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ABSTRACT

A small number of active galactic nuclei are known to exhibit prominent double peak emission profiles
that are well-fitted by a relativistic accretion disk model. We develop a Monte Carlo code to compute the
linear polarization of a double peaked broad emission line arising from Thomson scattering. A Keplerian
accretion disk is adopted for the double peak emission line region and the geometry is assumed to be
Schwarzschild. Far from the accretion disk where flat Minkowski geometry is appropriate, we place an
azimuthally symmetric scattering region in the shape of a spherical shell sliced with ∆µ = 0.1. Adopting
a Monte Carlo method we generate line photons in the accretion disk in arbitrary directions in the local
rest frame and follow the null geodesic paths of the photons until they hit the scattering region. The
profile of the polarized flux is mainly determined by the relative location of the scattering region with
respect to the emission source. When the scattering region is in the polar direction, the degree of linear
polarization also shows a double peak structure. Under favorable conditions we show that up to 0.6%
linear polarization may be obtained. We conclude that spectropolarimetry can be a powerful probe to
reveal much information regarding the accretion disk geometry of these active galactic nuclei.
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1. INTRODUCTION

Active galactic nuclei (hereafter AGN) are charac-
terized by nonthermal continuum with prominent emis-
sion lines. It is believed that the central engines of AGN
consist of a supermassive black hole surrounded by an
accretion disk. AGN emission lines are usually classi-
fied by the width, where forbidden lines including [O
III]λ 5007 exhibit narrow width of about 500 km s−1.
In contrast to forbidden lines, permitted lines exhibit
very large widths typically an order of magnitude larger
than those of forbidden lines (e.g., Osterbrock & Fer-
land 2005).

The AGN emission lines are believed to be Doppler-
broadened, and therefore broad lines are particularly
important kinematic diagnostics of the central regions
of AGN. The reverberation mapping method may be
used to locate the broad permitted emission line region
within a fraction of light month from the central engine
(Blandford & McKee 1982). The profiles of most broad
emission lines show a single broad peak and may be
fitted by multiple Gaussian functions (Laor et al. 1994).
It appears that the broad emission region is composed
of a large number of small optically thick clouds moving
very fast near the central massive black hole (Arav et
al. 1998).

Despite intensive efforts, there has been a lack of di-
rect observational evidence indicating the presence of
an accretion disk in the central region of AGN. One ar-

gument for the presence of the accretion disk is the big
blue bump in AGN spectra. It was also proposed that
a partial obscuration by an accretion disk may leave an
absorption edge near the Lyman limit (Koratkar et al.
1995).

A small number of AGN exhibit double peaked
broad emission lines in their spectra (Eracleous &
Halpern 1994). These AGNs were discovered in broad
line radio galaxies. Later, from the Sloan Digital Sky
Survey project, double peak emitters were additionally
found among radio-quiet AGNs (Puchnarewicz et al.
1996). Eracleous et al. (1995) summarized the observa-
tional properties of these double peak emission AGNs
as follows: (a) Balmer lines are on the average twice
as broad as those of typical AGNs, (b) in the optical
spectrum starlight fraction is considerably larger than
typical AGNs, (c) low ionization forbidden lines have
large equivalent width and large [O I]/[O III] flux ratio
compared to those of typical AGNs.

In these AGNs discovered earlier, the blue peak is
conspicuously stronger than the red one. Chen et al.
(1989) computed line profiles assuming that the emis-
sion region is in the form of a finite disk rotating with a
Keplerian velocity around a Schwarzschild black hole.
In this case the stronger blue peak is a natural conse-
quence of the relativistic Doppler boosting. Their pro-
file fitting is quite successful considering the small num-
ber of fitting parameters such as the inner and outer
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radii of the emission disk, the inclination angle and
emissivity given in the form of a power law of the ra-
dius. An improved profile fitting was provided by Chen
& Halpern (1989).

The situation became more complicated when dou-
ble peak emitters with stronger red peak were reported.
Eracleous et al. (1995) invoked an elliptical disk model
to explain these line profiles. The accretion disk emis-
sion model is not the unique successful model for the
double peaked profiles. For example, binary broad line
regions were proposed by Gaskell (1996), and double
sided jets were considered by Zheng et al. (1990).

