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Abstract. We present results from a new Monte Carlo radiative transfercomputer code,STOKES, developed to model polar-
ization induced by scattering off free electrons and dust grains.STOKESis freely available on the web and can be used to model
scattering in a wide variety of astrophysical situations.
For edge-on (type-2) viewing positions, the polarization produced by a dusty torus alone is largely wavelength-independent.
This is because the torus is optically thick and the change inalbedo with wavelength is slight. Wavelength-independentpo-
larization therefore does not necessarily imply electron scattering. We are able to fully explain wavelength independent type-2
polarization without the need to invoke electron scattering cones and consider the dusty torus to be main origin of the polariza-
tion in type-2 Seyferts.
Polarization perpendicular to the axis of symmetry in type-2 AGNs requires torus half-opening angles of<∼ 60◦. The degree of
polarization is a strong function of the half-opening angle. The high polarizations observed in type-2 AGNs imply half-opening
angles≤ 30◦.
The polarization parallel to the axis of symmetry seen in many type-1 (face-on) AGNs cannot be explained by scattering from
a torus alone, or by a torus plus scattering cones. For type-1objects, the torus gives negligible polarization and electron cones
give the wrong angle of polarization. The parallel polarization must arise from a flattened electron-scattering distribution inside
the torus. We demonstrate how both the accretion disc itself, and a flattened nearby electron-scattering region can produce the
required degree of polarization. We show how the expected polarization varies with the flattening of the regions and source cov-
erage. The dominant parameter influencing the parallel polarization is the electron-scattering optical depth. For a highly ionized
emitting and scattering accretion disk an optical depth of only a few tenths is sufficient to produce the observed polarization.
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1. Introduction

Polarimetry was introduced to astronomy over a half century
ago (Hall 1949, Hiltner 1949). Since then, the significance of
polarimetry in astronomy has been steadily rising. Since angle-
dependent scattering is one of the major causes of polariza-
tion, polarization can provide valuable information aboutthe
geometry of astronomical sources. The techniques of polarime-
try have been combined with the techniques of spectroscopy to
give spectropolarimetry which enables investigations of the de-
tailed wavelength-dependence of polarization. When emission
lines show structure in polarized flux it is also possible to draw
conclusions about the kinematics of scattering material.

The field of active galactic nucleus (AGN) research is faced
with the problem that the dimensions of the innermost regions
of AGNs subtend angles that are far too small to be resolved in
the optical with current technology. It has long been known that

Send offprint requests to: René W. Goosmann

the light of AGNs is polarized over a broad wavelength range,
and spectropolarimetry is a helpful instrument in constraining
the structure of AGNs.

Rowan-Robinson 1997 suggested that AGNs were sur-
rounded by a dusty torus and in the same paper he gives a
suggestion by M. V. Penston that Seyfert 2 galaxies are seen
near to edge-on so that the active nucleus is obscured by the
torus. Support for the picture came from the important dis-
covery by Keel (1980) that Seyfert 1 galaxies (active galaxies
showing a broad line region; BLR) are preferentially face-on
and this led to further confirmation of the importance of ori-
entation effects (Lawrence & Elvis 1982; De Zotti & Gaskell
1985). The dusty-torus model has become the standard uni-
fied model (see Antonucci 2002). In this paper we will refer
to AGNs seen near to face-on as “type-1 AGNs” and to objects
seen near to edge-on as “type-2” AGNs. In type-1 AGNs the
central energy source and its surroundings (e.g., the BLR) can
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be seen; in type-2 AGNs the torus blocks our direct view of the
inner regions.

Antonucci & Miller (1985) made the key discovery that the
polarized flux spectrum can offer a periscopic view for type-
2 AGNs. Their detection of a hidden broad-line region in the
type-2 AGN NGC 1068 was of great importance for AGN re-
search since it provided strong support for the unified theo-
ries of AGN activity. More hidden type-1 nuclei have subse-
quently been found by analysis of their polarized flux spec-
trum (see e.g., Miller & Goodrich, 1990; Tran, Miller, & Kay,
1992; Hines & Wills, 1993; Kay, 1994; Heisler, Lumsden, &
Bailey,1997; Tran, 2001; Smith et al., 2004). Similar work on
the radio galaxy 3C 321 was done by Hurt et al. (1999) and
Tran et al. (1999) could identify an active nucleus inside an
ultra-luminous infra-red galaxy by using spectropolarimetry.

The new generation of large telescopes and improved mea-
suring techniques are delivering detailed spectropolarimetry of
emission lines (see, for example, the spectropolarimetry of the
Seyfert 1.5 galaxy NGC 4151 presented by Martel 1998, and
the atlas of spectropolarimetry of Seyfert galaxies presented
by Smith et al. 2002). Examination of such spectropolarimetric
data promises to reveal valuable information about the geome-
try of the BLR (Smith et al. 2005). Similarly, spectropolarime-
try of quasar absorption lines should help constraining thege-
ometry of broad absorption line QSOs (Goodrich & Miller
1995, Cohen et al. 1995, Hines & Wills 1995).

In order to obtain a detailed understanding of observed po-
larization, and of the underlying geometry, theoretical mod-
elling is necessary. Analytical approaches to radiative trans-
fer that have been carried out so far are generally limited to
the consideration of single-scattering models. Computer sim-
ulations are needed to investigate multiple-scatterings.In this
paper we describeSTOKES, a new general-purpose Monte
Carlo code for modelling wavelength-dependent polarization
in a wide-variety of scenarios, and present some results of our
study of AGN polarization.

Most AGNs investigated reveal amounts of continuum po-
larization between 0% and 20%. An interesting behaviour has
been observed for the polarization position angle: for many
(but not all) type-1 objects it favors a directionparallel to the
symmetry axis defined by the radio jets, if apparent, or by the
weaker radio structure found Seyfert galaxies. On the other
hand, for type-2 objects the position angle tends to be directed
perpendicularto the radio axis (Antonucci 1982, 1983).

In this paper we useSTOKESto demonstrate a likely cause
of this dichotomy. In section 2 we summarize some results of
previous AGN polarization modelling. In section 3 we describe
STOKES, in section 4 we describe the application ofSTOKES
to the modelling from AGN tori, and in section 5 we investi-
gate how the parallel polarization seen in type-1 objects results
from the scattering from various possible flattened, electron-
scattering discs. Our results are discussed in section 6 andwe
summarize our conclusions in section 7.

2. Results of Previous Modelling

Efstathiou & Rowan-Robinson (1995) modelled radiative
transfer in a dusty torus, but did not consider polarization.

Young et al. (1996, 1995), Packham (1997), and Young (2000)
developed an analytical radiative transfer model for polar-
ization. Their model was based on the unified AGN model.
Extended emission regions can be defined and scattering pro-
cesses as well as dichroic absorption are considered. The mod-
elled geometries include toroidal and conical regions of dust
and free electrons. For moving scattering clouds a Doppler shift
of the scattered radiation is included. The model is fairly ef-
fective in reproducing spectropolarimetric data of NGC 1068
as well as giving the variations across the Hα line and time-
dependent polarization in Mrk 509. Their model requires user-
definition of many free parameters and multiple scattering is
not considered.

