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Abstract In this work, we derive two formulas encoding
the polarization direction and luminosity of synchrotron radi-
ations from the moving electrons in curved spacetime under
the geometric optics approximation. As an application, we
further study the polarized images of synchrotron radiations
from electron sources in Schwarzschild black hole spacetime
with a vertical and uniform magnetic field. In particular, by
focusing on the circular orbits of electrons on the equato-
rial plane, we show the polarized images of the synchrotron
radiations from these orbits for different observational angles
and discuss the variations of the polarization directions con-
cerning the angles.

1 Introduction

In 2019, the Event Horizon Telescope (EHT) Collaborations
published the first images of a supermassive black hole in
MS87 [1]. This opened a new window to study various prob-
lems in strong-field gravity and the physics of accretion disks
via electromagnetic signatures. Very recently, the EHT Col-
laborations released the polarized images of the black hole
[2,3], which reveal a bright ring of emission with a twisting
polarization pattern and a prominently rotationally symmet-
ric mode.

Over the past few decades, people have been trying to sim-
ulate the polarimetric images of black holes to understand the
properties of the accretion disk and spacetime geometry [4—
14]. For some recent studies on the polarized images of the
black hole, see [15-22]. In these works, the synchrotron radi-
ation sources are considered charged fluids. The polarization
vector is first defined in the locally flat comoving reference
frame of fluids and then transformed to the laboratory frame
with a non-flat metric. One way to determine the polariza-
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tion vector radiated from the charged fluids is based on the
Boltzmann equation [23] and employing numerical simula-
tions. The other way is just to set the polarization vector
perpendicular to both the wave vector of the radiation and
the magnetic field in the fluid frame as a toy model [16].
The former results are more realistic. However, the cost of
numerical simulations is relatively high, and it is challenging
to see how to decouple astrophysical and relativistic effects.
Although the latter is a simplified model, it can help us intu-
itively understand the polarized image.

The polarized images originate from the polarized syn-
chrotron radiations from electrons orbiting the black hole.
Thus, theoretically, it is interesting to have a good insight into
the polarized synchrotron radiations from electrons as spots
orbiting a black hole. In this mechanism, the polarization
vector can be extracted from the electromagnetic radiations
of charged particles governed by the Maxwell equations.
As for the electromagnetic radiations of charged particles
in curved spacetime, a seminal work was made by DeWitt
and Brehme (DB) in [24], where they first studied the electro-
magnetic radiation damping in a gravitational field and gave
the expressions of the electromagnetic Green’s function and
electromagnetic field tensor in a curved spacetime using the
Hadamard expansion techniques. In particular, they found
the electromagnetic Green’s function would give rise to a
“tail” term that invalidates Einstein’s equivalence principle
(EEP). Moreover, the equations of motion of charged par-
ticles that they derived had a computation error, which was
corrected by Hobbs in [25]. This problem was generalized to
a charged body coupled to a Maxwell field on an arbitrary,
fixed curved background by Quinn and Wald (QW) in [26].
In the electromagnetic case, they postulated a “comparison
axiom” and then obtained their result, which exactly agreed
with that of DeWitt and Brehme, as corrected by Hobbs.
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In this work, we would like to consider electrons as source
spots and investigate the polarized images of synchrotron
radiations from electrons orbiting a black hole immersed in
a uniform magnetic field. Based on DB’s pioneering work
[24], we first work out two formulas encoding the direction
and luminosity of the radiation in a covariant way. These for-
mulas are valid for any curved spacetime. Then we focus on
the circular orbits of electrons accelerated only by a uniform
and vertical magnetic field on the equatorial plane in the
Schwarzschild black hole spacetime and apply our formu-
las to study the polarized images of synchrotron radiations
from these orbits. It is worth emphasizing that our formu-
las are wider than circular orbits. Compared to the method
developed in [16] where they consider the radiations of ion-
ized fluids, the polarizations of radiations from collisionless
charged particles we consider in this work are not only per-
pendicular to the magnetic field in the local rest frame of
charged particles; instead, all the components of the radi-
ations are included. In addition, we haven’t introduced the
degree of linear polarization in the current work. Though the
fluid method applies to high-density plasma, it needs to intro-
duce parameters of the accretion flow, such as the magnetic
field strength, in the local rest frame, which further depends
on the phenomenological assumption. The charged particles
in low-density accretion disks may have a relatively long free
path and be considered collisionless [27]. Thus, our method
developed in this paper has the potential to work in the mag-
netosphere with dilute plasma, where particle collisions can
be neglected for dynamical processes such as jets and so on
[28,29]. Moreover, since our formulas are all covariant, ana-
lyzing the radiations in this scheme in terms of a given back-
ground and an electromagnetic field has theoretical advan-
tages.

The remaining parts of this paper are organized as follows.
In Sect. 2, we work out the expressions of the luminosity and
the polarization vector of synchrotron radiation after review-
ing DB’s work concisely. In Sect. 3, we complete other the-
oretical preparations for calculating the polarized images of
synchrotron radiations around a Schwarzschild black hole.
In Sect. 4, we show the polarized images for some specific
examples. We summarize and conclude this work in Sect. 5.