Spectropolarimetry contributed greatly to the unifi-
cation model of AGNs (e.g., Antonucci 1993). Broad
polarized flux of Balmer lines in the prototypical
Seyfert 2 galaxy NGC 1068 reveals the broad emission
line region that is obscured from the line of sight in the
case of type 2 AGNs (Antonucci & Miller 1985). The
constant position angle and degree of polarization may
indicate the fact that Thomson scattering is responsible
for the polarized flux. Laor (2006) investigated the Hα
emission line in NGC 4395 which shows quite extended
wings ≥ 2500 km s−1. He proposed electron scatter-
ing in the broad line region as the mechanism for the
formation of wings and thereby deduced a Thomson
scattering optical depth of τe = 0.34.

Spectropolarimetry provides views of two different
line of sights for the accretion disk emission region, so
that more refined models may be established (e.g., Lee
& Blandford 1997). In this paper, we compute the
linearly polarized flux by adopting an accretion disk
model where a free electron region is additionally in-
troduced.

2. MODEL AND CALCULATION

2.1 Keplerian Circular Motion in a Schwarz-
schild Geometry

Geodesics in Schwarzschild metric are detailed in
many textbooks of general relativity (e.g., Misner,
Thorne & Wheeler 1973). Luminet (1979), in partic-
ular, described the structure of null geodesics of the
Schwarzschild metric in detail in order to construct var-
ious images of the accretion disk around the black hole.
In this subsection, we describe the line profile from a
Keplerian disk around a Schwarzschld black hole with
the mass M .

For simplicity, we use geometrized units by setting
c = G = 1. The metric adopted in this work is

ds2 = −
(

1− 2M

r

)
dt2 +

dr2

1− (2M/r)
+ r2dΩ2 (1)

where the angular part is defined by dΩ2 = dθ2 +
r sin2 θdφ2.

The emitting particle is in Keplerian motion in the
direction ~eφ with θ = π/2, for which the Lagrangian

function L is

L = −
(

1− 2M

r

)
ṫ2 +

ṙ2

1− (2M/r)
+ r2φ̇2. (2)

Here, the dot represents the derivative with respect to
the proper time τ . From this Lagrangian, we have an
equation of motion in a form of energy conservation

Ẽ2
1 = ṙ2 +

(
1− 2M

r

) (
1 +

l̃21
r2

)
, (3)

where Ẽ1 = ṫ(1 − 2M/r) and l̃1 = r2φ̇ are the energy
and angular momentum integrals of the emitting parti-
cle. For a Keplerian circular motion, we have ṙ = 0 and
the effective potential has a minimum there. Therefore,
if we introduce the effective potential Veff as a function
of u = 1/r defined by

Veff (u) = (1− 2Mu)(1 + l̃21u
2), (4)

then the circular motion occurs at the minimum of
Veff . We also have

l̃21 =
Mr2

r − 3M
, Ẽ2

1 =
(r − 2M)2

r(r − 3M)
. (5)

Substituting Eq. (5) into Eq. (2), we obtain the coor-
dinate velocities

ṫ =
dt

dτ
=

√
r

r − 3M
, φ̇ =

√
M

r2(r − 3M)
. (6)

The four-velocity of the emitting particle in Kepele-
rian circular motion is given by

uα = [ṫ, ṙ, θ̇, φ̇] = ṫ
[
1, 0, 0,

√
M/r3

]
, (7)

which leads to the same form as the classical Keplerian
angular speed dφ/dt = (φ̇/ṫ) ∝ r−3/2 (e.g., Shapiro &
Teukolsky 1986).

2.2 Null Geodesics in Schwarzschild Metric

Due to spherical symmetry of the Schwarzschild ge-
ometry, all geodesics lie in a plane. We first follow
the formalism introduced by Luminet (1979) for pho-
ton paths in the equatorial plane, which, in turn, are
transformed into those in an arbitrarily oriented plane.

We assume that a photon initially at a position
(t, r, θ = π/2, φ) in a Keplerian disk is emitted in the
direction k̂ making an angle α with respect to the radial
direction ~er as measured by the local observer. Here,
k̂ is considered as a 3-spatial directional vector. First,
we describe the trajectory in the equatorial plane and
then we transform into a plane with an arbitrary angle
β with respect to the equatorial plane.
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For a photon traveling on the equatorial plane, the
impact parameter b is given by

b =
r sin α√

1− (2M/r)
, (8)

which is related to the periastron distance P by the
relation

b2 =
P 3

P − 2M
. (9)

Therefore, given b, a cubic equation for P is written as

P 3 − b2P + 2Mb2 = 0. (10)

Defining bcrit = 3
√

3M , we see that the cubic equation
has no positive root for b < bcrit, for which the pho-
ton paths are characterized by vanishing periastron dis-
tance. This implies that the null geodesic may extend
to the singularity of the Schwarzschild geometry.