Gordon et al. (2001) and Misselt et al.(2001) applied their
code DIRTY to modelling polarization of two highly-polarized
IRAS-objects: IRAS 13349+2438, and IRAS 14026+4341
(Hines et al. 2001). In the model space of DIRTY, single pho-
tons were allowed to escape from a point source into two po-
lar cones. Dust was arranged round the source in a spherical
geometry. The photons undergo scattering, absorption and re-
emission processes on their way through the dust. Two types of
dust were used: Milky Way (MW) dust and Small Magellanic
Cloud (SMC) bar dust. The grain size distributions where fit to
known MW and SMC extinction curves. Photons that escape
from the model region are detected and registered accordingto
their direction of flight. For certain viewing angles and optical
depths of the scattering material the observed spectral polariza-
tion shape of both objects could be qualitatively verified.

Wolf & Henning (1999) defined both double-conical distri-
butions of free electrons and dust as well as dusty tori in their
model space. They found that the observed wavelength depen-
dence of polarization in some AGN (i.e., polarization decreas-
ing with wavelength) can be modelled by dust scattering inside
the cones. The presence of additional free electrons in the con-
ical regions increases the absolute amount of polarization.

An important element in Wolf & Henning’s work is that
multiple scattering is considered accurately by includingde-
pendence of scattering angle and polarization of a scattered
photon on the incident Stokes vector. It turned out that mul-
tiple scattering became important for optical depths& 0.1. Two
different dust size distributions were examined: Galactic dust
and a distribution favoring larger grains - no relevant differ-
ences in the polarization properties were seen. Since the code
allows polarization imaging it was possible to create resolved
polarization maps of simulated AGN geometries.

Kartje (1995) developed a Monte Carlo Code and investi-
gated quasar schemes with either a torus geometry or conical
stratified winds along the polar axis. In addition to polarization
by scattering he also considered polarization by dichroic ex-
tinction due to magnetically -aligned dust grains. For a simple
unified torus model he found that the dominant parameter of
the polarization,P, is the torus half-opening angle: for type-2-
objects one can find significant polarization up to 30% with a
position angle directed perpendicular to the axis of symmetry;
for type-1-objectsP is negligible. Kartje obtained a striking re-
sult when he investigated conical stratified-wind regions con-
taining ionized material closer to the central source and dust
farther out: the amount of polarization ranges between 0% and
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13%, matching the observed values, and the direction of the
E-vector depends on viewing angle in a manner that agrees
with the above-mentioned type-1/type-2-dichotomy.The polar-
ization percentage can be increased if there is magnetic align-
ment of dust grains, but the the general dependence ofP on the
viewing angle seems to be a geometrical effect.

Another Monte-Carlo polarization code was written by
Watanabe et al. (2003). It was applied to modeling of optical
and near-infrared spectrapolarimetric data of the type-2 Seyfert
galaxies Mrk 463E, Mrk1210, NGC 1068, and NGC 4388. The
code contains electron and dust scattering routines quite simi-
lar to those used by Wolf & Henning (1999). It considers mul-
tiple scattering and dichroic absorption in dusty tori, spheres
as well as electron and dust scattering in double-conical re-
gions. Absorption and scattering properties of the dust arecare-
fully calculated by Mie theory. Watanabe et al. (2003) exam-
ine wavelength-dependent polarization properties for different
geometries over a broad-wavelength range and give constrains
about possible scattering components within the objects they
observed. They conclude that a combination of dust and elec-
tron scattering in polar regions can reproduce the optical po-
larization properties observed in Mrk 463E and Mrk1210. The
slope of optical polarization NGC 1068 is almost flat favoring
electron scattering as the dominant polarizing process. For the
near-infrared range polarization of these objects can be mod-
elled by dichroic absorption of aligned dust grains in a torus.
However, scattering offGalactic dust in a torus cannot simulta-
neously reproduce near-infrared polarization and the total flux.
Watanabe et al. (2003) hence suggest that the grains size com-
position of AGNs might be different from our Galaxy.

3. STOKES - an overview

The computer programSTOKESperforms simulations of radia-
tive transfer, including the treatment of polarization, for AGNs
and related objects . The code is based on the Monte Carlo
method and follows single photons from their creation inside
the source region through various scattering processes until
they become absorbed or manage to escape from the model
region and are observed (Fig. 1). The polarization properties of
the model photons are given by their stored Stokes vectors.

Photons are created inside the source regions, which can
be realized by different geometries. The program allows input
of complicated continuum and line emitting region geometries.
The continuum radiation is defined by the indexα of anFν ∝
ν−α power law. The Stokes vectors of the photons are initially
set to the values of completely unpolarized light.

Around the source, various geometries of scattering mir-
rors can be arranged. The program offers toroidal, cylindrical,
spherical or conical shapes. These regions can be filled with
free electrons or dust consisting of “astronomical silicate” and
graphite. A photon works its way through the model region and
generally undergoes several scattering processes. The emission
directions, path lengths between scattering events and thescat-
tering angles are given by Monte Carlo routines based on clas-
sical intensity distributions (section 3.1). During each scatter-
ing event the Stokes vector is changed by multiplication with
the corresponding Mueller matrix (section 3.2). For dust scat-

tering, absorption is important and a large fraction of the pho-
tons never reaches the virtual observer. The relevant crosssec-
tions and matrix elements for dust scattering and extinction are
computed on the basis of Mie theory applied to distributionsof
spherical graphite and silicate grains (section 3.3).

If a photon escapes from the model region it will be reg-
istered by a web of detectors arranged in a spherical geometry
around the AGN. The flux and polarization information of each
detector is obtained by adding up the Stokes parameters of all
detected photons. If the model is completely axially symmetric
these can be azimuthally added and, if there is plane symmetry,
the top and bottom halves are added. The AGN can be looked
at in total flux, in polarized flux, percentage of polarization and
the position angle at each viewing angle.

3.1. The Monte Carlo method and the basic routines
of STOKES

Using the Monte Carlo method it is possible to generate a ran-
dom eventx according to a given probability density distribu-
tion p(x). Let p(x) be defined on the interval [0, xmax]. Then
we can construct the probability distribution functionP(x) and
relate it to a random numberr between 0 and 1 as follows:

r = P(x) =
1
C

∫ x

0
p(x′)dx′. (1)

The constantC is a normalization constant resulting from
integration over the whole definition interval [0, xmax]. It thus
keeps the values ofP(x) between 0 and 1. Given the random
numberr the according valuex for a single event is obtained
by inverting (1). A fairly detailed explanation of the Monte
Carlo method can be found in Cashwell & Everett (1959). In
the following, we describe the main routines ofSTOKESand
denote all randon number computed from equation (1) byr i ,
with i = 1, 2, 3....

3.1.1. The sourceroutine

A variety of continuum, broad-line region, and narrow-linere-
gion geometries are available inSTOKES: cylindrical, toroidal,
spherical, and double-conical source regions can be defined. To
generate a model photon its initial parameters position, flight
direction, and wavelength have to be set. Assuming a constant
density of the emitting material a random position for the new
emitted photon will be sampled. The flight direction is given
by two angles,θ andφ, in a standard polar coordinate system
centered on the photon’s position. Assuming isotropic emission
we have the following sampling equations for the angles:

θ = arccos(1− 2r1), (2)

φ = 2πr2. (3)
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Fig. 1. A photon working its way through the model space.

