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ABSTRACT

Context. Spectropolarimetry of AGNs is a powerful tool for studyimg tstructure and kinematics of the inner regions of quasars.
Aims. We wish to investigate theffects of various AGN scattering region geometries on therjzeld flux.

Methods. We introduce a new, publicly available Monte Carlo radiatiransfer code,®kes, which models polarization induced by
scattering & free electrons and dust grains. We model a variety of regioASNSs.

Results. We find that the shape of the funnel of the dusty torus has afisignt impact on the polarizationfiiciency. A compact
torus with a steep inner surface scatters more light towgrd-2 viewing angles than a large torus of the same halfiogeangle,
6. For 6, < 53, the scattered light is polarized perpendicularly to thesyetry axis, whilst ford, > 60 it is polarized parallel
to the symmetry axis. In between these intervals the ofiiemtaf the polarization depends on the viewing angle. Thgreke of
polarization ranges between 0% and 20% and is wavelengépérdient for a large range @f. Observed wavelength-independent
optical and near-UV polarization thus does not necessemiply electron scattering. Spectropolarimetry at reatrfe wavelengths
less than 2500 A may distinguish between dust and electrattesing but is not conclusive in all cases. For polar dusiitering
spectra are reddened for type-1 viewing angles, and maae fdutype-2 viewing angles. Polar electron-scatteringesoare very
efficient polarizers at type-2 viewing angles, whilst the piakd flux of the torus is weak.

Conclusions. We predict that the net polarization of Seyfert-2 galaxiesrdases with luminosity, and conclude that the degree of
polarization should be correlated with the relative stthngf the thermal IR flux. We find that a flattened, equatori&ceon-
scattering disk, of relatively low optical depth, reprodsidype-1 polarization. This is insensitive to the exactngetoy, but the
observed polarization requires a limited range of optiegitt.

Key words. Galaxies: active — Polarization — Radiative transfer —t®dag — Dust

1. Introduction entation &ects (Lawrence & Elvis 1982; De Zotti & Gaskell
) ) 11985). Since then, the dusty-torus model has become the stan

One of the foremost problems in AGN research is that the iarg ‘unified model (see Antonudci 1993) dividing AGNs into
nermost regions of AGNs cannot be resolved in the optical aggl, sub-types: “type-1" AGNs which are seen close to face-on
U\( with current technology. However, the Ilght. of AGNs is pozngd “type-2” AGNs which are seen close to edge-on. In type-1
larized over a broad wavelength range, and this allows usito PGNs the central energy source and its surroundings (ég., t
|mportant_constra|nts on the_geometry of the_ emlttl_ng araxl-scBLR) can be seen, whilst in type-2 AGNs the torus blocks our
tering regions. Spectropolarimetric observations givimg de- gjrect view of these inner regions. While this obscuratiod a
tailed wavelength dependence of the polarized flux givehirt the |R emission from the torus are the most obviofisas of
clues to the nature of the polarizing mechanism. the torus, scattering from the dust will add polarized flureT

Our inferences of the innermost structures of AGNs have pelarization spectrum of an optically thick dusty torus basn
far been obtained indirectly. Rowan-Robinson (1977) satgge the subject of several modeling projects (Kaffje 1995, Volf
that AGNs are surrounded by a dusty torus and in the same pagenning 1999, Watanabe et/al. 2003).
he gives a suggestion by M. V. Penston that Seyfert 2 galaxies

are seen close to edge-on SO that the active nucleus _is @0scur \yhen Dibai & Shakhovskoy (1966) and Walker (1966) dis-
by the torus. Support for this picture came from the impdrtapgered optical polarization of AGNS, it was initially takéo

discovery by Keel[(19€0) that Seyfert 1 galaxies (activégal he eyidence of optical synchrotron emission, since syrimo
ies showing a broad-line region; BLR) are preferentiallgrse yaqiation has a high intrinsic polarization. However, Ahge
face-on. Keel((19€0) also investigated absorptifiadts inside 5| (1976) found the Balmer lines in NGC 1068 to be polarized
the host galaxies and emphasized the need of addition@amuckmjjarly to the continuum, thus implying that scatteringswe-
absorption in Seyfert galaxies with respect to normal &piragponsiple for the polarization of both the lines and continu
Keel's work led to further confirmation of the importance 0f0 The diference they found in polarization between the narrow-
line region (NLR) and BLR places the scattering region agsi
Send gfprint requests toRené W. Goosmann the BLR, but inside the NLR
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When light is scattered, the angle of polarization depende describe Sxes, a new general-purpose, publicly-available,
on the direction of the last scattering, so one expects thkeafi Monte Carlo code for modeling wavelength-dependent pedari
polarization to be related to the structure of the AGN. Stoeak, tion in a wide variety of scenarios, and we present sometgesul
Angel, & Miley (1979) made the seminal discovery that for fowof our study of AGN polarization.
polarization, high optical luminosity, radio-loud AGN$gt op- In this paper we confine ourselves to usingi&:s for calcu-
tical polarization position angles tend to aligarallel to the lating the polarization imprints of basic constituentsto uini-
large-scale radio structure. Although they interpretad #s a fied scheme. We compute the polarization spectrum of dusty to
consequence of optical synchrotron emission, they alse swgth various geometries and opening angles, and we consider
gested that polarization from an optically-thin, non-gjdadly- scattering in polar cones and electron disks. We investitiet
symmetric scattering region near the source of opticahtaati effects of geometrical shape and optical depth of given regions
was another possibility. None of our models are intended to reproduce observatianal p

Antonucci [1982) pointed out that whilst many radio gala%grimetric data for any specific object. Rather, we want t@s3

ies showed a similar parallel alignment of the polarizatoial igate general const_raints on the scattering regions angdom-
radio axes, there was, unexpectedly, a population showireg-a etry of AGNs. We discuss consequences for the observed-polar

pendicularrelationship. It was subsequently shown (Antonucgrat'on d|chotor_ny bet_ween type-l and type—.2 objects. Wedea
1983) that relatively-radio-quiet Seyfert galaxies shosinailar aside the question of interactions betweefedent types of scat-

: ; -0 tering regions for paper Il (Goosmann & Gaskell, in predargt
g;fer;cggg%zgimeﬁ]nf?cifgﬁisgf gtgfglrjttsnsrt]; ?ﬁg;‘% where we also conduct more detailed modeling of AGNs in the
ular polarization of type-2 Seyferts (see Antonucci 1993822 unified scheme.

for reviews). These discoveries made a synchrotron orijineo The presentdpia_\per ']f’ or?anllzed dalsJ\f/oIIO\I/vs_: |nt_sect|?|l‘é’l/|ve
polarization much less likely. summarize modeling of optical an polarization o

and the main results obtained previously. Section 3 desrib
Polarization perpendicular to the axis of symmetry is eagur code Sokes. In section 4 we present modeling results for

ily produced by scatteringfbmaterial close to the axis. Thereequatorial, toroidal dust distributions. Section 5 is datkd to

is good observational evidence for the existence of iomirat electron and dust scattering in polar double-cones. Iricseét

cones along the polar axis in numerous objects (see Kinneywg{ investigate the polarization signature of equatoriglaes

al.[1991 and reference therein). Polar scattering has baein-p for electron scattering. Our results are discussed in@e@tand

ularly well studied in the Seyfert-1 galaxy NGC 1068. Antoau we give some conclusions in section 8.