2 Synchrotron radiation in curved spacetime

In this section, we try to understand the synchrotron radia-
tion of charged particles in a curved spacetime under geo-
metric optics approximation. The electromagnetic radiations
of moving charged particles have been discussed in [24-26].
Here we first give a brief review of DB’s work, then we derive
two novel formulas on the luminosity and polarization vector
of radiations.

@ Springer

2.1 Bi-tensors and Green’s functions in curved spacetime

In flat spacetime, the radiations of a moving charged particle
have been well-studied [30]. By using the retarded Green’s
function, the gauge potential caused by a charged particle in
motion is simply

Ap(x) = 4w /d4x’Glrglt(x —xHJ¥x"), 2.1)

where the moving charged particle induces the current

JY) = e/dtZ“(t)8(4)(x/ — z0(1)). (2.2)

Z“ is the 4-velocity of the particle and z¢(7) characterize the
worldline of the particle. The corresponding gauge potential
is the Liénard-Wiechert potential. The corresponding field
strength consists of two parts: one part independent of the
acceleration is the static field, and the other, depending lin-
early on the acceleration, is the radiation field.

In curved spacetime, a similar radiation problem has been
addressed by DB in [24] to understand the radiation damp-
ing and the Equivalence Principle for the charged particle
in motion. Next, we would like to give a brief and neces-
sary review of the pioneering work by DB. A key point in
DB’s treatment is to develop the theory of bi-tensors connect-
ing the tensor fields at two different spacetime points, x and
zZ, to study the covariant Green’s functions. (For a different
approach using the vielbein formalism, see [25]) .

We closely follow DB’s conventions. Let z be the point of
the source, and x be other points in the spacetime. The letters
of the Greek alphabet « to « are assigned to the point z, while
indices taken from X to w are left to the points x. For exam-
ple, z* and x* are the coordinates of z and x, respectively.
s(x, z) is defined as the bi-scalar of the geodesic interval,
which denotes the geodesic length connecting x and z. We
can conclude that lim__,, s(x, z) = 0, and we can see that
s(x,z) = ds(x) when considering z = x + dx, that is to
say, at this moment we can take s as the proper time of the
geodesic through the point x. Moreover, s > 0 denotes a
spacelike interval, and s < 0 means the interval is time-
like, while s = 0 defines the light cone. Given a sufficiently
large interval, s may change sign. However, if we focus on a
small neighborhood of a given source, the geodesic interval
is single-valued. Thus the covariant expansions can be per-
formed to identify the asymptotic forms of Green’s functions
containing the information of the electromagnetic waves. It
turns out to be convenient to introduce the quantity

o =+1/252,

(2.3)

to avoid the “branch point” problem, which is positive for
spacelike intervals and negative for timelike ones.
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Furthermore, in addition to the ordinary tensors, which

act on the point z or x, we need to introduce bi-tensors, of
which some indices refer to the point z and the other ones
refer to the point x. For example, we have a bi-vector 7),4,
in which p refers to the point x and « refers to the point
z. Then, it is useful to introduce the bi-vector of geodesic
parallel displacement, denoted by g, (x, z), which plays the
role of transforming the given bi-tensor into a new bi-tensor
all of whose indices refer to the same point. The definition
of g, is given by the following equations
V'oVigua =0, V0V, g =0, }1_)mz g, =38,
For a local vector V), at the point x, it can be generated from
Ve at the point z by parallel displacement along the geodesic
from z to x, that is, V,, = g,f‘ V. Similarly, one can easily
apply the geodesic parallel displacement to local tensors of
arbitrary order. For our work, we will not show more details
of bi-tensors, which can be found in [24].

Since we are interested in electromagnetic radiations, we
next turn to the solutions of the covariant vector wave equa-
tions, which take the form

V'V, A, + RM”AU = Ju, 2.4

in the Lorenz gauge V, A* = 0. Green’s functions for the
vector wave functions can be obtained from the Hadamard’s
“elementary solution” [31]

Gl(j& = (Qn)? (uwofl + Ve logo + w,w) (2.5)

by moving into the complex plane, where, U4, Vo, Wya
are bi-vectors. As a result, the “symmetric”” Green’s function
G .« (x, ) can be found in this form [24]

Gua(x,2) = (87) Nuyad(0) — vyab(—0)] (2.6)

where §(o) is the §-function and 6 is the Heaviside func-
tion with 1,4 & gus and v, being determined by solving
the source free equation V”VUG,% + RM" G]()B:O. The term
u,o6(0) shows that a sharp pulse of electromagnetic radi-
ation travels along the null geodesics between the source z
and the field x, with its polarization vector being parallel-
transported. The other term v;,,6(—0) in the Green’s func-
tion, often referred to as the “tail”’ term, describes the electro-
magnetic radiations produced by the source whose geodesic
intervals s(z, x) are timelike. It shows that the sharp pulse
can develop a “tail” due to the scattering with the “bump” in
curved spacetime. Then the retarded Green’s function that we
desire for the vector wave equation can be formally expressed
as

G'%(x,2) = 20[Z(x), 2)Gpa(x. 2), 2.7)

where z is the source point, X(x) is an arbitrary spacelike
hypersurface containing the field point x, and O[X (x), z] =
1 — ®[z, ¥(x)] = 1 when z lies to the past of X(x) and

Fig. 1 A diagram of radiations at the field point x on a spacelike hyper-
surface X (x). Z% is the 4-velocity of the charged source

®[X(x), z] = 0 when ¢ lies to the future. In Fig. 1, we show
the radiations received at a field point x on X (x).