When b > bcrit, the cubic equation has three real
roots. This condition is equivalent to the requirement

sin α >
bcrit

√
1− (2M/r)

r
, (11)

which describes the angular range of the sky seen from a
local observer located at r (see e.g., Shapiro & Teukol-
sky 1986). Among the 3 real roots for b > 3

√
3M ,

only one root is larger than b/
√

3, which is physically
meaningful, and is explicitly written as

P =
2b√
3

cos

(
π

3
− 1

3
tan−1

√
b2

b2
crit

− 1

)
. (12)

As is shown by Luminet (1979), the angular distance
traversed by a photon from the initial position to the
asymptotic observer is given by

∆α = 2
(

P

Q

)1/2

[F (ζr, k)− F (ζ∞, k)] . (13)

Here, F (ζ, k) =
∫ ζ

0
(1 − k2 sin2 x)−1/2dx is the elliptic

integral of modulus k and the parameter Q is given by

Q = (P − 2M)/(P + 6M). (14)

Other parameters are defined as

k2 = (Q− P + 6M)/(2Q),
sin2 ζr = [Q− P + 2M + (4MP/r)]/(Q− P + 6M),

sin2 ζ∞ = (Q− P + 2M)/(Q− P + 6M). (15)

Given the initial position and wavevector k̂ of the pho-
ton, these parameters are calculated in a straightfor-
ward manner to yield the final wavevector k̂f

k̂f = cos αf~er̂ + sin αf~eφ̂, (16)

which is detected by an observer far from the black hole
Here, αf = α + ∆α.

Now we transform the final photon wavevector k̂f

lying in the equatorial plane into the wavevector k̂o

in the plane with an arbitrary angle β with respect to
the equatorial plane. In terms of the angle β, k̂o is
represented as

k̂o = cos αf r̂ + sin αf (− sin βθ̂ + cos βφ̂). (17)

Finally, the local energy hνe of the photon measured
in the rest frame of emitter is related to the observed
photon energy hν by an observer far from the black
hole by the relation

hνe = −pµuµ

= hν

(
1− bM1/2r−3/2 cosβ√

1− (3M/r)

)
, (18)

which was given by Luminet (1979) and was also used
by Chen et al. (1989). Here, use is made of the fact
that the photon 4-momentum vector is given by

pµ = hν[(1− 2M/r)−1, {1− b2(1− 2M/r)r−2}1/2,

−br−2 sin β, br−2 cos β]. (19)

2.3 Scattering Geometry and Linear Polariza-
tion

We assume that the accretion disk lies in the x − y
plane and that the black hole of mass M is located
at the center of our coordinate system. We denote by
Ro and Ri the outer and inner radii of the disk. We
take the scattering region as a sliced part of a uniform
spherical shell with radius much larger than Ro. We
assume that the shell is sufficiently far away from the
black hole, so that the scattering region is described by
the Minkowski geometry. The uniform shell is sliced by
the values of µS = cos θS with the bin size of ∆µS =
0.1, where θ is the colatitude of the spherical shell. In
this work, we consider three different shell segments
with 0.75 < µ < 0.85, 0.45 < µ < 0.55 and 0.15 <
µ < 0.25. Fig. 1 shows a schematic illustration of our
scattering geometry.

It is also assumed that the scattering region is com-
posed of free electrons, where Thomson scattering gives
rise to polarized flux towards an observer in a specified
direction. We characterize the scattering region by the
Thomson scattering optical depth τe in the normal or
radial direction. In this work, for simplicity, we con-
sider the two cases where τe = 0.4 and τe = 0.8.

In the Monte Carlo code, we generate a line photon
in the accretion disk with an arbitrary direction in the
local rest frame. We subsequently compute the addi-
tional angular distance traversed by the photon to an
asymptotically flat region, for which the mathematical
expression is given by Eq. (13). In this work, we as-
sume that the surface emissivity is proportional to r−q,
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Fig. 1.— Scattering geometry. The scattering region is
a sliced uniform shell making an opening angle of θS with
respect to the center where the supermassive black hole re-
sides. The accretion disk is characterized by inner and outer
radii Ri, Ro. The scattering region is also characterized by
the Thomson scattering optical depth τe in the radial di-
rection. In this work, two cases of τe = 0.4 and τe = 0.8 are
considered.

where q = 3.1 is fixed to the value adopted by Chen
et al. (1989). The initial photons are assumed to be
completely unpolarized and emitted isotropically.