& Miller (L985) made the key discovery that the polarized«flu

spectrum can fder a periscope view of type-2 AGNs because

much of the polarized flux originates inside the torus. Dethi 2. Previous codes and modeling

HST polarimetry has revealed the polarization structurénef . : . . .
ionization cones (see Capetti et al. 1995a,b; Kishimot®)1.99 In this section, we bnefly_ summarize some recent AGN patariz
tion modeling codes which we will compare outo8es model-
The detection of a hidden broad-line region in NGC 1068 kiyg with.
Antonucci & Miller (1985) was of great importance for AGN  Young et al. [(1995[ 1996), Packham (1997), and Young
research since it provided strong support for the unifiedthe(2000) developed an analytical radiative transfer modsd, t
ries of AGN activity. More hidden type-1 nuclei have subseseneric Scattering Model (GSM), for polarization modeling
quently been found by analysis of their polarized-flux spectThe model is based on the unified AGN model. Extended emis-
(see e.g., Miller & Goodrich, 1990; Tran, Miller, & Kay, 1992 sjon regions can be defined, and scattering processes aaswell
Hines & Wills, 1993; Kay, 1994; Heisler, Lumsden, & Baileydichroic absorption are considered. The modeled georsetrie
1997; Tran, 2001; Smith et al., 2004). Similar work on the rajude toroidal, disk-like, and conical regions of dust anekef
dio galaxy 3C 321 was done by Young et al. (1996), and Traffectrons. For scattering material in motion, Doppléeets are
et al. [1999) could identify an active nucleus inside anaultrincluded. The model is fairlyféective in reproducing spectropo-
luminous infra-red galaxy using spectropolarimetry. Relge larimetric data of Seyfert galaxies (see, for example, Ypan
hidden type-1 nuclei have also been found in five type-2 quasd [1999 for Mrk 509). In particular, it reproduces variaisoof
candidates (Zakamska etlal. 2005). the polarization across broad emission lines (Smith etG52

The new generation of large telescopes is delivering Spér 1e model is semi-analytical and therefore does not takéi-mul

tropolarimetry of emission line profiles with good velocigso- P'€ Scattering into agcou(nt.
lution (see, for example, the spectropolarimetry of thef&y Wolf & Henning (1999) present a Monte-Carlo code used to

1.5 galaxy NGC 4151 presented by Maitel 1998, and the &2MPute the polarization obtained by scattering insideyam
las of spectropolarimetry of Seyfert galaxies presenteSrbjth metric regions. They consider dpst and electron scattdadng
et al.[200R). Examination of velocity-dependent polajzapf  Pelar double-cones and equatorial tori. In the Monte-Cafe

emission lines promises to reveal valuable informatioruatiee  Proach two or more of such components can be combined and
geometry of the BLR (Smith et L. 2005). Similarly, spectrop the.resultlng polarization spectra are modeled fo_r var!nokrr
larimetry of quasar absorption lines helps constrain thoerggry nations of the system. Aside _from s(pectropolarlmetrlc nhode
of broad absorption line QSOs (Goodrich & Miller 1995, Coherﬁ‘g_' the code by Wolf & Hennind (1999) can also produce po-
etal. 1995, Hines & Wills 1995, Ogle et al. 1999). arization images, which are pro_vlded fo_r various torusrgeo

_ tries. An important element in this code is that multipletsera
~Inorder to understand these many facets of AGN polarizgry, which becomes important for optical depth€.1, is con-

tion, and their implications for the underlying geomethgo-  sidered accurately by including the dependence of theeseatt
retical modeling is necessary. Analytical approachesd@tare  jng angle and the polarization of a scattered photon on dfs in

transfer that have been carried out so far are generallfeldid  gent Stokes vector. For dust scattering, twiiettent grain size
the consideration of single-scattering models. Compureuls-

tions are needed to investigate multiple-scatteringibhgaper ' http;/www.stokes-program.info
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distributions were examined: one parameterization reptasy

Galactic dust, and the other favoring larger grains. <
Kartje (1995) also developed a Monte Carlo Code and inves- , . observel
tigated quasar schemes with either a torus geometry or a@onic /