2.2 Electromagnetic fields near a point particle

The Green’s functions G ua(x, z) cannot be solved pre-
cisely in generic curved spacetimes. Nevertheless, we can
do covariant expansions of G ua (X, 2) around z to obtain the
electromagnetic fields generated from the source in the very
near region of point z. In particular, since we are interested
in the synchrotron radiations emitted from non-geodesic
charged particles, we only need to include the contributions
from the history of the particle at and before the point z¢ to
determine the electromagnetic field at point x in Fig. 1. As
shown in Fig. 1, Z% is the tangent vector of the world line
of the source, and the proper time is set to be t. For any
7, one always has a certain spacelike hypersurface ¥ whose
normal vector is Z%. Then the induced metric on X can be
defined as h*? = g®f 4 7% 7P At the proper time 5, the
source arrives at the point z. We introduce a fixed field point
x which has a small spatial distance € deviated from zy on
the hypersurface X, and in terms of the induced metric, we
can have the following relation:
hfV,oVgo = €% + O(e). (2.8)
This relation tells us that the quantities like V,, o are of order
O(e). For each geodesic interval s connecting the source
point z and the field point x, following the results in [24], we
can have the expansions of the bi-vectors:

1
Upg = |:1 - ERﬂVVﬂaVya + 0(63):| Buas

@ Springer
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(2.9)

1._ 1
Vpo = =581, <Ra,a — ggaﬂR) + O(e),

and
lovs 3
VgVao = gup + §Ra B V,oVso + O(e”),
_ 1
VB&ua = —ERMZVN + O,

Vil = (—%g‘LRMg —~ ég,mRVﬂ> V0 + O(e).
Here we emphasize that the so-called higher order terms
O(€?) and O(e?) mean the related terms involve two and
three covariant derivatives of o, respectively. Thus, the above
expansions are valid for any geodesic interval s, even for the
geodesic intervals on the light cone with s = 0.

With the expansions of Green’s functions, the retarded
gauge potential of a point charged particle reads

“+00
ret __ ret 7o
Ay —47T€/ G2 dt
—00
70

= —e¢ [uwz"‘(vﬂazﬂ)—l]r_m + e/ IWAY -
= —0o0

where we have defined tp as the proper time of the point
particle at the point zg in Fig. 1, and e is the particle’s charge.
The corresponding electromagnetic field strength tensor can
be obtained by straightforward differentiation
FiS = 2e[ 2V, 0uy1a(ZP 2V V5V, 0) (Do)~
—(Z° D Vo uyg + De ZVi0ty)0) (Do) ™2
+Z% (Vipttve + Viuo v1e) (Dr0) ey

)
—2e / dtZ* Vi, vy)a

—00

(2.10)

where we have introduced the derivative operator along the
vector Z%, that is, D, = ZPVj. In Eq. (2.10), the lead-
ing terms of F ;ﬁ} are of order 0(6_2), and they are, in fact,
from the Coulomb potential, which would give a renormal-
ization of the mass of the point particle but won’t contribute
to the radiations. The subleading terms being of order O (e 1)
from the lightlike part would contribute to the radiations
mostly. The synchrotron radiations originating from the grav-
ity involving curvature tensors are of order O(e”) both in
the lightlike part and in the “tail” part. The radiations from
the complicated “tail” term involve the integrations over the
whole history of the particle, and they won’t be observed
if we only keep them for a limited time interval. Moreover,
such radiations are sub-leading but could be significant in a
strong gravitational field.

2.3 Synchrotron radiations and polarization vector

Next, we turn to find out the electromagnetic radiations and
synchrotron radiations generated by a non-geodesic point

@ Springer

particle acted upon by the Lorentz force and extract the cor-
responding electric component as the polarization vector, as
well as its strength.

Note that the geodesic interval between the point zp and
the point x is on the light cone; thus, we are allowed to define
V.0 = €k, at the point zg, where kyk* = 0 is a null vector
along the light cone. Then, it’s easy to conclude that at the
point x, we have V0 = —g Vo0 = —ek,. After some
calculations, the electromagnetic field tensor in Eq. (2.10)
can be expanded and rewritten as

o0
Fit =" FDed + (tail part), .11
d=-2
where
F? =26 [Z%gne ke 2D 7] 2.12)
(2.13)

=10

FGY = 4e [k[ugma (k,ngz[ﬁz‘”)(knz'?)*]

