. S. Bisnovatyi-Kogan and O. Yu. Tsupko. Gravita-
tional lensing in a non-uniform plasma. Mon. Not. Roy.
Astron. Soc., 404:1790-1800, 2010.

[10] Oleg Yu Tsupko and Gennady S. Bisnovatyi-Kogan.
Gravitational lensing in plasma: Relativistic images at



homogeneous plasma. Phys. Rev., D87(12):124009, 2013.

[11] O. Yu. Tsupko and G. S. Bisnovatyi-Kogan. Influence of
Plasma on Relativistic Images of Gravitational Lensing.
Nonlin. Phenom. Complex Syst., 17(4):455-457, 2014.

[12] O. Yu. Tsupko and G. S. Bisnovatyi-Kogan. Gravita-
tional lensing in the presence of plasmas and strong grav-
itational fields. Grav. Cosmol., 20(3):220-225, 2014.

[13] Volker Perlick, Oleg Yu. Tsupko, and Gennady S.
Bisnovatyi-Kogan. Influence of a plasma on the shadow
of a spherically symmetric black hole.  Phys. Rev.,
D92(10):104031, 2015.

[14] G. S. Bisnovatyi-Kogan and O. Yu. Tsupko. Gravita-
tional Lensing in Plasmic Medium. 2015. [Plasma Phys.
Rep.41,562(2015)].

[15] Volker Perlick and Oleg Yu. Tsupko. Light propagation in
a plasma on Kerr spacetime: Separation of the Hamilton-
Jacobi equation and calculation of the shadow. Phys.
Rev., D95(10):104003, 2017.

[16] Gennady Bisnovatyi-Kogan and Oleg Tsupko. Gravita-
tional Lensing in Presence of Plasma: Strong Lens Sys-
tems, Black Hole Lensing and Shadow. Universe, 3(3):57,
2017.

[17] V. S. Morozova, B. J. Ahmedov, and A. A. Tursunov.
Gravitational lensing by a rotating massive object in a
plasma. Astrophysics and Space Science, 346:513-520,
2013.

[18] A. Abdujabbarov, B. Juraev, B. Ahmedov, and
Z. Stuchlik. Shadow of rotating wormhole in plasma envi-
ronment. Astrophysics and Space Science, 361:226, 2016.

[19] A. Abdujabbarov, B. Toshmatov, Z. Stuchlik, and
B. Ahmedov. Shadow of the rotating black hole with
quintessential energy in the presence of plasma. Inter-
national Journal of Modern Physics D, 26:1750051-239,
2017.

[20] A. Abdujabbarov, B. Toshmatov, J. Schee, Z. Stuchlik,
and B. Ahmedov. Gravitational lensing by regular black
holes surrounded by plasma. International Journal of
Modern Physics D, 26:1741011-187, 2017.

[21] A. Abdujabbarov, B. Ahmedov, N. Dadhich, and F. Ata-
murotov. Optical properties of a braneworld black hole:
Gravitational lensing and retrolensing. Phys. Rev. D.,
96(8):084017, 2017.

[22] B. Turimov, B. Ahmedov, A. Abdujabbarov, and
C. Bambi. Gravitational lensing by magnetized compact
object in the presence of plasma. ArXiv: 1802.03293,
2018.

[23] Adam Rogers. Frequency-dependent effects of gravita-
tional lensing within plasma. Mon. Not. Roy. Astron.
Soc., 451(1):17-25, 2015.

[24] Adam Rogers. Escape and Trapping of Low-Frequency
Gravitationally Lensed Rays by Compact Objects within
Plasma. Mon. Not. Roy. Astron. Soc., 465(2):2151-2159,
2017.

[25] Adam Rogers. Gravitational Lensing of Rays through the
Levitating Atmospheres of Compact Objects. Universe,
3:3, 2017.

[26] X. Er and A. Rogers. Two families of astrophysical di-
verging lens models. Mon.Not. Roy. Astron.Soc., 475:867—
878, March 2018.

[27] Gabriel Crisnejo and Emanuel Gallo. Weak lensing in
a plasma medium and gravitational deflection of mas-
sive particles using the Gauss-Bonnet theorem. A unified
treatment. Phys. Rev., D97(12):124016, 2018.

[28] Xinzhong Er and Shude Mao. Effects of plasma on

20

gravitational lensing. Mon. Not. Roy. Astron. Soc.,
437(3):2180-2186, 2014.

[29] Haopeng Yan. Influence of a plasma on the observational
signature of a high-spin Kerr black hole. Phys. Rev. D
99, 084050 (2019).