last scattering event

stratified winds along the polar axis. In addition to polatian
by scattering, he also considers polarization by dichreime-
tion due to magnetically-aligned dust grains. For a simple u
fied torus model he finds that the dominant parameter of the po-
larization, P, is the torus half-opening angle: for type-2 objects creation of
one can find significant polarization (up to 30%) with a posi- A nen phaten
tion angle directed perpendicular to the axis of symmeioy; f
type-1 objectd is negligible. Kartje obtains an important result (-
when he investigates conical stratified-wind regions doirtg P
free electrons closer to the central source and dust facthier y
the amount of polarization ranges between 0% and 13%, match-
ing observed values, and the direction of tBeector depends P
on the viewing angle in a manner that agrees with the above- scattering events
mentioned type-type-2 dichotomy. The polarization percent-
age can be increased if there is magnetic alignment of dust
grains, but the general dependencePodn the viewing angle Fig. 1. A photon working its way through the model space.
seems to be a geometricdleaxt.
Another Monte-Carlo polarization code is presented by
Watanabe et al[ (2003). It is applied to modeling of opticakgion through various scattering processes until theyinec
and near-infrared spectropolarimetric data of the typey#@&t absorbed or manage to escape from the model region[{Fig. 1).
galaxies Mrk 463E, Mrk 1210, NGC 1068, and NGC 4388. Thehe polarization properties of the model photons are giwen b
code contains electron and dust scattering routines quitéas their stored Stokes vectors.
to those used by Wolf & Hennin@ (1999). It considers multiple Photons are created inside the source regions, which can be
scattering and dichroic absorption in dusty tori, sphesewall realized by diferent geometries. The continuum radiation is nor-
as electron and dust scattering in double-conical regifimsab- mally simply defined by the index of anF, « v~ power law.
sorption and scattering properties of the dust are cayefalcu- The Stokes vectors of the photons are initially set to thaesl
lated by Mie theory. Watanabe et al. (2003) examine wavéliengof completely unpolarized light.
dependent polarization properties foffdrent geometries overa  Various scattering regions can be arranged around the
broad-wavelength range and give constrains about possibte sources. The prograntffers e.g. toroidal, cylindrical, spherical
tering components within the objects they observed. They cor conical shapes. These regions can be filled with free elec-
clude that a combination of dust and electron scatteringoin ptrons or dust consisting of “astronomical silicate” anddige.
lar regions can reproduce the optical polarization propedf A photon works its way through the model region and gener-
Mrk 463E and Mrk 1210. The slope of optical polarization NG@lly undergoes several scatterings. The emission diregtjimath
1068 is almost flat favoring electron scattering as the damtin lengths between scattering events, and the scatteringsaag
polarizing process. For the near-infrared range poladmatf computed by Monte Carlo routines based on classical irtiensi
these objects can be modeled by dichroic absorption of edigndistributions. During each scattering event the Stokesoves
dust grains in a torus. However, scatterirfj @alactic dust in changed by multiplication with the corresponding Muellea-m
a torus cannot simultaneously reproduce the near-infiaotd-  trix. For dust scattering, absorption is important, andgddrac-
ization and the total flux. Watanabe et al. (2003) hence stggeéon of the photons never reaches the virtual observer. &lee r
that the grain size composition of AGNs might b&elient from vant cross sections and matrix elements for dust scatteridg
our Galaxy. absorption are computed on the basis of Mie theory applied to
This list of previous polarization modeling is not exhaussize distributions of spherical graphite and silicate ggai
tive. For example, Blaes & Agdl 1996 and Agol & Blaes If a photon escapes from the model region, it is registered
1996 have presented modeling of the wavelength-dependeyta web of virtual detectors arranged in a spherical gegmetr
polarization signature of accretion disks at the Lyman tlimiaround the source. The flux and polarization informatioreahe
and Kishimoto [(1996) modeled polarization due to electromletector is obtained by adding up the Stokes parameters of al
scattering & clumpy media in polar regions of AGN. Also, adetected photons. If the model is completely axially symiuet
new Monte-Carlo model, which includes polarization transfthese can be azimuthally integrated and, if there is plane sy
for the continuum and for broad quasar absorption lines, wagtry, the top and bottom halves are combined. The object can
recently presented by Wang, Wang, & Wang (2006). We halbe analyzed in total flux, in polarized flux, percentage of po-
restricted this brief review to recent modeling of polati@aaby larization, and the position angle at each viewing anglee Th
dust and electron scattering, since this is our primary eomin  light travel time of each photon is also recorded, so it is-pos
the present paper. sible to model time-dependent polarization (Gaskell, Et&j
Goosmann, in preparation).

scattering region

3. Stokes — an overview
3.1. Monte Carlo method, photon initialization, and sampling

The computer programrSkes performs simulations of radiative the free path length

transfer, including the treatment of polarization, for A&BInd
related objects. The code is based on the Monte Carlo methdsing the Monte Carlo method it is possible to generate a ran-
and follows single photons from their creation inside therse dom eveni according to a given probability density distribution
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p(x). Let p(x) be defined on the interval [8na4. We can then scattering € a spherical particle, the following relation between
construct the probability distribution functid?(x) and relate it the incoming and scattered electric fields holds:
to a random number, between 0 and 1 as follows:

r= P = ¢ [ pocax o (€)% st )(€2) ©

The scattering matrix elementS;(d) and S,(6), are inde-
mpendent of the azimuthal ang#eln case of Thomson scattering,
there absolute values obey to simple analytic expressions:

The constanC is a normalization constant resulting fro
integration over the whole definition interval [Qna. Given the
random number, the corresponding valudér a single event
is obtained by inverting equatiohl (1). A good descriptioriaf
Monte Carlo method can be found in Cashwell & Everett (19591)51(9”2 -1 @)
In the following, we describe the main routines afoSes and 2 ’
denote all random numbers computed from equafibn (1) by 1S2(0)| cos’ 6. (8)

withi=1,2,3.... d ing, the albedo and th ix el f
To generate a model photon, its initial parameters of po- For dust scattering, the albedo and the matrix elements o

sition, direction of flight, and wavelength all have to be. sef standardr?ustlbgrgin arehcaltr:]ulated fronl1 Miehtheory (see Zec
Different geometries for the continuum region, broad-line r&on [%)' T ei edo at tde P oéon.\évavehenﬁt 'f] co?r]\pare_ to
gion, and narrow-line region are available iSes. Assuming & Fandom numbers, in order to decide whether the photon is
a constant density of the emitting material, a random psiti absorbed or scattered. If the photon is absorbed it is lodttlze

for the new photon is sampled. The flight direction is given b§YCl€ Starts over with the generation of a new photon.

two anglesd and ¢, defined with respect to a standard polar _|h€ Polarization vector of each photon lies perpendicalar t
coordinate system. Assuming isotropic emission, the sagpl 'S trajectory, inside the so-called polarization plamel denotes
equations for the angles are as follows: the preferred direction of thé-vector. It is defined with respect

to a co-moving coordinate system. The polarization infdioma

of each photon is coded by four Stokes paramdteg U, and

arccos(l- 2ry), (2) V. representing the 4-dimensional Stokes vector. We asshane t

6 = 2nr, 3) newly created photons coming from the source are unpothrize
’ Hence, their Stokes vectors have the simple form:

The wavelength of the photon is sampled according to the

>
I

intensity spectrum over a rang&din, Amax- This leads to: ' é
. J1=15] ©)
[/l‘r;in +r3 (A‘,gax— A%in)]” , fora #1, Vv 0
A= (4)
Amin (jr;?:)“ , for o = 1. With each scattering event, the co-moving coordinate ayste

undergoes a double rotation: the first rotation, by the attialu
Here,a denotes the usual power law index of the intensitgngle¢, occurs around the current flight direction of the pho-

spectrum. ton. It rotates theE-vector inside the polarization plane to the
If we ignore scatterings back into the beam, the intensity pbsition of the new scattering plane (see Eig. 2). Physicll

a photon beam traversing a slab of scattering material véith pdoes not fect the polarization state, although the Stokes vector

ticle number densitiN and cross-sectiom will drop by a factor undergoes the following coordinate transformation.

of eV with | being the distance traveled inside the scattering

region. From this, one can derive the sampling functioh of I* 1 0 0 O Iif‘

1 Q" |_|0 cos sinzp 0} Q" (10)
| = ——In(1=ryn). 5 U* |70 -sin2 cos2 0|l U™ |

N (3= r4) ® v 0 0 0 1){vn

The factorN—l(T is the mean free path length. Depending on
the scattering material, the program uses either a dustatiin
cross-sectiomrgy computed from Mie theory or, in case of elec
tron scattering, the Thomson cross sectiesm.