FS) = 2ef kiyguia Z°

d

i} 1 _
+ (*k[vngRMg + fk[vgmaRﬂy) k, 2% ZP (ky2") 72

1
RS fkoks 2P 27 + ER”@@) (kyz™~3

— W=

2 6

Iy s _
+6gg[vg,t]aR9 Jkyks 2% 2P (ky 2

g s v Lo Y
= [ky (Eé’ w8 Rsap T 8 w&nla Ry

1. _ 1 _
+§k[\,guﬁ] (Raﬂ - 6gﬂ,,sR> ](knz") 1} (2.14)

=10

In Eq. (2.11), the electromagnetic radiations of charged parti-
cles involve a tail term which gets contribution only from the
spacetime curvature. Due to the presence of a tail term, the
EEP is invalid for the electromagnetic radiations of charged
particles in curved spacetime. Nevertheless, as the leading
order of the tail part is of O(€?), if we focus on the photons
with high enough frequency, the tail part can be dropped and
only F,E;z) and F, ,i;l) terms survive. As a result, the EEP
is valid for electromagnetic radiations of charged particles
under the approximation of geometrical optics. Our results
are consistent with Eq. (23) in QW’s paper [26].

Moreover, the term F, /(LZ corresponds to the electromag-
netic field generated by the Coulomb potential. And a nonva-
nishing F ,S;l) would give a non-trivial electromagnetic radi-
ations dependent on the 4-acceleration of charged particles
D.Z%. In other words, if the charged particles move along
geodesic trajectories, this term would vanish, so we focus
on the particles in non-geodesic motions in the following
discussion.
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When charged particles of mass m are only impacted by
a magnetic field
e
D. 2% = —F%ZF, (2.15)
m
electromagnetic radiations are the so-called synchrotron radi-
ations, which have an excellent property of polarization
encoding the information of the source and the magnetic
field. Therefore, it is fascinating to have a careful study of
synchrotron radiations.
The electric vector can be extracted from the electric com-
ponents in F, ,i;l) via a timelike tetrad
1 (—Duv
Ef = -F'" VMg, (2.16)
€
where &, is the timelike component of a local Minkowski
frame that can be chosen arbitrarily. The form of F, ,ﬁ;l) of a
general electromagnetic wave can always be rewritten as

FGY =k Ay =k Ay, (2.17)

where A, can be read from the expression (2.13)

A, = —de [gw(kﬁDrz[ﬂz“])(k,,z”)*] (2.18)
T=10

Taking into account the conditions, k-k = Oand k- A = 0, we
obtain the luminosity of the synchrotron radiations emitted
by the source Z*:

L =4ne’EFE, = 4n(k,ZP)* (As A%), (2.19)

Plunging the definition of k, into the Eq. (2.8) we have
ko Z* = 1. Combining with this relation, we substitute the
expression of A, into L and finally find the luminosity

L =4nlkgD. 2P 2% — D, 2%2

T=10"

(2.20)

Next, we move to the polarization vector of the syn-
chrotron radiations. Because the polarization vector f#* o
E" should be normalized and transverse along the null
geodesic, we have f*f, =1, f#k, = 0. Note that a gen-
eral polarization vector of the electromagnetic wave has four
components but only one physical degree of freedom. The
reason is that apart from the above two constraints, gauge
freedom exists. We can see that the physical information of
the polarization vector remains unchanged if one chooses dif-
ferent observers. Considering the fact that £/ can be regarded
as the 4-velocity of an observer, we change & to &', it is not
hard to check that the variation §f#* = f'* — f# satisfies
S5f*éfu = 0,8f"k, = 0, which means that it is propor-
tional to the 4-momentum of radiation, i.e., § f* o k*. In this
sense, f* is indistinguishable from f*: they differ only by
a gauge transformation proportional to k*. Moreover, from
Eq. (2.17), we can see that

o~ FEDmE — (A,6V)k, — (koE")Ay. (2:21)

The first term (A, &)k, o k, is just a gauge term that can be
dropped, and therefore without loss of generality, the polar-
ization vector can be taken as

Au
Ju= 5
VA
where we have normalized the vector appropriately by a fac-
tor N~!. Here we would like to stress that one can recover the
term (A, £")k,, ok, inEq. (2.21) from the expression in Eq.
(2.22) under a certain observer denoted by &, by requiring

= N [Zua kD 217 2] (2.22)

=10

fre, =0, (2.23)
which can be easily derived by the definition of polarization
vector fH.

The formulas (2.20) and (2.22) are the main results of our
work. They may reduce to those in flat spacetime, according
to the EEP. More importantly, they can be applied to explore
the polarized structure of synchrotron radiations in curved
spacetime without resorting coordinate transformations.

3 Polarization of synchrotron radiations around a
Schwarzschild black hole

As an application of Eq. (2.22), let us study the polarized
image of synchrotron radiations in the Schwarzschild black
hole spacetime. The Schwarzschild metric takes the form

oM oM\ !
ds2=—<1——>dt2~|—(1——> dr?
r r

+r2(d6? + sin® 0d¢?), (3.1

where M is the mass of the black hole. For simplicity, we
assume the black hole is immersed in a uniform magnetic
field [32] with a nonzero component of the gauge field!