The wavelength of the photon is sampled according to the
intensity spectrum over a range [λmin, λmax]. We have the sam-
pling equations

λ =


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α
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1
α
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(

λαmax
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)r3
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





























(4)

The valueα denotes the usual power law index of the in-
tensity spectrum. Note that the above sampling equation auto-
matically takes care of the wavelength-dependence of photon
energy.

3.1.2. The proceedroutine

If we ignore scatterings back into the beam, the intensity ofa
photon beam traversing a slab of scattering material with parti-
cle number densityN and cross-sectionσ will drop by a factor
of eNσl , with l being the distance traveled inside the scattering
region. From this one can derive the sampling function ofl:

l =
1

Nσ
ln(1− r4). (5)

The factor 1
Nσ is the mean free path length. Depending on

the scattering material, the program will use either a dust ex-
tinction cross-sectionσext computed from Mie theory or, in
case of electron scattering, the Thomson cross sectionσTh.

3.1.3. The scattering routines

Consider a photon being scattered off a spherical particle (see
Fig. 2). The outgoing electromagnetic wave associated withthe
photon can be resolved into two components (see e.g., Bohren
& Huffman, 1983). These components refer to directions of the
electric-field vector parallel and perpendicular to the scattering

’φ

Ex
in

Ey
in

Ey
out

Ex
out

Second turn by Θ

into the new scattering plane
φFirst turn by bringingEx

Ey
*

’φ

Ex
*

in
xE

Θ

y

z

x

x

y

z

i

*
xE

180° − γ

Fig. 2. Geometry and denotations for a single scattering event.
The inset shows the first rotation of theE-vector by the angleφ,
the view on the polarization plane is along the negativez-axis.

plane. We name the two componentsE‖ andE⊥. For scatter-
ing off a spherical particle the following relation between the
incoming and scattered electric fields holds:

(

E‖,s
E⊥,s

)

=

(

S2(θ) 0
0 S1(θ)

) (

E‖,i
E⊥,i

)

. (6)

The valuesS1(θ) andS2(θ) are the so-called scattering ma-
trix elements. They are independent of the azimuthal angleφ.
In case of Thomson scattering they are given by simple analytic
expressions:

S1(θ) = cos2 θ, (7)

S1(θ) = 1. (8)

For dust scattering the albedo and the matrix elements of a
standard dust grain are calculated from Mie theory (see section
3.3). The albedo at the photon wavelength is compared to a
random numberr5 in order to decide whether the photon is
absorbed or scattered. In case of absorption, the photon is lost,
and the cycle starts over with the generation of a new photon
by thesource routine.

If the photon is scattered the angle-dependent classical in-
tensity distribution of a scattered electromagnetic wave mea-
sures the probability of finding it at a certain direction. Such
probability density distributions are derived from equation (6).

In order to also consider the impact of the incident polariza-
tion on the scattering angle, we split up the incident intensity I i

into a completely polarized and a completely unpolarized part:

I i = I i,pol + I i,unpol = Pi I i + (1− Pi)I i . (9)

The incident polarization is denoted byPi , its position an-
gle by γi . Both are calculated from the incident Stokes pa-
rameters of the photon. We now rotate the polarization plane
around the incident flight direction by the angle 180◦ − γi in
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order to reach a position where the incident electric-field vec-
tor of the completely polarized component is aligned with the
reference axis (position angle= 0◦ from thex-axis, see the in-
let of Fig. 2). We then compute the angle-dependent intensity
Is behind the scattering center from equation 6 together with
equation 9:

Is(θ, φ′) =
I i

k2d2















1
2

(

|S1(θ)|2 + |S2(θ)|2
)

(1− Pi)+
(

|S1(θ)|2 sin2 φ′ + |S2(θ)|2 cos2 φ′
)

Pi















, (10)

with d being the distance between the scattered photon
and the scattering center, andk denoting the wave-number.
Considering this intensity as a probability densityp, we ob-
tain the probability distribution for the scattering angles θ and
φ′:

P(θ) = N
∫ π

0

(

|S1(θ)|2 + |S2(θ)|2
)

sin(θ′)dθ′, (11)

Pθ(φ
′) =

1
2π

(

φ′ −
|S1(θ)|2 − |S2(θ)|2

|S1(θ)|2 + |S2(θ)|2
P

sin 2φ′

2

)

. (12)

The numberN is a normalization constant in order to make
(11) range from 0 to 1 for scattering angles between 0◦ and
180◦. To sampleφ′ andθ, the right hand-sides of these equa-
tions have to be set equal to random numbersr6, r7. Then,
they are solved for the angles. Note that the sampling of the
scattering angleθ is independent of the incident polarization.
Since at the beginning we performed a coordinate transforma-
tion to make the electric-field vector oscillate along the refer-
ence axis, the sampling ofφ′ has to be followed by the back-
transformation

φ = 180◦ − γi + φ
′. (13)

This procedure of finding the sampling equations for the
scattering angles is analogous to the one followed by 1994.

3.2. Polarization formalism and scattering

The Stokes vector of each photon lies perpendicular to its direc-
tion of flight and is defined relative to a co-moving coordinate
system inside the polarization plane. We assume newly created
photons coming from the source are unpolarized. Hence, their
Stokes vectors have the very simple form:
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. (14)

With each scattering event, the co-moving coordinate sys-
tem undergoes a double rotation: the first rotation, by the az-
imuthal angleφ, happens around the current flight direction
of the photon. It rotates theE-vector inside the polarization
plane to the position of the new scattering plane (see Fig. 2).
Physically, it does not affect the polarization state, but the

Stokes vector undergoes the following coordinate transforma-
tion (1983):





























I ∗

Q∗

U∗

V∗





























=





























1 0 0 0
cos 2φ sin 2φ 0

0 − sin 2φ cos 2φ 0
0 0 0 1

























































I in

Qin

U in

Vin





























. (15)

The second rotation happens inside the scattering plane and
by the scattering angleθ. The change of the Stokes vector is
determined by the so-called Mueller matrix. For scatteringoff
a spherical particle, the matrix is of the following form:
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The entries of the Mueller matrix are closely related to
the elements of the scattering matrixS1(θ) and S2(θ) as is
explained in section 3.3

When a photon is recorded by one of the virtual detectors,
it is necessary to rotate the polarization plane around the flight
direction until it matches with the reference axis of the detector.
Then, the Stokes vectors of all incoming photons can be added
up to the valueŝI , Q̂, Û and V̂. Finally, the net polarization
properties are derived from:

P =

√

Q̂2 + Û2 + V̂2

Î
, (17)

γ =
1
2

arctan
Û

Q̂
. (18)

3.3. Computation of Dust properties

Mathis, Rumpl, & Nordsieck (1977) suggested dust composi-
tions to reproduce extinction curves observed in our Galaxy.
They assumed spherical dust grains having a size distribution
proportional toas, with a being the grain radius ands a given
index. Weingartner & Draine (2001) further developed the
model by using carbonaceous and siliceous dust compositions
to verify interstellar extinction in the Milky Way and in
the Magellanic clouds. The dust compositions that can be
modelled withSTOKESare based on this work. The user can
choose the minimum and maximum radii of the grain size
distribution, its indexs, and the abundances of graphite and
silicate.