The second rotation occurs in the scattering plane by the
scattering anglé. The change of the Stokes vector is determined
by the Mueller matrix, which for scatterindgfa spherical parti-

cle has the form:

3.2. Polarization formalism, scattering, and photon detection o SusSpe 00 I
QU 118128, 0 0|
The polarization properties of the photons sampled 1oxk& Uou [~ k2g2| O O Sas Sz || U* (11)
and their transformation during scattering events rely @vip yout 0 O —-S3z Sag )\ V*
ous work described e.g. in Fischer, Henning, & Yorke (1994).
The theoretical basis for the formalism presented in thitice The entries of the Mueller matrix are obtained by simple
can be found in Bohren & Himan (1983). relations from the elements of the scattering mat&ixg) and
If we consider a photon being scatterefdl @ spherical par- Sx(6).
ticle (see FiglR), the outgoing electromagnetic wave aatext The angle-dependent classical intensity distribution of a

with the photon can be resolved into two componeBEjsand scattered electromagnetic wave measures the probalifityds
E.. These components refer to directions of the electric-fieldg a scattered photon at a given direction. Such probglidin-
vector parallel and perpendicular to the scattering pléue. sity distributions are derived from equatidd (6). An imort



Goosmann & Gaskell: Modeling AGN Polarization 5

3.3. Computation of dust properties

y ) z / Mathis, Rumpl, & Nordsieck (1977, MRN) suggested dust com-
Ex, Jyy positions to reproduce extinction curves observed in olaxya
z| ¢ ” Cos They assumed various types of dust grains having a size-distr
2 /V‘x bution proportional taa®, with a being the grain radius ansl
4 an arbitrary power-law index. Our parameterization of thetd
1800y o) ) second tum b properties follows that of MRN and gives a good descriptibn o
A y observed Galactic extinction curves. The user can choesarth
SN bitrary minimum and maximum radii of the grain-size distrib
p (pyé\ Ly Fistum byo brnggs tion, its power law index, and the relative abundances gihjte
into the new scattering plan and “astronomical silicate”.
\/ The results from Mie scattering theory, i.e., scatterind an

extinction cross sections, albedos, and elements of thesca
ing matrix, are computed using the code given by Bohren &
Huffman [(1988). We imported complex dielectric functions for
graphite and silicate measured by Draine & Lee (1984). For
Fig. 2. Geometry and denotations for a single scattering evegtaphite, two dielectric functions have to be consideradesthe
The inset shows the first rotation of tkevector by the angle, optical properties for light polarized parallel and pergienlar

the view on the polarization plane is along the negatisgis.  to the crystals axis ffier from each other. The code therefore
works with the two diferent graphite types having abundances
in a ratio of 1:2. It computes a weighted average for the dust

aspect included in1®kes is that the scattering direction is sam£0mposition and grain size distribution defined. The praced
pled depending on the incident polarization vector. Thereleg iS described, for example, in Wolf (2003). The propertieshef
P, and the position angle; of the polarization before scatter-resulting “standard dust grain” are then used by all duistted

ing are computed from the incident Stokes vector and eneer fiputines of Sokes. . .
sampling equations afand¢ = ¢’ + 180° — v;: We confine ourselves to using standard Galactic dust such

as is seen in the solar neighborhood, even though there-is evi
dence that the tori of AGNs might haveffdirent compositions

0 and grain size distributions (see Czerny et al. 2004, Gbskal.
P = N f (IS1@)P +1S2(6")) sin@')de, (12) 2004, and Gaskell & Benker 2006). Following Wolf & Henning
0 _ 1999, we parameterize Galactic dust by a mixture of 62.5% car
P(&/) = 1 (¢, _1S1(0)1* - 1S2(6)1P p Sin 2¢') (13) bonaceous dust grains and 37.5% “astronomical silicates. W
2n 1S1O)2 +1S200)2 ' 2 ) consider grain radiia, from 0.005um to 0.250um with a dis-

tribution n(a) o« a® with s = —3.5. The resulting cross-sections

The numbeN is a normalization constant in order to havé@nd the albedo are shown in Hig. 3 as a function of wavelength.
(I2) range from 0 to 1 for scattering angles betweear@ 180. The figure sho_ws that for this particular dust model, the ddbe
To samplep andé, the right hand-sides of these equations hai@ rather flat with a value of 0.55-0.6 over the wavelengtiyean
to be set equal to random numbegsr7. The equations are thenconsidered. For wavelengtks2500 A it falls to 0.4. The cross-
solved for the angles. sections all decrease regularly with wavelength, with theep-

Note that the sampling is independent of the incident poldfon of the well-known hump around 2175 A.
ization for @ but not for¢. In several Monte-Carlo polarization
transfer codes described in the literature, the incidetarjza- . . .
tion does not fiect the sampling of the scattering angles. Thi Simulation of torus geometries

does not present a problem if one considers unpolarized ingi this section we investigate how much of the polarizaticpp

dent radiation and low optical depths. Also for very high operties of type-1 and type-2 AGNs can be produced by a uniform-

tical depths, when multiple-scattering neutralizes thipra-  density torus alone. Kartjé (1995) modeled the polarizaiio

tion inside the scattering region, the incident polarzmatan be duced by scatteringfba cylindrically shaped torus. Their torus

neglected. However, results for intermediate optical ieptre model was adopted from a fit to NGC 1068 given by Pier &

sensitive to the sampling method and they should consider Wrolik (1992). This torus is geometrically rather compantia

polarization state of the incident photon. is located within a radius of 1 pc from the central source hSuc
When a photon escapes from the model region it is recordgaylindrical torus is not necessarily physical, so we exami

by one of the virtual detectors. It is then necessary toedts whether the results of Kartje can be confirmed with more gen-

polarization plane around the flight direction until it maés the eral tori, and we extend the range of parameter space explore

reference axis of the detector. The Stokes vectors of aihieg

photons can finally be added up to the valugg, U andV. The

net polarization properties are derived from: 4.1. Curved surfaces versus sharp edges