Ay = %Brz sin’ 6, (3.2)
where B is a constant standing for the strength of the uniform
magnetic field. In particular, we want to emphasize that the
model we consider here does not involve the backreaction of
the magnetic field to the background spacetime. The space-
time is still characterized by the Schwarzschild black hole
metric.

3.1 The motion of source

In this work, the source of our interest is composed of
the large number of electrons moving in the region near a
Schwarzschild black hole. Since the Schwarzschild black

hole is bathed in a uniform magnetic field, the equation of

! The analysis of the polarized images employed by our method has
been applied to a Melvin magnetic field in [33].

@ Springer
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motion of electrons must include a Lorentz force term [34].
For such an equation, one cannot obtain a general analytical
solution. To simplify our discussions, we will constrain the
charged particles’ motion to the equatorial plane vertical to
the uniform magnetic field and consider their circular orbits.
Thus, the tangent vector of the world line of the source takes

Z% = (f5, 75, 0, ¢y), (3.3)

where we have set 6, = 7 /2, rg = const with the subscript
s signifying the source, and the - means the derivative with
respect to the proper time 7. Because the energy £ = —mZ;
and angular momentum L = mZy + gqAy are conserved
along the world line of the source, where m and g are the
mass and the charge of the source, respectively, we can obtain

2 =Ry =& - (1 - ZM)

s

2
+[1+r3<£2—5’> ]=0,
r?

from the normalization condition of 4-velocity, that is,

(3.4)

Z*Zy, = —1. Note that in Eq. (3.4), we reparameterize
B, E, L as
B
=12
2m
. 2M
EEE/m=ZS<1— ),
Is

L=L/m= ¢'>er2 + Brsz. 3.5

In our convention, 3 is always set to be positive, as a negative
B system is equivalent to a positive 3 system via a reflection
transformation. Thus, a positive £ corresponds to a prograde
orbit and a negative one to a retrograde orbit, see Fig. 2. For
circular orbits, one further has R'(rs) = 0 corresponding to
¥y = 0, with ““/” the derivative with respect to r, which gives

rs (%—B) [52 <1—3M)+B(1—%>}—%2=0.
rS rS I I rs

(3.6)

Note that £ does not appear in Eq. (3.6). Thus we can use this
equation to identify the reparameterized angular momentum
L for given ry and B. Then, plunging £, B and r; in Eq.
(3.4), one can obtain the reparameterized energy £. Then
the 4-vector Z* can be completely determined. The initial
conditions we need to know are the source orbit’s radius and
the magnetic field’s strength around the black hole.

In addition, only some of the timelike circular orbits are
stable. For example, for a vacuum Schwarzschild black hole,
the timelike circular orbits inside »r = 6 M are unstable, and
the critical radius is known as the innermost stable circular
orbit (ISCO). In the following, we would like to focus on
the situation in the radial position of the source located from
rs = 6M tory, = 10M.

@ Springer

P>
Vo
VA
B=0.2
// 6, .

// N\ Retrograde
\ f £ <1
\\ e

e ®_——~

e ~'{ISI;grade
L350

Fig. 2 Adiagram of retrograde (£ < 0) and progra@e (£ > 0)orbits of
electrons. We set the direction of the magnetic field 3 along the positive
axis of z. 6, is the inclination angle of the observer

3.2 Propagation of light and image of source

Up to now, we have known the information on the orbits of the
source and the polarization vector of synchrotron radiations
caused by the source. However, since our final task is to
find out the information on the polarization of synchrotron
radiations at the position of an observer, which is generally
placed at infinity, we have to figure out the propagation of
electromagnetic waves from the source to the observer. For
simplicity, we only consider high-frequency emissions such
that we can use the geometric optics approximation to deal
with the propagation problem. That is to say, the emissions
that spread away from the source go along null geodesics in
spacetime.

Null geodesics in Schwarzschild black hole spacetime
have been studied very clearly [35]. Here we only introduce
some basic physical quantities and useful formulas. In our
convention, we use k** to denote the 4-momentum of photons.
Even though there is spherical symmetry in the spacetime of
a Schwarzschild black hole such that the source can be fixed
at 0y = m /2, the observers are not necessarily on the equa-
torial plane. Thus k¥ cannot be set to zero in general. Along
the null geodesics, there are three conserved quantities, the
energy w and the angular-momentum / and Carter constant

0%,

2
0=k, l=ksy, Q*=ki+ 2. (3.7)
sin“ 6
Then, from k*k,, = 0, one can find
oM\ ! VR
K = <1 - —> K o =+ z(r),
r r
[CIC A
o=+ 4oy, = 2 (3.8)
r r2sin® 6
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where,
R(r) = r* — (r> = 2Mr)p?, (3.9)
) W
0B) = p* - 3.10
©)=p e (3.10)

with the impact parameters A = [/w and p> = Q?/w*. Next,
consider an observer with the coordinate (7,, 1o, 6,, ¢»). The
position of the photons reaching the eyes of the observer
can be described in terms of celestial coordinates, which are
usually chosen as