The Mie data, i.e. scattering and extinction cross sections,
albedo, and entries of the scattering matrix, are computed
using the code given by Bohren & Huffman (1983). We
imported complex dielectric functions for graphite and silicate
measured by Draine & Lee (1984). For graphite, two dielectric
functions have to be considered since the optical properties for
light polarized parallel and perpendicular to the crystalsaxis
differ from each other. The program therefore works with two
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different kinds of graphite having abundances in a ratio of 1:2.

The code computes a weighted average of the dust compo-
sition and grain size distribution defined. The properties of the
resulting “standard dust grain” are used by theproceedand the
scatteringroutines ofSTOKES.

4. Simulation of torus geometries

In the present paper we confine ourselves to usingSTOKESto
investigate the continuum polarization expected for AGNs if
the main elements of the current standard unification scheme
are correct. We want to investigate general constraints on the
geometry of quasars by modelling their polarization, although
none of our models are intended to reproduce observational po-
larimetric data for any specific object. Our main goals are tobe
able to reproduce the observed degree of polarization in both
type-1 and type-2 Seyferts and in particular to be able to ex-
plain the type-1/type-2 relative polarization position angle di-
chotomy. We also confine ourselves to using standard Galactic
dust such as is seen in the solar neighborhood, even though
there is evidence that the grains in the tori and AGNs might
be somewhat larger and depleted in carbonaceous grains (see
Gaskell et al. 2004, 2005).

As discussed in section 1, there is good observational ev-
idence both for the existence of a dusty, optically-thick torus
surrounding the central black hole and the putative accretion
disc, and, at least in some objects, for scattering cones along the
polar axis. The difference in polarization between the NLR and
BLR generally places the scattering region outside the BLR,
but inside the NLR (e.g., Angel et al. 1976). The polarization
produced by simple scattering cones is quite straightforward.
They produce polarization perpendicular to the radio axis,as is
commonly observed in type-2 AGNs but they cannot produce
the parallel polarization seen in type-1 AGNs. Polarization by
the torus itself is considerably more complicated. In the fol-
lowing we concentrate firstly on trying to see how much of the
polarization properties of type-1 and type-2 AGNs can be pro-
duced by a uniform-density torusalone. In particular we will
show that scattering off a torus alone cannot explain the type-
1/type-2 dichotomy.

Kartje (1995) modelled the AGN polarization induced by
scattering off a cylindrical torus. This torus model was adopted
from the fit to NGC 1068 given by Pier & Krolik (1992). The
torus is geometrically rather compact, situated within a radius
of only 1 pc around the central source. Such a torus is not
necessarily physical, so we investigate whether the results of
Kartje can be confirmed with more general tori, and we extend
the range of parameter space explored.

4.1. Curved surfaces versus sharp edges

The progress made in the previous studies reviewed in section
2 is gratifying. In the following sections we expand the variety
of simulated AGN geometries. The tori examined by Wolf &
Henning (1999), Kartje (1995), Young (2000), and Watanabe
et al. (2003) have rather sharp edges, and since we find that po-
larization results can depend strongly on geometric details, we

Fig. 3. Geometry of the three torus models we consider: (1)
the cylindrical torus used by Kartje., (2) a compact elliptically-
shaped torus, and (3) an extended elliptical torus. All torihave
the same half-opening angleΘ0

have investigated a less artificial torus geometry with an ellip-
tical cross-section. To examine the influence of sharp edgesof
the Kartje torus on the polarization we define a torus with simi-
lar dimensions, similar optical depth of 750 along the radius in
the equatorial plane, but having an elliptical cross-section (see
Fig.3).

Our results compare very well to those obtained by Kartje
(1995). In Fig.4 we show polarization and flux (normalized to
the flux of the central source) versus wavelength at different
viewing directions. The torus considered has a half-opening
angle ofθ0 = 30 deg. The figure is quite similar to the cor-
responding diagrams in Kartje’s paper (see his Fig.5). In our
simulations the torus was filled with standard Galactic dust, fol-
lowing the prescription of Mathis, Rumpl, & Nordsieck (1977).
We sampled a total 4× 108 photons and recorded spectra at
10 different viewing angles scaled in cosi wherei is measured
from the axis of the torus. This scale of cosi represents an equal
angular flux distribution for an isotropic source at the center of
the model space.

The only difference between our results and those of Kartje
is that we generally obtain slightly lower polarization degrees
and a slightly different wavelength-dependent slope for the
scattered flux. Also, the minimum in the polarization is shifted
to shorter wavelengths. This can be explained by the fact that
we calculated our cross-sections from Mie theory of a specific
dust composition whilst Kartje used cross-sections given by
Mathis, Mezger, & Panagia (1982).

We also investigated the polarization for changingθ0 and
again obtained similar results (not shown) to those for Kartje’s
cylindrically-shaped tori. Thus, our first result is that the differ-
ences in polarization between the elliptical and cylindrical tori
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Fig. 4. Modeling a Kartje torus with an elliptical cross-section
(see section 4.1). Top: polarization,P. Bottom:the fraction,
F/F∗, of the central flux,F∗, seen at different viewing incli-
nations,i. Legend:i = 87◦ (= edge-on) (black crosses),i = 76◦

(orange triangles with points down),i = 57◦ (purple trian-
gles with points up),i = 41◦ (green diamonds),i = 32◦ (red
squares), andi = 18◦ (= face-on) (blue circles).

are negligible. So having sharp edges in the cylindrical model
rather than the more realistic rounded edges of the elliptical
torus does not introduce spurious effects.

4.2. The effect of the shape of the inner edge of the
torus

A real torus is undoubtably thicker than the geometrically thin
cylindrical torus of Kartje. Direct imaging of NGC 4261 (=
3C 270) shows that the dusty torus in that AGN extends out to
230 pc (Ferrarese, Ford, & Jaffe, W. 1996). A similar dust lane
across the nucleus of M 51 (= NGC 5194) extends∼ 100 pc
(Ford et al. 1992). The inner radii of tori are given by infra-red
reverberation mapping of the hot dust and are∼ hundreds of
light-days (Glass 2004).

The outer regions of tori have considerable optical depth
so their precise shape is unimportant since no photons escape
parallel to the equatorial plane of the torus. The shape of the
inner region facing the central energy source is more impor-
tant. Current torus models commonly consider curved inner
surfaces. We thus model optically-thick, uniform-densitytori
with elliptical cross sections, an inner radius of 0.25 pc, and an

outer radius of 100 pc. The half-opening angle,θ0, will be an
important parameter for the obscuration and reflection proper-
ties, and we examine half-opening angles ranging from 10◦ to
75◦. Variation of θ0 is realized by changing the vertical half-
axis of the elliptical torus cross section. We determine thedust
density by fixing the visual optical depthτV along the equato-
rial plane of the torus at again 750. Thus, practically no photon
is able to penetrate through the torus and only scattering off its
surface is relevant.