The dusty tori examined by Kartjé (1995), Wolf & Henning
(1999), Youngl(2000), and Watanabe et al. (2003) have rather
sharp edges, and, since we find that polarization resultslean

V@2 + U2+ V2

P = f ’ (14) pend strongly on geometrical details, we have investigateds
1 J artificial torus geometry with an elliptical cross-sectidio ex-
Y =3 arctan—. (15) amine the influence of sharp edges of the cylindrical torugen

polarization, we define a torus with similar dimensions, el
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. Fig.5. Modeling a cylindrical torus with an elliptical cross-
. section anddy = 30° (see sectiof 411). Top: polarizatioR,
Bottom: the fractionF/F., of the central fluxF., seen at dif-
ferent viewing inclinationsi, Legend:i = 87° (edge-on) (black
crosses)i = 76° (orange triangles with points dowri)= 70°
(intermediate) (maroon stars),= 57° (purple triangles with
points up),i = 41° (green diamonds), = 32° (red squares),
andi = 18 (face-on) (blue circles).

-

X cosi because it gives equal flux per bin for an isotropic source
located at the center of the model space if there is no seatter
ing. Our figure is quite similar to the corresponding diagsam

Fig.4. Geometry of the three torus models we consider: (Kartje's paper (see his Fig. 5).

==Y

03/

the cylindrical torus used by Kartje, (2) a compact elliplig- The only diference between our results and those of Kartje
shaped torus, and (3) an extended elliptical torus. Allkare s that we generally obtain slightly lower polarization degs
the same half-opening angy and a slightly diferent wavelength-dependent slope for the scat-

tered flux. This can be explained by the fact that we calculate
our cross-sections from Mie theory of a specific dust composi
same optical depth in the V band,) ~ 750 along the radius tion whilst Kartje used cross-sections given by Mezger,at
in the equatorial plane. Thus, practically no photon is dble & Panagial(1982).
penetrate through the torus and only scatterifigte surface is ~ We also investigated the polarization of a compact toruss wit
relevant. However, our torus has an elliptical cross-eedfsee an elliptical cross-section for changidg. Again we obtained
Fig.[) instead of the rectangular cross-section used bije<ar similar results (not shown) to those for Kartje's cylindiiy-
Our results compare very well to those obtained by Kartfghaped tori. Thus, the filerences in polarization between the
(1995). In Fig.[5 we show polarization and flux (normalizeglliptical and cylindrical tori are negligible. Having sipeedges
to the flux of the central source) versus wavelength fiedint in the cylindrical model rather than the more realistic rded
viewing directions. The torus considered has a half-oppam €dges of the elliptical torus does not introduce spuridieces.
gle of gy = 30°. The positive values dP denote that the polar-
ization vector is oriented perpendicularly to the symmeixis
(type-2 polarization). In our simulations the torus is fill&ith
standard Galactic dust, parameterized as described amnthefe A real torus is undoubtedly thicker than the geometricaiin t
sectior 8. We sample a total ofiphotons and record spectra atylindrical torus of Kartje. Direct imaging of NGC 426% (
10 different viewing angles scaled in dosvherei is measured 3C 270) shows that the dusty torus in that AGN extends out
from the axis of the torus. We show our results as a function @wf 230 pc (Ferrarese, Ford, &f8@[1996). A similar dust lane

4.2. The effect of the shape of the inner edge of the torus
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across the nucleus of M 5£(NGC 5194) extends by 100 pc
(Ford et al[ 1992). The inner radii of tori are obtained byan! T T T T T " 1T " T " ]
red reverberation mapping of the hot dust and are in the r 3 .
of tens to hundreds of light-days for Seyfert galaxies (sks€
2004 and Suganuma etlal. 2006).

The outer regions of tori have considerable optical defutt
their precise shape is unimportant, since no photons egzap
allel to the equatorial plane of the torus. The shape of theri
region facing the central energy source is more relevante@t
torus models commonly consider inner surfaces that are
vex towards the central source. We thus model opticallgkil
uniform-density tori with elliptical cross sections, amér ra-
dius of 025 pc, and an outer radius of 100 pc. We comg
these results to the modeling of a more compact torus witt
same half-opening angldy = 30°, as in sectiof 4]1. We de

termine the dust density by fixing, at~ 750. Variability ob- 1E0000000000000000000000000000000n
servations imply that the size of the optical and UV-contimu e . - ainiainiale:
source in Seyfert galaxies is less than a few light-days ako 10k i
expected from simple black-body emissivity arguments.dée F, o vt e s s

cent

when considering scatteringfdhe torus, we can neglect the ,
nite size of the continuum source in our model and assur ~
point-like emission region. Note that this consideratiemains

AL L L

valid for objects with higher luminosities because bothglze 10
of the central emission region and the inner radius of thest
scale with luminosity. 10%
The resulting spectra at féierent inclinations are shown i L el
Fig.[8. If the viewing anglei, is less tham), (thus correspondin 2000 3000 4000 5000 6000 7000 8000

to a type-1 object), we only observe a regular type-1 spect
We find that there is no significant polarization in this cdbee
look at a type-2 object at a higher inclination angle, onlgtsc Fig. 6. Modeling a large torus with an elliptical cross-section and
tered (and hence polarized) light is detected. This is guale 6y = 30° (see sectioh 412). Top: polarizatioR, Bottom: the

A [Angstroem]

to the results obtained for the compact torus shown in [Hig. feaction, F/F., of the central fluxF., seen at dferent viewing
The overall shape of the polarization spectrum for bothssife inclinations,i. Legend:i = 70° (intermediate) (maroon stars),
the torus is rather similar as well. With increasing viewargyle i = 63° (pink triangles with points to the right),= 57° (purple
the level of the polarization spectrum rises, reaches ammaxi, triangles with points up),= 49 (brown triangles with points to
and decreases again towards edge-on lines of sight. The shaphe left),i = 41° (green diamonds), = 32° (red squares), and
the P-spectrum does not change significantly betwedfedint i = 18° (face-on) (blue circles)
type-2 inclinations.