A
o = —— )
sin 6,
B =FovO (b)), (3.11)
where +, = sign(kg) denotes the sign of k in the

observer’s frame. Alternatively, for convenience, one can use
the polar coordinates (p, ¢) instead of the Cartesian coordi-
nates («, B). The two coordinate frames are related by

p:,/az—l—ﬁz:g, tancp:é.
w o

Then, considering the null geodesics connecting the source
(5, rs, /2, @) to the observer (¢,, o, 6,, P,), One integrate
Eq. (3.8) and has

(3.12)

I, = Go, A¢ =, — ¢ =)\G¢» (3.13)
where
][ro dr ]["o de
Ir = —7 Ge = —S
re T/ R(r) 772 o/ 0O(0)
G ][9 csc2 0do (3.14)
A APNCID) '

with the notation f indicating that these integrals are path
integrals along the photon trajectories. And the symbols
+, = sign(k”) and +¢ = sign(k?) indicate the sign of k"
and k%, which switch at radial and angular turning points,
respectively. Let m be the number of times light rays cross
the equatorial plane from the source to the observer. One can
find

1 ( sin ¢ ) mm
Gg = —arccos | ——————| + —.
o

P V/sin? ¢ + cot2 6,

Here and hereafter, we set M = 1 for simplicity and with-
out loss of generality. In addition, different values of m cor-
respond to the (m + 1)th image on the observers’ screen.
In this work, we would like to focus on the primary image
and secondary image of the source. Now, from Eqs. (3.11-
3.15), one can completely obtain the image of the source on
the observer’s screen, given the spacetime coordinates of the
source and the observer.

(3.15)

3.3 Penrose—Walker constant

In this subsection, we study polarization information trans-
mission along null geodesics connecting the source and
the observer. Note that, for a spacetime of Petrov type-D
[15], there is a conserved quantity along the geodesics for
a parallel-transported and transverse vector, dubbed as the
Penrose—Walker (PW) constant, which is typically written
as

2r[ (kML) (f ) — (kMo ) (F V)]
= o (k1 +iK2),

K

(3.16)

for a Schwarzschild black hole spacetime. In the above for-
mula, r is the radial coordinate introduced in the metric (3.1),
k™ is the 4-momentum of photons, f* is the polarization vec-
tor, k1,2 are rescaled real part and imaginary part of PW con-
stant, and {i Kok, m#, rfz“} are the Newman-Penrose tetrads
taking the form

1 [
n=—— 3%+ —0p|.
" 2r|:0 sm@q)}

) P

2r |: o m ¢:| ’
From Eq. (3.16), we can see that all the information of polar-
ization is encoded in the PW constant at the source, thus con-
sidering the light rays connecting the source and the observer,
we can decode the information of polarization at the observer.
On the screen of observers, the polarization vector can be read
from the PW constant as

(3.17)

£ = (£ Ep),

1
= p(ﬁ/cg + aky, Bk — k). (3.18)

3.4 Image fluxes

In this subsection, we turn our attention to the calculations of
the image fluxes. Since the source in this work is a charged
particle with a finite size, Eq. (2.20) cannot be directly used to
give the total flux of the image on the screen. The formalism
for dealing with such a problem was developed in [36] for
an extremal black hole and was generalized to include the
non-extreme case in [37]. In this paper, we closely follow the
method presented in [37], which has been applied to calculate
the observational signature for near-extremal black holes in
the modified theory in [38,39].
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Firstly, we introduce the Newtonian flux, which is related
to the luminosity by

L
Fy = m (3.19)
where r, is the distance between the observer and the source.
The distance r, can be large, r, > 1. Then, we assume that
the source has a minimal proper radius b < 1 emitting with
the intensity I in the rest frame of the source. The relation
between the intensity and the luminosity is given by

L
= e
Taking the gravitational effect into account, we find the fluxes
of the image

dadf , A
F():# 7 8 Li=—738Fn,

o

(3.20)

(3.21)

where g = v,/ vy is the redshift factor and A = ¢ dadp is
the area of the image.

To determine the area of the image A, we would like to
introduce a local Minkowski coordinate system (7', X, Y, Z)
in the neighborhood of the source so that we have

Tey + Xeqy +Ye) — Zep) = (xH* —xt )aﬂ, (3.22)

where x4 are the position coordinates of the source and e(;)

are the tetrad of the source. In this work we choose ¢(;) to be

e _ y 8t + Q 8¢ e _ ar
® v 81t ' ” grr’

epy=—=, €e¢p)=V|vs—=+—"—].
@ /866 @ ’ A 8t N2

with Qg = ‘é—‘f being the angular velocity of the source and

(3.23)

y = 804 . (3.24)
V1= v2 — 81t
Using the terminology introduced in [37], we call the sur-
face T = X = 0 the “source screen” and denote by (Y, Zy)
the position of the intersection of a light ray with the source

screen. Then the area of the image becomes

A= #d ap = | 2 %P

S
where ‘ a‘z;‘jgz ) is the Jacobian determinant between («, 8)

dYdZ,, (3.25)

and (Ys, Zy). In addition, the projection of the hemisphere of
the source onto the screen is an ellipse with an area

b2
#dY dZs = — (3.26)
Ik x|
where the unit vector & is given by
r— (r) ¥ @)y ©)
k= (k R+kDY _k z) (3.27)

@ Springer

Then we can read the area of the image

b* | 3,
_ v ‘ (@ p) (3.28)
|k - X]| 5
and find that the image flux takes the form
‘L (e,
__ &L ‘ (o, B) (3.29)
drr2lk - X| 5

Here we omit the detail of the computation of the Jacobian
determinant ‘ de.f)

the details in [37].
Hereto, we have completed all the theoretical preparations
and are ready to apply our model to some specific situations.