Variability implies that the size of the optical and UV-
continuum source is less than a few light-days, as is also ex-
pected from simple black-body emissivity arguments. Hence,
when considering scattering off the torus, we can neglect the
finite size of the continuum source in our model and assume a
point-like emission region.

If the viewing angle,i, is less thanθ0 corresponding to a
type-1 object, we only observe a regular type-1 spectrum. We
find that there is no significant polarization in this case. Ifwe
look at a type-2 object at a higher inclination angle (Fig.5)we
only detect scattered and hence polarized light.

There are differences between our results of modeling a
large torus (case 3) with half-opening angleθ0 = 30 deg and
compare it to a smaller torus (case 2) with identical half-
opening angle but smaller dimensions – see Fig.4. We show
the differences in theP and the fraction of the light making
it to the observer, as a function of viewing angle in Fig.6. A
striking difference occurs in the angular flux distribution. The
large torus will scatter considerably fewer photons towards an
observer at intermediate viewing angles. Ati ∼ 63 deg, for in-
stance, the flux difference in the V-band is of a factor of 35.
At edge-on viewing angles the probability of seeing scattered
photons is much lower than for the small dimensional torus of
similar θ0.

There are also some difference in the polarization signature
of both tori. Although the overall spectral dependence ofP is
the same, the level ofP has changed at some viewing angles.
The strongest change is at higher inclinations, toward an edge-
on view when the central source is becoming obscured by the
torus view. For the larger torusP is significantly higher at these
viewing directions. This difference is also found for higheri.

The difference between a compact and the expanded torus
can be understood by considering the geometry of both tori
(see Fig.7). There are three main differences. The first is that
whilst having the same half-opening angle, the large torus of-
fers a smoother cutoff of the emission cone. Photons leaving
the central region along the arrows in Fig.7 are thus still likely
to be absorbed by the large torus but escape from the compact
torus. Thus from type-2 viewing positions one sees more of the
inside of the torus where scattered photons originate. The sec-
ond factor is that photons scattered off the large torus at edge-
on viewing angles are more likely to be the result of multiple
scattering, and these photons will reduce the net polarization.
The third difference is that in the smaller torus case the ob-
server is seeing the opposite inside wall of the torus so that
photons are scattered at a less forward-scattering angle (i.e.,
the angle of scattering is closer to 90◦.). Because of the phase
function for scattering this results in greater polarization of the
scattered light. The lower polarization arising from the larger
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Fig. 5. Modelling a large torus with an elliptical cross-section
(see section 4.2). Top: polarization,P. Bottom: the fraction,
F/F∗, of the central flux,F∗, seen at different viewing incli-
nations,i. Legend:i = 70◦ (=intermediate) (maroon stars),
i = 63◦ (pink triangles with points to the right),i = 57◦ (purple
triangles with points up),i = 49◦ (tan triangles with points to
left left), i = 41◦ (green diamonds),i = 32◦ (red squares), and
i = 18◦ (=face-on) (blue circles)

torus is thus a result of seeing less of the inside of the torus,
having more depolarizing multiple scatterings, and and having
less favorable scattering angles for polarization.

4.3. The effect of the torus opening angle

In our modelling of the large torus we find thatθ0 is a domi-
nant parameter for both the degree,P, and position angle,γ, of
polarization.

In Fig.8 we show the wavelength-dependent polarization
of the scattered radiation for various half-opening angles, θ0,
of the torus. We have averaged the polarization over all type-2
viewing angles, i.e., all directions withi > θ0 where the source
is being covered by the optically-thick torus and hence the ob-
server is only seeing scattered radiation. For viewing angles,i,
with i < θ0 corresponding to a type-1 object seen face-on, the
polarization is negligible.

In order to illustrate more clearly the general effect of the
opening angle on the polarization, we plot the effective polar-
izationPe f f as a function of the half-opening angle of the torus
in Fig.9. The effective polarization is obtained by averagingP
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Fig. 6. Differences between large and small tori. Modelling a
large torus with an elliptical cross-section (see section 4.2).
Top: polarization,P, and bottom, the fraction,F/F∗, of the cen-
tral flux,F∗, as a function of viewing inclinations,i. The dashed
lines denote the thin elliptical torus (case 2), the solid line the
extended torus (case 3)

over the considered wavelength range and over different view-
ing angles. Since the polarization for type-1 viewing angles is
negligible, we only show the averages overi > θ0.

Varying the opening angle shows two important things.
Firstly, the polarization decreases as the opening angle in-
creases (see Fig.9). Forθ0 ≈ 60◦ the torus polarizes least ef-
fectively. The second important result is that theangle of po-
larizationalso varies with the half-opening angleθ0. Forθ0 sig-
nificantly smaller than 60◦ the position angle favors a direction
perpendicular to the symmetry axis, as is observed in type-2
AGN, whereas whenθ0 becomes larger than 60◦, the direction
of the E-vector switches to being oriented parallel to the axis
of symmetry (see Fig.8). The reason for the flip of relative po-
sition angle can be explained by the the assymmetric scattering
phase function and by the geometry of the inner parts of the
torus (Kartje 1995). For a distant observer looking at the torus
along an off-axis line of sight, the scattered radiation comes
from the inner surface walls. These consist of the inner torus
wall facing most directly the observer on the one hand side,
and of the two surfaces on the side on the other. Due to the
scattering geometry the photons scattered off the side walls are
polarized along the projected symmetry axis, whilst the pho-
tons coming from the far wall are perpendicularly polarized.
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Fig. 7. Comparison of the compact and the extended torus hav-
ing the same opening angleθ0. The extended torus blocks more
effectively the photons being scattered toward type-2 viewing
directions.

2000 3000 4000 5000 6000 7000 8000

λ [Angstrom]

-0.2

-0.1

0

0.1

0.2

P

Fig. 8. Polarization averaged over all type-2 viewing angles
(see text). A positive value of polarization denotes anE-vector
oriented perpendicular to the torus symmetry axis, for negative
values theE-vector is aligned with the projected axis. Legend:
Θ = 10◦ (black dashed line),Θ = 20◦(solid red line),Θ =
30◦(green dot-dashed line),Θ = 45◦(blue dots),Θ = 60◦(long
yellow dashes), andΘ = 75◦(purple double dots and dashes)

The ratio of the so-defined inner surfaces change with the half-
opening angle of the torus, and so does the overall polarizatioin
vector. It follows that a scattering disc produces polarization
with the E-vector parallel to the axis of symmetry. This direc-
tion of polarization is the opposite of what is observed in type-2
AGNs.

Our results therefore show that both the observed degree
of polarization and its relative position angle thusrequire tori
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Fig. 9. Effective polarizationPe f f (see text) for edge-on (type-
2) viewing positions as a function of the half-opening anglefor
an extended torus (case3).

with small opening angles. In particular, tori with half-opening
angles greater than 60◦ are excluded.