[30] Ezequiel F Boero and Osvaldo M Moreschi. Gravitational
lens optical scalars in terms of energy-momentum distri-
butions in the cosmological framework. Mon. Not. Roy.
Astron. Soc., 475(4):4683-4703, 2018.

[31] Gabriel Crisnejo and Emanuel Gallo. Expressions for op-
tical scalars and deflection angle at second order in terms
of curvature scalars. Phys. Rev. D, 97:084010, 2018.

[32] Emanuel Gallo and Osvaldo Moreschi. Peculiar
anisotropic stationary spherically symmetric solution of
Einstein equations. Mod. Phys. Lett., A27:1250044, 2012.

[33] V. Bozza and A. Postiglione. Alternatives to
Schwarzschild in the weak field limit of General Rela-
tivity. JCAP, 1506(06):036, 2015.

[34] G. W. Gibbons and M. C. Werner. Applications of the
Gauss-Bonnet theorem to gravitational lensing. Class.
Quant. Grav., 25:235009, 2008.

[35] Kimet Jusufi. Gravitational lensing by Reissner-
Nordstrom black holes with topological defects. Astro-
phys. Space Sci., 361(1):24, 2016.

[36] Kimet Jusufi. Light Deflection with Torsion Effects
Caused by a Spinning Cosmic String. Fur. Phys. J.,
C76(6):332, 2016.

[37] Kimet Jusufi. Quantum effects on the deflection of light
and the Gauss-Bonnet theorem. Int. J. Geom. Meth.
Mod. Phys., 14(10):1750137, 2017.

[38] Kimet Jusufi. Deflection angle of light by wormholes us-
ing the Gauss-Bonnet theorem. Int. J. Geom. Meth. Mod.
Phys., 14(12):1750179, 2017.

[39] Ali Ovgiin, Kimet Jusufi, and Izzet Sakalli. Gravitational
lensing under the effect of Weyl and bumblebee gravities:
Applications of Gauss-Bonnet theorem. Annals Phys.,
399:193-203, 2018.

[40] Ali Ovgiin. Light deflection by Damour-Solodukhin
wormholes and Gauss-Bonnet theorem. Phys. Rev.,
D98(4):044033, 2018.

[41] Kimet Jusufi, Ali Ovgiin, Joel Saavedra, Yerko Vasquez,
and P. A. Gonzdlez. Deflection of light by rotating regular
black holes using the Gauss-Bonnet theorem. Phys. Rev.,
D97(12):124024, 2018.

[42] Kimet Jusufi and Ali Ovgiin. Effect of the cosmologi-
cal constant on the deflection angle by a rotating cosmic
string. Phys. Rev., D97(6):064030, 2018.

[43] Kimet Jusufi and Ali Ovgiin. Gravitational Lensing by
Rotating Wormholes. Phys. Rev., D97(2):024042, 2018.

[44] Kimet Jusufi, Ali Ovgiin, and Ayan Banerjee. Light
deflection by charged wormholes in Einstein-Maxwell-
dilaton theory. Phys. Rev., D96(8):084036, 2017. [Ad-
dendum: Phys. Rev.D96,n0.8,089904(2017)].

[45] Kimet Jusufi, Nayan Sarkar, Farook Rahaman, Ayan
Banerjee, and Sudan Hansraj. Deflection of light by black
holes and massless wormholes in massive gravity. Fur.
Phys. J., C78(4):349, 2018.

[46] Kimet Jusufi, Farook Rahaman, and Ayan Banerjee.
Semiclassical gravitational effects on the gravitational
lensing in the spacetime of topological defects. Annals
Phys., 389:219-233, 2018.

[47] Kimet Jusufi. Conical Morris-Thorne Wormholes with
a Global Monopole Charge. Phys. Rev., D98(4):044016,



2018.

Asahi Ishihara, Yusuke Suzuki, Toshiaki Ono, Takao Ki-
tamura, and Hideki Asada. Gravitational bending angle
of light for finite distance and the Gauss-Bonnet theorem.
Phys. Rev., D94(8):084015, 2016.

Asahi Ishihara, Yusuke Suzuki, Toshiaki Ono, and Hideki
Asada. Finite-distance corrections to the gravitational
bending angle of light in the strong deflection limit. Phys.
Rev., D95(4):044017, 2017.

Ali ngﬁn, Kimet Jusufi, and Izzet Sakalli. Exact
traversable wormhole solution in bumblebee gravity.
Phys. Rev., D99(2):024042, 2019.

Kimet Jusufi. Gravitational deflection of relativistic mas-
sive particles by Kerr black holes and Teo wormbholes
viewed as a topological effect. Phys. Rev., D98(6):064017,
2018.