, and suggest the interested readers find

4 Specific cases

In this section, based on the model we introduced, we would
like to show some specific cases, including the sources in
different orbits, the background with different magnetic field
strengths, etc. From Egs. (2.15) and (2.22), we can see that
the strength of the magnetic field B does not influence the
direction of the polarization vector. Thus we fix B = 0.2 in
the following discussion.

In Fig. 3, we show the primary images of different sources
and their polarization directions for6, = 0, 7 /6, v /3 at B =
0.2. The upper panel is for the retrograde orbits, and the
lower one is for the prograde orbits. The light blue curves
are the images of the source, and the red lines stand for the
polarizations at different positions. As well, the radii of the
source orbits are r; = 6, 8 from the inside out. Note that the
magnitudes of the image fluxes for different observational
angles are very different, so we normalize the image fluxes
in specific and suitable ways for each observational angle to
show better the information of the fluxes in the plots. More
precisely, for 6, = 0, we set the length of the red line Ly to
be in direct proportion to the magnitudes of the image ﬂuxes
that is, Len o< Fy,. For 6, = /6, we set Len = 5 log me,

where F ;ni“ means the minimum of F, of all the calculated
polarizations for a fixed observational angle 6, while for 6, =
/3, welet Len = log

leﬂ
We also show the results of the secondary images of the

sources and polarization directions for 6, = 0, 7 /6, 7 /3 at
B = 0.2inFig. 4. Likewise, the upper panel shows the images
of retrograde orbits, and the lower one shows the pictures
of the prograde orbits with light blue curves indicating the
photos of the trajectories at r¢ = 6, 8. Different from the
primary images, we use the red and blue line segments to
present the polarizations for r; = 6 and ry = 8, respectively,
since the pictures of these two orbits are very close and parts
of the line segments of the polarizations overlap so that they
are hard to distinguish with the same colors. In addition, the
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Fig. 3 Primary images of sources and their polarizations at B = 0.2

normalization of the fluxes in the secondary images is the
same as those in the primary ones.

From Figs. 3 and 4, we can see qualitatively that for the
prograde orbits, the angles between polarization directions
and the corresponding lines through the origin and the celes-
tial coordinates are tiny. In other words, the polarizations
from the prograde orbits are more likely pointing to the center
of the screen of observers. While for the retrograde orbits, the
angles between polarization directions and the correspond-
ing lines through the origin and the celestial coordinates
become larger as the inclination of the observer 6, increases
in [0, 7 /2]. As for the magnitudes of the image fluxes, there
are many differences between the retrograde and prograde
orbits for both the primary and secondary images. For the
direct images, the magnitudes of the image fluxes change lit-
tle when r; goes from 6 to 8 for the retrograde orbits, while
they decrease significantly for the prograde orbits. For the
secondary images, the situation becomes more complicated.
In short, the magnitudes of the image fluxes have changed for
both the retrograde and prograde orbits, but the changes are
more significant for the prograde ones. Moreover, we can find
that the Doppler effect is more pronounced for the retrograde
orbits when 6, = 7 /6, /3.

" " L L s s
5 10 -10 -5 0 5 10

In particular, we can see three patterns of the polarizations
in Figs. 3 and 4, that is the closed whorl, the open whorl, and
the radial pattern. And the patterns of polarizations are quite
different for the prograde and retrograde orbits, and are also
different for the primary and secondary images. In Fig. 3,
for the primary images of the sources in retrograde orbits,
the rings of polarization ticks look like closed whorls when
6, = 0°, but then look like open whorls with the breaking
points at (¢ = &max, B = 0) when 6, = 30° and 6, = 60°.
In Fig. 4, for the secondary images of sources in retrograde
orbits, the rings of polarization ticks are all closed whorls
when 6, = 0°, 30°, 60°. As for the prograde sources, we can
see that all the rings of polarization ticks are radial patterns
for both the primary and secondary images, no matter what
the observation angle is.

To make the description of the polarization angle more
intuitive, from Egs. (3.12) and (3.18) we introduce a new
angle defined as

K2> n sign(ky) — ln @1

= —arctan | —
K1 2

Here we specify that the angle ¥ increases along the counter-
clockwise direction; for example, in Fig. 5, we have ¥ > 0.
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Fig. 4 Secondary images of sources and their polarizations at B = 0.2

Note that the term Sign('(%n is added to ensure the 1 func-
tion is continuous in (—7, 7r), since arctan-function is usu-
ally defined in [—m /2, w/2]. Also, this term doesn’t affect
the polarization information since ¥, and ¢ — 7 indicate the
same polarized light in physics. Thus, we can see that after
the vector at the angle of ¢ € [0, 27] from the «-axis goes
through a v rotation, and it’s going to be parallel to the polar-
ization vector at the point (p, ¢) on the ¢ — 8 plane. Now,
we are allowed to use i to quantitatively reflect the extent to
which the polarization direction deviates from ¢.