4.4. Wavelength insensitivity of polarization due to
dust scattering

Inspection of the wavelength-dependent polarization curves for
the geometries considered above shows that the polarization
for all the viewing angles and half-opening angles we have
considered is almost wavelength-independent over the opti-
cal and the UV. This is surprising at first sight, since, as is
well known the scattering cross section of interstellar grains
increases strongly from the optical to the UV and in the past
wavelength-independentpolarization has been consideredto be
the fingerprint of Thomson scattering off of electrons.

Our apparently contradictory result arises because we are
dealing with scattering off optically-thick material and because
of the relatively small variation of the albedo over the optical
and UV spectral regions. The relative constancy of the albedo
means that the average scattering and extinction cross sections
vary almost in the same way and the probability of destruc-
tion of a photon because of absorption varies only slightly with
wavelength. Since we are dealing with an optically-thick torus
we see emergent photons that have been scattered at an opti-
cal depthτ ∼ 1. This is regardless of wavelength1. The in-
crease in scattering cross-section with decreasing wavelength
only means that the shorter wavelength photons we see have
been scattered closer to the surface of the torus. A significant
change in albedo with wavelength, however, will cause a color
dependency in the intensity and polarization of the scattered

1 This is the reason that the sunlit sides of clouds in the earth’s at-
mosphere are extremely white.
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light2. As Zubko & Laor (2000) point out, the wavelength de-
pendence of polarization provides a probe of the grain scatter-
ing properties.

Another grain property that theoretically needs to be con-
sidered is the degree of asymmetry of the scattering since
this is effectively an angle-dependent albedo change. At short
wavelengths dust is strongly forward scattering and this will
give an increase in polarization with decreasing wavelength in
forward-scattered directions (see the left-hand side of Fig. 7 of
Zubko & Laor 2000). This is unimportant for our models since
almost none of the photons the observer sees are forward scat-
tered.

5. The type-1/type-2 dichotomy

Stockman, Angel, & Miley (Stockman et al.(1979)) made the
seminal discovery that, for low-polarization, high-optical-
luminosity, radio-loud AGNs, the optical polarization position
angles tend to alignparallel to the large-scale radio structure.
Since synchroton radiation is intrinsically polarized in the di-
rection of the magnetic field and hence in the direction of
the jet, they speculated that the parallel alignment could be
the result of seeing some synchrotron emission in the optical.
They also suggested polarization from an optically-thin, non-
spherically symmetric scattering region near the source ofop-
tical radiation as another possibility.

Antonucci (1982) made another interesting discovery that
whilst many radio galaxies showed a similar parallel alignment
of the polarization and radio axes, there was, unexpectedly, a
population showing aperpendicularrelationship. This made
a synchrotron origin for the polarization much less likely,but
perpendicular polarization, as we have shown above, is easyto
produce with scattering.

Antonucci subsequently showed that relatively-radio-quite
Seyfert galaxies show a similar dichotomy between the pre-
dominantly but not exclusively parallel polarization in face-on
type-1 Seyferts and the perpendicular polarization of type-2
Seyferts.

As we have shown in section 4, producing the perpendicu-
lar polarization of type-2 AGNs is straight forward. The prob-
lem in modeling the type-1/type-2 polarization dichotomy is
the production of polarization vectorsparallel to the symmetry
axis of the torus once one rejects a synchrotron origin. We have
seen in the previous sections that a dusty torus can only produce
polarization vectors oriented perpendicular to this axis except
for the case of extremely-thin tori which are inconsistent with
the observations. Also polar electron cones, that have previous
been assumed in some unified scheme of AGNs, will not solve
this problem because they produce perpendicular polarization.

We have already noted in section 4 that an extremely flat
dust distribution can produce parallel polarization. Toricannot
have such a flat distributions for at least two reasons: they are
incompatible with the ratios of type-1 and type-2 objects, and
very flat distributions have too low covering factors to produce
the reprocessed IR emission. This leads us to explore the im-

2 This is the cause of colorations in the atmosphere of the giant
planets.

portant suggestion of Goodrich & Miller 1994 that the parallel
polarization of type-1 objects arises from scattering in a flat-
tened electron-scattering medium (see also Young 2000, Smith
et al. 2004, and Smith et al. 2005).

The energy in an AGN is widely believed to originate in
an accretion disc. Such a disc has a flattened geometry, and at
the temperatures needed (∼ 105K), electron scattering will be
the dominant opacity. This ionized material offers a geomet-
rical shape similar to the oblate spheroids modelled by Angel
(1969). Angel has shown that an optically-thin uniformly emit-
ting cloud of electrons will produce polarization parallelto the
cloud’s minor axis.

In this section we investigate disc-like emission and scat-
tering regions of various geometries and optical depths and
observe the resulting polarization properties at different incli-
nation angles. We consider both uniformly-emitting regions
such as could correspond to the inner accretion disc itself,
and centrally-illuminated flattened distributions that could cor-
respond to flattened ionized outflows from the AGN. For all
models we quote vertical electron-scattering optical depths,τes,
measured outwards from the center of the equatorial plane per-
pendicular to the disc (i.e., parallel to the axis of symmetry).

We first consider uniform-density, emitting and scattering
disks of 1 light-day in diameterd and vary the heighth to de-
fine different ratiosh

d . We consider a “thick disc” of cylindrical
cross section withh

d = 0.5 (see Fig.10) and a “thin disc” with
h
d = 0.02 (see Fig.11). The optical depth is varied by adjusting
the electron density. We investigateτes between 0.001 and 50.

For the case of a geometrically-thick emitting disc (see Fig.
10) we obtain at most moderate polarization values of a few
percent. The degree of polarization depends strongly on the
viewing direction and the optical depth. For lower optical depth
the E-vector is aligned with the disc’s symmetry axis. It flips
to a perpendicular orientation forτesgreater∼ 15.

This behaviour is also seen for the spheroidal models of
Angel (1969). The polarization goes through a maximum at
τes ∼ 3 at an edge-on viewing direction. Note that such an
edge-on view angle will not be seen for type-1 objects, how-
ever, since this direction is blocked by the torus. In type-1ob-
jects one is probably mostly viewing at inclination angles of
∼ 30◦ or less so the polarization will not exceed∼ 1%.

Much stronger values of the polarization can be obtained
when the disc is flatter. For the geometrically-thin disc we have
a similar qualitative behaviour as for the thick disc (compare
Fig. 11 with Fig. 10), but the degree of polarization reaches
higher values and is significant even for near to face-on view-
ing directions. The flip to perpendicular (type-2) polarization
occurs at a moderate optical depth (τes ∼ 4) and at an edge-
on viewing angle that cannot be seen for type-1 objects. A thin
disc with moderate optical depth will thus produce parallelpo-
larization for all type-1 viewing positions.