In the case that the emergent photon enters the scat-
tering region, we obtain a scattered photon using a
Monte Carlo technique and compute the degree of po-
larization. For the description of the Thomson scatter-
ing process and polarization, use is made of the density
matrix formalism, of which a detailed explanation can
be found in the literature (e.g., Lee & Ahn 1998; Lee
& Blandford 1997).

3. RESULT

3.1 Line Profile and Code Check

Chen et al. (1989) computed the emission line pro-
files from a circular Keplerian accretion disk governed
by Schwarzschild geometry and showed that the pro-
files are well fitted to the observed data of Arp 102B.
In Fig. 2, as a check of our Monte Carlo code, we re-
produce the emission line profiles using the two meth-
ods, one being our Monte Carlo code and the other
the numerical method provided by Chen et al. (1989).
Our Monte Carlo results are illustrated by the crosses
and the solid lines show the results obtained using the
method of Chen et al. (1989).

The radii of the disk are fixed to be Ro = 1000 RSch,
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Fig. 2.— Line profiles from a Keplerian disk around a
Schwarzschild black hole. The solid lines show the results
calculated by the numerically iterative method adopted by
Chen et al. (1989) and the crosses show our Monte Carlo
results. The observer’s viewing angle for the upper panel is
θi = 35◦ and the lower panel is for θi = 75◦.

Ri = 400 RSch, where RSch = 2GM/c2 is the
Schwarzschild radius. We show two cases of the incli-
nation angle θi, where the upper panel shows θi = 35◦
and the lower panel is for θi = 75◦. The horizontal axis
is the observed wavelength assuming that the line emis-
sion is Hα and the redshift of the hypothetical galaxy
is z = 0. As is shown in the figure, the agreement be-
tween the two methods is excellent except possibly in
the neighborhood of the sharp peaks.

3.2 Degree of Linear Polarization and Polar-
ized Flux

In Fig. 3 we show our Monte Carlo result for τe = 0.4
and the scattering region is a sliced uniform shell with
0.15 < µS < 0.25. This means that the scattering
region lies mostly in the equatorial direction. The top
panel shows the line profiles of the total flux for three
observer’s lines of sight µob = 0.2, 0.5 and 0.8. In this
work, we are interested only in the line shape so that
the total flux is normalized arbitrarily.

The bottom panel shows the percentage degree of
linear polarization for the same model parameters. The
position angle of the linear polarization is shown by the
sign of the degree of linear polarization, where the posi-
tive degree of polarization represents the polarization in
the direction parallel to the disk plane and the negative
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Fig. 3.— Profiles and degree of linear polarization of a
double peak emission line in AGN. The scattering region lies
in the range 0.15 < µS < 0.25 and the Thomson scattering
optical depth is τe = 0.4. The solid lines are Monte Carlo
data for an observer’s line of sight with µob = 0.8, the dotted
lines show the result for an observer with µob = 0.5 and the
short dashed lines are for an observer with µob = 0.2.

degree of polarization in the direction perpendicular to
the disk plane.

For observers with µob = 0.2 and 0.5, the degree of
linear polarization is quite high in the extreme wing
parts. However, there is so little photon flux there,
which contributes negligibly to the polarized flux. In
view of this, we concentrate on the main part of the
polarized flux where the degree of linear polarization is
nearly constant.

The middle panel shows the linearly polarized flux,
which is equal to the product of the total flux and the
absolute value of the degree of linear polarization.

The degree of linear polarization is nearly constant
in the main part of the total flux. The lowest degree
of polarization is obtained for the observer in the po-
lar direction, because of the azimuthal symmetry of
the system. The highest degree of linear polarization
is obtained for the observer with µob = 0.2 in the line
center. However, the polarized fluxes are similar for ob-
servers with µob = 0.2 and with µob = 0.5. The overall
shapes of the polarized fluxes are similar irrespective of
the observer’s line of sight and only differ in strength,
because they share the same scattering region.

In Fig. 4 we show the Monte Carlo result for
a scattering region lying in the polar direction with
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Fig. 4.— Same as Fig. 3 except that the scattering region
lines in the polar direction with 0.75 < µS < 0.85. Note
that the sign of the degree of polarization is positive, which
implies that the linear polarization develops in the direction
parallel to the disk plane. The degree of linear polarization
for observers with µob = 0.2 and 0.5 show double peak
structures.