On the other side, note that the electric vector position
angle (EVPA) is usually defined as

1 & 1 —
EVPA = — arctan =2 = — arctan M 4.2)
2 E 2 Bror + ak
which is related to our new angle i by
1 — sign(ky)
2EVPA = o+ ¢ + ——7 4.3)

2 9
with ¢ = arctan g In this work, we would like to pay more
attention to the deviation of the polarization direction from

@, so we use the angle v instead of the EVPA. In addition,
there exists an axial symmetry for the image when 6, = 0

@ Springer
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Fig. 5 A diagram of an angle between the polarization vector and the
radial vector at (p, ¢) in the @ — 8 plane

and ¢ can reflect this property more obviously; see the first
column in Fig. 6.

Considering the intensities of the secondary images are
much lower than those of the primary pictures, we show the
results of Y for the primary images in Fig. 6. From Fig. 6, we
find that for both the prograde and retrograde orbits, |V |max
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Fig. 6 The variation of 1 with respect to ¢ for primary images

becomes larger as 6, € [0, /2] increases and the orbit radius
rg > 6 decreases. In particular, when 6, = 0, that is, the
observer is at the north or south pole, ¥ = 0 is always
true. However, compared with the prograde orbits, | |max
of the retrograde orbits at the same radius is much larger.
The polarization structures are significantly different for the
prograde and retrograde orbits. In addition, as a warm-up, in
this work, we only consider the Schwarzschild black hole,
which has no spin. We cannot directly compare the above
images with the polarization images taken by EHT. Never-
theless, we may learn some qualitative lesson by comparing
two images. From the real polarized image of the supermas-
sive black hole in M87, one can see that the most apparent
feature is the shape of the polarization ring, which takes in a
closed whorl pattern. As far as the results are concerned, we
can see that our models’ polarization structures of retrograde
orbits are quite similar to those of the polarization image
taken by EHT. This could suggest that the flow of charged
particles should be retrograde, and the observational angle
should be tiny.

5 Conclusion

In this paper, we have derived two formulas in the geometric
optics approximation to describe the direction and the lumi-
nosity of polarized synchrotron radiations when a magnetic
field accelerates charged particles in curved spacetime. We
applied our formulas to study the polarizations of synchrotron
radiations in a Schwarzschild black hole with a vertical uni-
form magnetic field. We focused on the case that the sources
travel in retrograde or prograde circular orbits on the equato-
rial plane. We showed the primary and secondary images and
polarizations for various inclinations of the observers, as seen
in Figs. 3and 4. In particular, we introduced a new angle ¥ to

90° 180°

quantitatively describe the deviations of the polarization vec-
tor from the radial vector at (p, ¢) on the celestial coordinate
plane, as shown in Fig. 6. Some interesting behaviors of the
polarizations were also discussed. Even though our model is
based on the synchrotron radiations from the electrons being
accelerated by a magnetic field, our results could provide a
basis for considering more physical effects theoretically. For
example, the charged fluids can be seen as a large number of
electrons involving interactions; thus, comparing our results
with the results of the fluid, one can distinguish the effects
of other physical interactions on the polarization.

In addition, our model can have important applications
in astrophysics. Firstly, our formulas are covariant, mak-
ing it convenient to be applied to a curved spacetime con-
taining a black hole. Secondly, our model can be seen as
a good approximation to describe the polarized images of
charged particles in low-density accretion disks. Moreover,
our method is suitable for studying the synchrotron radia-
tions of electrons in the magnetosphere, such as the jets. At
last, our formulas can be further used to investigate different
polarization modes, such as linear and circular polarization.
On the other hand, our present results for retrograde charged
sources for small observational angles show the shape of the
polarization ring takes in a closed whorl, which is consistent
with the observed polarized image of the M87 black hole.
According to our theoretical results, analyzing the shape of
the polarization ring can tell us whether the flow of charged
particles is retrograde or prograde, as the first step for further
studies.

We conclude this paper with some outlooks. First of all,
the environment outside a black hole is always messy. In a
realistic rotational spacetime containing a black hole, many
complicated ingredients, such as dark matter, jets, halo, etc.,
should be considered. To have a good insight into the polar-
ized images from EHT, one may have to appeal for an effec-
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tive metric to describe real spacetime. In this case, the effec-
tive metric could become very complicated, and the so-called
Penrose—Walker constant does not exist. Nevertheless, our
discussion still works well in this situation. Secondly, the
equations (2.20) and (2.22) may play a fundamental role in
studying the radiations of accelerating charged particles in
an arbitrary orbit. Based on our work, one could see differ-
ent features for reflected, bound, and plunging orbits from
the polarization information in the images. For example, the
radiations from the particles in the plunging orbits may come
to us without interacting with the plasma. As a result, they
bring “clean” information on the spacetime geometry and the
magnetic field configuration to us.
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