The polarization behaviour of our uniformly emitting discs
can be explained in the same manner as the behaviour of the po-
larization of the oblate spheroids of Angel (1969). For lowτes

the net polarization is mainly determined by the photons trav-
elling parallel to the disc plane and then being scattered toward
the surface and further-on to the observer. For an observer,who
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Fig. 10. Polarization versus viewing angle for a geometrically-
thick emitting and scattering electron disc withh

d = 0.5. The
different curves denote various vertical optical depths for the
disc. Positive polarization values stand for polarizationposi-
tion angles perpendicular to the disc’s symmetry axis, for neg-
ative values the polarization vector is aligned with this direc-
tion. Legend:τes= 0.025 (black circles),τes= 0.25 (red trian-
gles with points up),τes= 0.5 (blue squares),τes= 0.75 (green
triangles with points left),τes = 1.25 (orange diamonds),τes

= 2.5 (brown triangles with points down),τes = 12.5 (purple
crosses),τes= 50 (cyan triangles with points right).

does not observe the disc exactly face-on, the integrated scat-
tered flux from the disc surface will be polarized along the pro-
jected direction of the disc axis. This can be understood by the
fact, that polarization by electron scattering is most efficient for
orthogonal scattering angles. For the same reason, the polariza-
tion is strongest at edge-on viewing angles.

When the optical depth becomes higher, multiple scattering
of photons travelling toward the disc surface becomes relevant.
The polarization vector induced by the last scattering event be-
fore leaving the disc will preferably by oriented perpendicular
to the disc axis. Hence, the polarization position angle flips and
on the way to this transitionP becomes very low.

For clarity we show in Fig. 12 the dependence of the po-
larization at a maximum type-1 viewing position ofi ∼ 30◦ as
a function ofτes. Here, we are modeling a very thin emitting
electron disk with a geometrical ratio of∼ 0.0005, which is
compariable to the dimensions of an accretion disk in AGN. As
can be seen, for modeling of a uniform-density accretion disk
the highest polarizations are obtained for low optical depths.
The highest parallel polarization is achieved forτes ∼ 0.5 and
polarizations in the observed range (P ∼ 1%, Antonucci 1982,
1983) can even be obtained withτes∼ 0.1

In Fig. 13 we consider the effect of the geometry of the
electron-scattering region by examining the following shapes:
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Fig. 11. Same parameters as in Fig.10, but for a thin disc with
h
d = 0.02. Legend:τes = 0.001 (black circles),τes= 0.01 (red
triangles with points up),τes = 0.05 (blue squares),τes = 0.2
(green triangles with points left),τes= 0.5 (orange diamonds),
τes = 1 (brown triangles with points down),τes = 3 (purple
crosses),τes= 5 (cyan triangles with points right).

(1) A uniform emitting and scattering disc, similar to those
in Figs. 10, 11, and 12, with various ratios of height to di-
ameter; (2) a flat scattering torus illuminated by a central
point source; (3) two types of centrally-illuminated, electron-
scattering cylinders. The shapes (2) and (3) could correspond
to an electron-scattering region such as an atmosphere or flat-
tened outflowing wind above the outer cooler parts of a disc
as previously discussed by Young et al. (1999), Young (2000)
and Smith et al. (2004). We consider cases where this external
electron-scattering region covers the central source, andwhere
there is a hole in the middle. In all four casesτes = 1, and
as in Fig. 12 we are looking at the object at a maximal type-1
viewing position.

It can be seen in Fig. 13 that except for the thinnest distribu-
tions (the left-hand side of the figure) there is a similar depen-
dence ofP on the relative thickness. Chaning the geometrical
shape of the scattering disk shifts the overall level of polariza-
tion but the dependence on the geometrical ratio largly remains
the same. The slight difference between the uniformly-emitting
disc and the external scattering discs is that in the latter case the
photons all begin in the middle of the plane, while in the former
case some of the photons originate near the surface and so see
an lower optical depth.

For the thinnest scattering regions there is a major differ-
ence between those that cover the central point source and those
that have a hole in the center. When the region with the hole is
very thin the covering factor of the central source is low, few
photons are scattered, and therefore the polarization mustbe
low.
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Fig. 12. The effect of the vertical optical depth,τes, on the po-
larization of a very thin disc observed from the maximal type-1
viewing angle. The negative polarization denotes polarization
parallel to the axis of symmetry.
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Fig. 13. The effect of the flatness of the electron scattering re-
gion on polarization for four different geometries viewed from
the maximal type-1 viewing position. Legend: Emitting and
scattering disc (blue solid line), flat scattering torus (black dot-
dashed line) illuminated from the center, scattering cylindrical
disc with inner and outer radii in the ratio 2:7 illuminated from
the center (dashed red line), scattering disc with very narrow
funnel covering a point source (dotted green line). A negative
polarization denotes polarization parallel to the axis of symme-
try.

We only consider the possibility of electron scattering close
to the black hole and not dust scattering for several reasons.
Firstly, dust will not survive this close to the central contin-
uum source. IR reverberation mapping puts the inner edge of
the dusty torus just outside the broad-line region in agreement
with the predicted sublimation temperature. If we replace the
electrons in the models discussed in this section with dust it
does not give a high enough polarization (less than around 1%
even for highly-inclined viewing positions and around 0.1%at
best for more likely near face-on, type-1 viewing angles) be-
cause the dust is forward scattering. Because there is absorp-
tion for dust grains the number of photons coming out is also
lower than in the electron-scattering case.

6. Discussion

6.1. Wavelength-independent polarization from dust
scattering off an optically thick torus

Modeling a uniform-density torus we obtain observed polariza-
tion values for type-2 objects of a few percent without consid-
ering polar dust or electron scattering. Furthermore, the wave-
length dependence of polarization is rather similar for differ-
ent geometrical shapes of the inner torus surface: a flat sur-
face (case 1), as was shown by Kartje (1995), a slightly curved
shape (case 2), or a convex shape (case 3) all reveal a nearly
flat polarization spectrum over the optical and UV range. From
polarimetric oservations it is thus not immediatley obvious to
deduce the geometry of dust distributions in AGN close to the
nucleus.

The lack of wavelength-dependent polarization we find is
important for interpreting spectropolarimetry of type-2 AGNs.
Wavelength-independent polarization is observed in the nu-
clei of type-2 AGNs such as NGC 1068 (Antonucci & Miller,
1985) IRAS 09104+4109 (Hines & Wills, 1993). Because of
the wavelength independence of the polarization close to the
nucleus of NGC 1068, Miller, Goodrich, & Mathews (1991)
interpret this as electron scattering in an outflowing polarwind.
They have difficulties however in maintaining the ionization of
the outflow and require an intrinsically anisotropic continuum
to ionize the outflow. We propose instead that the wavelength
independent polarization arises from the walls of the torus. On
the other hand, Miller, Goodrich, & Mathews observe strongly
wavelength-dependent polarization from a cloud near the nu-
cleus. The reason that this shows rising polarization to shorter
wavelengths must be because it is optically thin, as would in-
deed be expected for an interstellar cloud in such a positionor
gas associated with the NLR.

6.2. Equatorial scattering disks

For type-1 objects scattering off dust in the polar regions of
the object only has a small impact on the observed polarization
because the scattering angle is relativly small. Our modeling
shows that polarization induced by a dusty torus is also very
low along type-1 viewing angles. It is hence necessary to intro-
duce additional structures to the unified scheme to explain type-
1 polarization. We confirm that at type-1 viewing angles polar-
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ization can be produced by scattering off an equatorial disk as
was suggested by Smith et al. (2002). The rotating BLR disk
they introduce together with the surrounding co-planar scatter-
ing region reproduces very well the turnover of the polarization
vector observed in the Hα and Hβ lines of many objects.