Kimet Jusufi, Izzet Sakalli, and Ali ngﬁn. Effect of
Lorentz Symmetry Breaking on the Deflection of Light in
a Cosmic String Spacetime. Phys. Rev., D96(2):024040,
2017.

Kimet Jusufi, Marcus C. Werner, Ayan Banerjee, and Ali
Ovgiin. Light Deflection by a Rotating Global Monopole
Spacetime. Phys. Rev., D95(10):104012, 2017.

Ali ngﬁn, Izzet Sakalli, and Joel Saavedra. Shadow cast
and Deflection angle of Kerr-Newman-Kasuya spacetime.
JCAP, 1810(10):041, 2018.

Wajiha Javed, Rimsha Babar, and Ali ngﬁn. The effect
of the Brane-Dicke coupling parameter on weak gravi-
tational lensing by wormholes and naked singularities.
Phys. Rev., D99(8):084012, 2019.

Karlo de Leon and lan Vega. Weak gravitational lens-
ing by two-power-law densities using the Gauss-Bonnet
theorem. Phys. Rev. D 99, 124007 (2019).

Sumarna Haroon, Mubasher Jamil, Kimet Jusufi, Kai
Lin, and Robert B. Mann. Shadow and Deflection
Angle of Rotating Black Holes in Perfect Fluid Dark
Matter with a Cosmological Constant. Phys. Rev.,
D99(4):044015, 2019.

Kimet Jusufi, Ayan Banerjee, Galin Gyulchev, and
Muhammed Amir. Distinguishing rotating naked sin-
gularities from Kerr-like wormholes by their deflection
angles of massive particles. Fur. Phys. J., C79(1):28,
2019.

Gabriel Crisnejo, Emanuel Gallo, and Adam Rogers. Fi-
nite distance corrections to the light deflection in a grav-
itational field with a plasma medium. Phys. Rev. D 99,
124001, (2019).

21

[60] Hermann Weyl. Zur gravitationstheorie. Annalen der
Physik, 359, 1917.

[61] Karen Schulze-Koops, Volker Perlick, and Dominik J.
Schwarz. Sachs equations for light bundles in a cold
plasma. Class. Quant. Grav., 34(21):215006, 2017.

[62] W. Gordon. Zur lichtfortpflanzung nach der rela-
tivitdtstheorie. Annalen der Physik, 377, 1923.

[63] Russell Kulsrud and Abraham Loeb. Dynamics and grav-
itational interaction of waves in nonuniform media. Phys.
Rev. D, 45:525-531, Jan 1992.

[64] G. W. Gibbons. The Jacobi-metric for timelike geodesics
in static spacetimes. Class. Quant. Grav., 33(2):025004,
2016.

[65] Sumanto Chanda, G. W. Gibbons, and Partha Guha.
Jacobi-Maupertuis-Eisenhart metric and geodesic flows.
J. Math. Phys., 58(3):032503, 2017.

[66] Sumanto Chanda, G. W. Gibbons, and Partha Guha.
Jacobi-Maupertuis metric and Kepler equation. Int. J.
Geom. Meth. Mod. Phys., 14(07):1730002, 2017.

[67] Sumanto Chanda, G. W. Gibbons, Partha Guha, Paolo
Maraner, and Marcus C. Werner. Jacobi-Maupertuis
Randers-Finsler metric for curved spaces and the gravita-
tional magnetoelectric effect. Arxiv: 1903.11805 (2019).

[68] Praloy Das, Ripon Sk, and Subir Ghosh. Motion of
charged particle in Reissner-Nordstrom spacetime: a
Jacobi-metric approach. Fur. Phys. J., C77(11):735,
2017.

[69] John Lighton Synge. Relativity:
North Holland Publishing Co., 1960.

[70] Matthias Bartelmann. Gravitational Lensing.
Quant. Grav., 27:233001, 2010.

[71] Stella Seitz, Peter Schneider, and Jurgen Ehlers. Light
propagation in arbitrary space-times and the gravita-
tional lens approximation. Class. Quant. Grav., 11:2345—
2374, 1994.

[72] Simonetta Frittelli, Thomas P. Kling, and Ezra T. New-
man. Image distortion from optical scalars in nonper-
turbative gravitational lensing. Phys. Rev., D63:023007,
2000.

[73] Xiankai Pang and Junji Jia. Gravitational lensing of mas-
sive particles in Reissner-Nordstrom spacetime. Class.
Quant. Grav., 36(6):065012, 2019.

[74] John Lighton Synge. Relativity:
North Holland Publishing Co., 1956.

[75] Clarissa-Marie Claudel, K. S. Virbhadra, and G. F. R.
Ellis. The Geometry of photon surfaces. J. Math. Phys.,
42:818-838, 2001.

The general theory.

Class.

The special theory.