There are dferences between our results of modeling a large
torus (case 3 in Fig.]4) with half-opening angle= 30°, and
the analogous compact torus (case 2 in Elg. 4) with identical
half-opening angle but smaller dimensions. A strikinfjetience PR s
occurs in the angular flux distribution: the large torus t&rat largeN\®Z
considerably fewer photons towards an observer at intermed torus A
ate viewing angles because they hit the outer parts of itttsze
illustration in Fig.[T). Towards edge-on viewing directsothe
probability of seeing scattered photons is much lower tlwan f '
the small torus. The spectral slope of the scattered radiatso | ]
differs between the two tori. While the spectrum s flat in the case /
of a compact torus it rises towards the blue for the largestoru
This can be explained by the increasing tendency of forwarkdig. 7. Comparison of the compact and the extended torus with
scattering at shorter wavelengths. Photons escapinglaghig- 6o = 30° in the V-band.
clinations have to undergo back-scattering; this is mdedylito
happen at longer wavelengths.

There are also flierences in the polarization signatures a$uficient statistics. On the other hand, it clearly follows froor
both tori. Although the overall spectral dependenc®a$ the computations that the spectral flux at angles 76° is reduced
same, the level oP is changed. The strongest changes are lay a factor of almost 2 x 10’ with respect to the flux of the
higher inclinations when the central source is becoming oseurce. Therefore, the polarized flux at these angles isloety
scured by the torus. As with the total flux (see above), for the We show the dierences in V-band total flux and polarization
larger torusP is significantly lower (compare the caseief 70°  between a large and a small torus in [Elg. 8. The top panel shows
between the upper panelf &ig.[3 and Figl ). For a large torus,the polarization as a function of the viewing angle, and tbe b
our current models sampling several Jfhotons do not con- tom panel the fraction of the light reaching the observemas
strain the polarization well at very high inclinations. Tinember shown above, the fierences between the two torus shapes are
of photons scattered into these directions is too smalléavdbr most important at higher inclinations. At~ 70° the degree of
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Fig.9. Polarization averaged over type-2 viewing angles (see
sectiori4.B). A positive value of polarization denote&avector
oriented perpendicular to the torus symmetry axis; for tiega
values theE-vector is aligned with the projected axis. Legend:
6o = 10° (black dashed linefjy = 20° (solid red line) 6o = 30°
45 50 55 60 65 70 (green dot-dashed linejy = 45 (blue dots)gy = 50° (long
Inclination [deg] yellow dashes)dy = 60° (brown double dots and dashes), and
75° (pink double-dashes and dots).
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Fig. 8. Differences between large and small tori with an eIIipticg?
cross-section in the V-band (see secfiod 4.2). Top: paltoia,
P, and bottom, the fractior/F.., of the central fluxF., as a
function of viewing inclinationsi. The dashed lines denote the  Varying the opening angle shows several important things.
thin elliptical torus (case 2), the solid line the extendedi$ Forg, < 53 the absolute value of the polarization decreases as
(case 3) the opening angle increases (see Eig. 9), as was found bjeKart
(1995) for compact tori. The polarization vector is oriehper-
pendicularly to the axis for all viewing directions> 6y, as is
L ) . observed in type-2 AGN. Fdip > 60°, only parallel polariza-
polarization reaches aftérence of 6%, and the fluxftiers by & tion vectors can be seen at viewing anglest. In this range of

factor of almost 100. 6o the absolute degree of polarization increases with theiogen
angle.
4.3. The effect of the torus half-opening angle The reason for the flip of the relative position angle can be

explained by the scattering phase function, and by the geome
Kartje (1995) has shown that the half-opening an@depf the try of the inner parts of the torus (Kartje_1995). For a distan
torus is an important parameter for the obscuration ancctefle  observer looking at the torus along affi-axis line of sight, the
properties. While modeling large tori, we examine halftiipg scattered radiation comes from the inner surface wallsaht, p
angles ranging from XOto 75. Variation of, is realized by these consist of the inner torus wall facing the observertmos
changing the vertical half-axis of the elliptical torus sscsec- directly, but they also consist of the two surfaces on the.sid
tion. The other model parameters are defined as for the previ®ue to the scattering geometry, the photons scatteffebdeside
case o)y = 30° in sectiof 4.P. walls are polarized along the projected symmetry axis,stitile

photons coming from the far wall are perpendicularly palegdi.

o ] ) The ratio of the solid angle that the far side of the visible in

4.3.1. Tori with narrow or wide openings ner surface subtends to the solid angle that the visibler iside
(Walls subtend changes with the half-opening angle of thestor

For large tori4g is a dominant parameter for both the degree o
g 0 P 9 and so does the overall polarization vector.

polarization and the position angle,In Fig.[9 we show the po-
larization of the scattered radiation as a function of wength
and for variougl. Due to a similar overall shape of the wavez 3 2 Transition case: intermediate torus half-opening

length dependence & we average the polarization over type-2 angles

viewing anglesj, with i > 6y. We thereby exclude the high-

est inclinations with an indticient number of photons, whereFor intermediate opening angles with°53 8, < 60° the orien-
the statistics oP are too poor. For viewing angles with< 6, tation of the polarization position angle seen at type-2virig
(corresponding to type-1 objects seen face-on) the paldwiz angles depends on the exactinclination. We illustrate awase
is negligible. in Fig.[10, where we sé = 57°.
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Fig. 10. Modeling an expanded torus at an intermediate opeiufrig. 11. Effective polarizationPes (see sectioh413), for type-2
angle ofg, = 57°. The graph shows the polarization degree imiewing positions as a function of the half-opening angl@of
the visual band versus inclination angleA positive value of extended torus (case 3).
polarization denotes aB-vector oriented perpendicular to the
torus symmetry axis; for negative values taevector is aligned
with the projected axis. 0o outside this interval the wavelength-dependendeisfrather
low and does not exceed a factor of 2. Since the scatterirggcro
) ) ) ) section of interstellar grains increases strongly fromaptcal
For a line of sight passing close enough to the horizon gf the UV, wavelength-independent polarization is commonl
the torus (i.e., whenis only moderately larger thai) we find  supposed to be the fingerprint of electron scattering. Hewev
that the polarization vector is parallel, which means tgpet = scattering in opaque dust clouds produces relatively gray s
1 polarization can be produced at obscured viewing inabnat tering (Kishimotd 20011).
(Fig.[10). If the inclination increases further the polatian vec- Our apparently contradictory result of relatively wavején
tor switches back to type-2 polarization. It is interestiagiote  jndependent polarization with dust scattering arises imeeave
that such a torus can produce significant polarization &g are considering scatteringfooptically-thick material, and be-
to 2% for both orientations of the-vector. _ cause of the relatively small variation of the albedo over th
In order to |I!ustrate the |_ntegraﬂiect of the opening angle optical and UV spectral regions (see Fig. 3). The approsémat
on the polarization, we plot in Fif. L1 the polarizati®®s, av- constancy of the albedo is because the scattering and aiosorp
eraged over all type-2 viewing positions, and over waveleng cross-sections vary in a similar manner with wavelengthcSi
as a function of the half-opening angle of the torus. THEedi e assume an optically-thick torus, we see emergent photons
ence between type-1 and type-2 polarization is ignorelkin  that have been scattered at an optical depthl. This is regard-
The absolute values ¢t are integrated. _ less of wavelengkh The increase in scattering cross-section with
The figure shows that the torus polarizes md$eaively {ecreasing wavelength only means that the shorter wavbleng
when having either a small or a large half-opening anglehén tpnotons we see have been scattered closer to the surface of th
transition region between type-1 and type-2 polarizatienfor orys.