Following this idea a little further, we presume that the
highly ionized accretion disk should have a similar effect for
the polarization of the optical and UV continuum. The differ-
ence to an externally irradiated equatorial scattering disk is that
the emitting and scattering material are intermixed. We show
in Fig.13 that the dependence on the geometry of the emitter
(flat versus thick) is similar for emitting disks and for cen-
trally irradiated scattering discs, however, the polarization de-
gree obtained by an extended emitter is somewhat lower. This
is caused by the fact that a significant fraction of the photons
is produced close to the surface and thus unlikly to undergo
scattering events. They dilute the polarization of the photons
coming from deeper inside the disk.

The over all picture of type-1 one polarization properties
become more complicated by introducing additional scattering
regions. It is widely believed that the transformation of gravi-
tational energy into radiation happens by an accretion diskand
hence its contribution to the continuum polarization can not be
neglected. Making the simplified assumption that all type-1po-
lariazation of the continuum comes from the accretion disk we
can obtain a range of the electron densitiy neccessary to repro-
duce the observed polarization precentage. From Fig. 12 we
derive that observed values of a few percent for the type-1 po-
larization require an Thomson optical depth between 0.1% and
4%. Our modeling shows that this corresponds to an electron
density of 1.5× 1010 cm−3 —6× 1011 cm−3.

6.3. Polarization properties of AGN in the unifed
scheme

OUr implified overall prediction for the polarization behaviour
of a typical AGN is summarized in Fig. 14 where we show the
polarization behavior for an idealized AGN consisting of an
electron scattering accretion disc surrounded by a dusty torus
as it is viewed from various angles.

We have found that the polarization is somewhat higher for
a smaller steeper torus (see Fig. 6) than for a larger more grad-
ual one. A real torus probably has a steep inside to it. This
is because the dust radius is set by dust sublimation and so
will be determined primarily by the inverse square of the dis-
tance from the central source. Thus the inside of the torus is
probably concave as seen from the central source. The source
creates a spherical region, with radius of the order of the subli-
mations radius of the dust grains, around the center where the
dust composition is likely to be very different to the dust farther
away. Destruction of small dust grains will modify the grain
size distribution and hence the albedo and scattering properties
are likely to change. It is an interesting future task to model
polarization by scattering off a dusty torus using dust composi-
tions different from the Galactic composition we adopted here.

If scattering off the torus produces the polarization in type-
2 AGN, then our results suggest that the majority of AGN have
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Fig. 14. Dependence of polarization on viewing angle of a typ-
ical AGN. The model shows the V-band polarization resulting
from a thin accretion disc of geometrical ratio 50000:1 and
τes = 1) and a torus with a 30◦ half-opening angle. A neg-
ative polarization denotes polarization parallel to the axis of
symmetry.

narrow openings. Wide opening angles produce parallel polar-
ization in type-2 AGN, which is not observed. However, this
torus polarization could be overwhelmed by polarization from
any scattering material located above the disk.

There is good evidence that the fraction of type-2 AGNs
decreases with luminosity, declining from∼ 80% when logL
= 42 to∼ 30% whenlogL = 46. In the standard unified model
such a change corresponds to the opening angle increasing with
luminosity. Since we show that the polarization from the torus
is a function of opening angle (see Fig. 9), we predict that,
on average, the polarization of type-2 AGNs will increase with
luminosity.

A larger opening angle of the torus corresponds to a smaller
covering factor of the central source with dust. One measureof
the opening angle is the relative IR flux since it depends on
the dust covering factor. We therefore predict that the degree of
polarization should be correlated with the relative strength of
th thermal IR flux.

Observations of the polarization of the broad lines will give
important constraints on the geometry of polarizers close to the
central engine in type-1 AGNs and we plan to pursue further
modelling of this. If the polarization of the continuum is arising
from the accretion disc itself then the BLR will show a different
polarization. If the polarization is arising in a flattened wind
outside the BLR then both the continuum and the BLR can
show similar polarization; there is evidence that this is indeed
the case (Smith et al. 2002).

Since the scale of the BLR is similar to the scale of the
flattened electron-scattering region and not much smaller than
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the scale of the dust-scattering regions, at least slight differ-
ences in polarization are to be expected between the lines and
the continuum and also across line profiles, especially if there
is asymmetry present in the distribution of the scatterers or the
line-emitting material. Temporal polarization variability on a
BLR crossing timescale is also possible. Since all these things
are observed there are interesting things to explore in future
work.

Since the polarization of both type-1 and type-2 AGNs de-
pends on viewing angle, we predict that the polarization prop-
erties will depend on orientation indicators such as the radio
properties, the width of Hβ, and the presence of various types
of intrinsic abgsorption-line systems.

7. Conclusions

We have developed a versatile Monte Carlo code for modelling
polarization produced by scattering in many astrophysicalsitu-
ations. We have shown that it reproduces previous results well.

Modelling polarization with a uniform-density torus for
different half-opening angles we have reproduced the observed
range of polarization (0% to 20%) over the optical and the UV
using scattering off the torus alone. There is no need to invoke
electron-scattering cones.

Polarization observations of type-AGNs favor tori with
small half-opening angles (∼ 60d̃eg) since the polarization of
type-2 AGNs decreases with the opening angle of the torus.
Large opening angles are ruled out because for half-opening
angles greater than∼ 60◦ the polarization has the wrong rela-
tive position angle.

Since in the standard unified model the opening angle in-
creases with luminosity, we predict that, on average, the polar-
ization of type-2 AGNs will decrease with luminosity.

The spectral shape of the polarization produced by scatter-
ing off of a torus is nearly wavelength-independent. The nu-
clear scattering in NGC 1068 is probably produced by dust in
the torus and not by electron cones. This removes the difficulty
of having to maintain the degree of ionization of the putative
electron cones.

The polarization behaviour is not strongly sensitive to de-
tails of the torus geometry (e.g., cylinders with sharp edges,
versus tori with smooth elliptical cross-sections).

Our modelling shows that scattering by the torus alone can-
not explain the polarization dichotomy between type-1 and
type-2 AGNs since the degree of polarization for type-1 ob-
jects is negligible in all our modelled cases. This result isnot
changed by adding scattering cones of electrons since they pro-
duce polarization at the wrong angle. For type-1 AGNs the po-
larization must be associated with other processes closer to the
central engine.

The parallel polarization seen in type-1 AGNs arises natu-
rally from electron scattering for a wide range of flattened dis-
tribution close to the central energy source. As well as the flat-
tened external equatorial electron scattering region proposed by
Goodrich & Miller (1994), polarization will arise in the accre-
tion disc itself. At a given viewing angle the polarization of the
different types of region does not depend strongly on the geom-
etry of the electron-scattering region, but it is a strong function

of optical depth. A relatively low optical depth of only a few
tenths can produce the observed polarization.
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