0.75 < µS < 0.85. The sign of the degree of polar-
ization is positive, which implies that the polarization
develops in the direction parallel to the disk plane. The
lowest degree of polarization is obtained for an observer
in the polar direction, which is similar to the case con-
sidered in Fig. 3.

It is very notable that the degree of linear polariza-
tion is not constant but shows symmetric double peak
structure. This implies that the polarized flux shows
quite different profiles from that of the total flux. The
profile difference between the total flux and the polar-
ized flux may be explained by the dependence of the
relativistic Doppler effect on the line of sight. That
is, the radiation in the polar direction suffers much
less Doppler effect than the radiation in the equato-
rial direction. The highest degree of polarization and
strongest polarized flux are obtained for an observer
lying in the equatorial direction, because scattering oc-
curs almost perpendicularly. Polarized fluxes have sim-
ilar overall shape with the total profile for an observer
with µob = 0.8.

In Fig. 5, we show the same quantities from the
scattering region in the equatorial direction µS = 0.2
as in Fig. 3 but having twice Thomson optical depth
τe = 0.8. Because the scattering optical depth is large,
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Fig. 5.— Same as Fig. 3 except that the Thomson optical
depth of the scattering region is τe = 0.8. Linear degree of
polarization and polarized flux are both stronger than those
of Fig. 3.

more photons contribute to the total flux, enhancing
the polarized flux and degree of linear polarization. In
particular, the degree of linear polarization is larger
than 0.3% for observers with µob = 0.2 and µob = 0.5.
This may be contrasted with the case of τe = 0.4 where
the degree of polarization is 0.24% for µob = 0.5 and
0.26% for µob = 0.2. A close examination also reveals
that the total fluxes in Fig. 5 are slightly larger than
the corresponding total fluxes in Fig. 3 due to increased
contribution of scattered radiation in the larger Thom-
son optical depth condition.

In Fig. 6, we show the case of polar scattering re-
gion µS = 0.8 with Thomson scattering optical depth
τe = 0.8. Again, the overall results are similar to those
shown in Fig. 4 except stronger polarization due to the
enhancement of scattered radiation. Interestingly the
degree of linear polarization is nearly constant for an
observer µob = 0.8, but for other sightlines double peak
structures are obtained. Under most favorable condi-
tion with µob = 0.2 the degree of linear polarization
may go up to 0.6 %, which is quite significant.

4. SUMMARY AND DISCUSSION

In this paper, we adopted a Monte Carlo method
to compute the line profiles and polarization from a
Keplerian disk around a Schwarzschild black hole. We
considered two cases for the location of the scattering
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Fig. 6.— Same as Fig. 5 except that the scattering region
lies in the polar direction with 0.75 < µ < 0.85. Note
that in the lower panel, the degree of linear polarization is
positive and therefore polarization develops in the direction
parallel to the accretion disk.

region, that is, one lying in the equatorial direction
and the other in the polar direction. The double peak
structure persists in the total and polarized flux for
all the observer’s line of sight. However, the detailed
shape and widths depend on the scattering geometry
and observer’s line of sight.

The width and overall shape of the polarized flux are
mainly determined by the location of the scattering re-
gion relative to the emission region. For example, in the
case where the scattering region is in the polar direc-
tion and the disk is seen almost edge-on, the line profile
of the polarized flux is much narrower than that of the
total flux. Therefore the separation of the peaks in the
polarized flux may be used to determine the relative
location of the free electron scattering region, whereas
the smaller peak separation of the polarized flux indi-
cates the scattering region in the direction normal to
the accretion disk.

The degree of polarization is also affected by the
Thomson scattering optical depth. Furthermore, the
degree of linear polarization is not constant and there-
fore the profiles of the polarized flux differ from the
total flux in a way characteristic of the scattering ge-
ometry. In this work, only axisymmetric scattering ge-
ometry is considered. If the scattering region is not az-
imuthally symmetric, then we may expect much more
complicated structures both in the polarized flux and
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linear degree of polarization, which will be further com-
plicated by the observer’s line of sight. In this case,
the position angle of polarization will be wavelength-
dependent.

It is concluded that spectropolarimetry may shed
much light on the geometry of the accretion disk in
active galactic nuclei.
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