53 < 0 < 60r) the integrated polarization goes through a mini-  p significant change in albedo with wavelength, however,

mum. will cause a color dependency in the intensity and poladnat
of the scattered light Shortwards of- 2500 A the albedo de-

4.4. Wavelength insensitivity of polarization due to dust creases, but this range is at the lower limit of the spectrage
scattering considered in our modeling. Théfect can be seen in the nor-

. o . malized flux spectra of the torus models shown in Higs. 5 and
Wavelength-independent polarization is widely taken tab®- [, For the Galactic dust composition we implemented, it$s le
nature of electron scattering, but we have shown in Figs.c6 ajisiple in the polarization spectra.

9 that dust scattering can also produce wavelength-in@&gen  another grain property that needs to be considered is the
scattering. Thus a flat polarlzatlon curvenist a unique signa- degree of asymmetry of the scattering since thisfieatively
ture of electron scattering. As Zubko & Laor (2000) point,outy, angle-dependent albedo change. Toward shorter waeteng

the wavelength dependence of polarization provides a ppbbeg|actic dust grains are more strongly forward scattering a
the grain scattering properties. Inspection of the wawgtten

dependent polarization curves for the large torus geos®ston- 2 This is the reason that the sunlit sides of clouds in the &aatmo-
sidered above (see Figs. 6 and 9) shows that the polarizatéphere are extremely white.

for half-opening angles with 30< 6y < 60° is wavelength- 3 This s the cause of colorations in the atmosphere of the gian-
independent over the optical and most of the UV. For values .
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the polarization phase function changes (see Drainel 2@G:
for Thomson scattering, forward-scattered light has a tquee L0 e e e
larization than sideways-scattered light. The polariaasipectr
obtained for the torus models depend on these phase fus:

They additionally explain why a slight wavelength-depemzt o8 g

of the polarization can be found for very narrow or very w L ]

opening angles of a large torus (see Eig. 9). 0.6~ ]

n_ - -

o _ _ 0.4f- .

5. Polarization from polar-scattering regions C ]

Scattering in polar regions of AGNs has allowed the discg 0.2f .

of hidden Seyfert-1 nuclei in type-2 objects by radiatiomly L ]

periscopically scattered around the obscuring torus. En¢ral 0.0 Lis — bl ]
parts of the polar double cone have to be at least mode 1'0

ionized due to the intense radiation from the AGN. The me
could be associated with the warm absorber seen in many
(see Komossa 1999 for a review). The Doppler shift of th 0.8
ray absorption lines indicates that the medium is outflovet
roughly 1000 knfs. With increasing distance from the center,

outflow velocity and intensity of the radiation decreaseyd@wl 2 oer

the sublimation radius, dust could also be present. Howtvs ~ C

dust must be optically thin, as type-1 objects are not olestu 04~

5.1. Polar electron scattering 021~ ]
The polarization induced by scattering in polar, conicat#bn- 00:' TN ,',?,:
scattering regions has been the subject of several prestads "0 20 30 40 5 60 70 80 90
ies. Brown & MclLean[(1977) developed a formalism to com; Inclination i [deg]

the polarization expected from scattering inside opyctiin, g 15 \odeling double polar cones of various half-opening

axisymmetric scattering regions. This formalism was b . At ; P ;

Milleyr. & Goodrich (199((5;) ar?d_MiIIer etal. (1991) to com?fté g%%;srig%np&i‘:gjﬁg{fdgl'rttr(') oo 'gyfn‘rfe"t‘s/saifsrfg;%gge'
polarization for polar scattering cones. Wolf & Henning99Y 4 qtion, F/F., of the central flux. Both values are plotted versus
and Watanabe at al. (2003) extended the modeling to Om*calihe inclinationi with respect to the observer. Theférent sym-
thick materlal using Monte-Carlo techniques that can antoy, s genote dferent half-opening angles of the double-cone.
for multiple scatterings. Legend:6c = 10° (black circles)gc = 30° (red squares), and

We confirm such results in Fi. 1.2 usingdSes. The figure o " 45 (hlue diamonds). The optical depth between the inner
shows the degree of polarization and the total flux as a fonctiznq guter shell of the cones is setrtg = 1.

of the observer's inclination for an electron scatteringitole-
cone of uniform density and with the optical deptlh = 1. This
optical depth is measured in the vertical direction betwien ) ) ] ) ;
inner and the outer shell of one cone. In order to isolate the &Ww. Comparison of Fig. 13 with Fig. 7 of Watanabe etlal. (2003
fects of the scattering cone from the polarization inducgthe ~Pottom panel) shows that thefiirence inP is very small with
disk, we use an anisotropically emitting central sourcéiie "€Spect to a uniform-density torus.
emission angles being restricted to the solid angle defiyed b
the scattering cones. The three curves denote the halfirgpe ;
anglesfc = 10°, 6c = 30°, andéc = 45°. The inclination is '5.2. Polar dust scattering
measured from the symmetry axis of the double-cone. Beyond the dust sublimation radius the scattering conedcoul

As expected, polar electron-scattering cones produce tygentain dust. We investigated this using a similar bi-cahge-
2 polarization directed perpendicularly to their symmetrys. ometry and our Galactic dust prescription — see sedflon 3. In
The degree of polarization rises from face-on to edge-ow-ieFig.[14 we show the polarization and total flux resulting spec
ing angles. The latterfkect is due to the angle-dependent polatra for a centrally-illuminated dust cone seen dfatent view-
ization phase function of Thomson scattering. For widemepeing anglesi. The half-opening angle of the cone has been set
ing angles of the cones, the net polarizatibdecreases becausdo 6c = 30°, and its optical depth in the V-band to the moderate
it is the result of integrating a broader distribution of qmita- value ofry = 0.3. The strong wavelength dependence of the dust
tion vectors. The breaks of the polarization curves at 6c  extinction properties (see Figl 3) is clearly visible in figare.
in Fig.[12 are due to the impact of multi-scattering inside thit differs for polar viewing angles, which cross the cone, from
cones, the analogous breaks in total flux curves are due to these along equatorial directions. The former ones showlkse
angle-restricted central emission. extinction seen in transmission, while the latter ones stiost

In Fig.[I3 we plot the influence of the optical depth on the pdeflection.
larization for the polar-cones with: = 30°. The various curves The total flux shown in the bottom panel of Hig] 14 is signifi-
denote diferent optical depths. A similar case was consider@antly reddened when< 6c. In addition to that, the well known
by Watanabe et all (2003). The density of their electron sonextinction feature at 21¢8n is seen. Its depth decreases with in-
varies with the distance from the center according to a poweneasing inclination. In reflection (i.e., along equatbriawing
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Fig. 13. Polarization degree by polar electron scattering cc ]
with half-opening angléc = 30° plotted versus the inclinatio L _
i with respect to the observer. The positive values denot &
polarization (perpendicular to the symmetry axis). Théedént 00 o
symbols denote dlierent optical depths between the inner ¢ 2000 3000 4000 5000 6000 7000 8000
the outer radius of the cone. Legeng; = 0.01 (black circles), A [Angstrom]

7es = 0.3 (red squares)yes = 1 (blue diamonds)rgs = 3 ] )
(green triangles with points up), angs = 10 (triangles with Fig.14. Modeling a dusty double cone of half-opening angle
points left). 0c = 3C°. Top: polarizationP. Bottom: the fractionk/F., of the

central flux,F., seen at dferent viewing inclinations, Legend:
i = 87° (edge-on, black crosses); 76° (orange pluses),= 63°

angles) the spectra are quitdfdient. They peak at 2500 A, (pink triangles with points to the right) = 49" (brown triangles
where the albedo goes through a maximum (see[Big. 3), aféh points to left left).i = 32° (red squares), anid= 18" (face-
level down slowly toward longer wavelengths. This behaigor ©N. blue circles).
the same at all inclinations with> 6¢; the spectra dier just
slightly in normalization.
The polarization spectra remain below 1% when the double-
cone is seen in transmission because forward scatterirgyade
induce significant polarization. In reflection, howevengrza-
tion becomes significant, and, for all inclinations with> 6c,
it rises towards longer wavelengths. The shapes of the rgpe
are, again, not very dependent on the inclination; they difly
ferin normalization. The highest level of polarization it@ined ) ) ) )
when the cone is seen edge-on, which corresponds to pegpendi tis therefore necessary to introduce a third type of soate
ular scattering angles. region. It was pointed out a long time ago that parallel poéar
Note that, while the wavelength dependence in polarizatigqn can be produced by a thin emitting and scattering digk (e
and flux is diferent from the one obtained for the dusty torus irf-handrasekhar 1960, Andel 1969, Antonucci 1983, Sunyaev &
vestigated in sectid 4 (because we are considering ogtibit  Titarchuk 1985). Goodrich & Miller[(1994) suggested thag th

material in the cones), the of the flux rise to shorter waugless Parallel polarization of type-1 objects arises from scattein a
is still less than the rise in the cross sections. flattened equatorial medium located around the accretilati

even the BLR. This model has been investigated in a series-of p

pers by Youn@ 2000, Smith et al. 2002, 2004, land 2005) using th
6. Polarization from equatorial electron GSM. In this model a rotating equatorial scattering diskiaxys

distributions the velocity-dependent polarization structure acrossbitoad

emission lines of a large sample of Seyfert galaxies very, wel
The major dfficulty in modeling the type/lype-2 polarization and also helps explaining the typéybe-2 dichotomy. Unlike
dichotomy is producing polarizatioparallel to the symmetry the GSM, our code includes thé&ects of multiple scattering, so
axis. We have illustrated above that polar scattering ceaaes we can consider scattering regions with higher optical liept
only produce polarization vectors orientgdrpendicularto the We first constrain possible contributions of an AGN accretio
axis, and that the polarization produced by the dusty totusdisk to the polarizatior{ (611). Then, we investigate witloiS:s
type-1 viewing angles is mostly negligible. An exceptionswathe dfect of equatorial scattering disks on the continuum radia-
the case of extremely-thin tori, but these are inconsistétfit tion (sectiod 6.R).

the observations for at least two reasons: they are incabipat
with the ratios of type-1 and type-2 objects, and very flatrdis

Butions have too low covering factors to produce the repsed

IR emission.
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Fig. 15. Polarization versus viewing angle for a geometricaily:19- 16. Same parameters as in Fiig] 15, but for a thin disk with
thick emitting and scattering electron disk wth= 0.5. The dif- g = 0.01. Legendres = 0.001 (black circles)res = 0.01 (red
ferent curves denote various vertical optical depths ferdisk. triangles with points up)res = 0.05 (blue squaresyes = 0.2
Positive polarization values stand for polarization dositan- (green triangles with points leftyes = 0.5 (orange diamonds),
gles perpendicular to the disk's symmetry axis, for negatad- 7es = 1 (brown triangles with points downyes = 3 (purple
ues the polarization vector is aligned with this directioegend: Crosses)7es = 5 (maroon stars), antks = 10 (cyan triangles
7es = 0.05 (black circles)res = 0.5 (red triangles with points With points right).

up), tes = 1.25 (blue squareskes = 1 (green triangles with

points left),7es = 1.5 (orange diamondsjgs = 2.5 (brown tri-

angles with points down)yes = 5 (purple crossesygs = 10

(maroon stars), antks = 25 (cyan triangles with points right).

The polarization behavior of our uniformly emitting disks
can be explained in the same manner as the behavior of the po-
» ) ) larization of the oblate spheroids examined by Angel (1968)
6.1. Emitting and scattering disks low 7es the net polarization is mainly determined by the photons
traveling parallel to the disk plane and then being scattéve

We consider emitting and scattering disks with a ratiof to-
9 9 zgt wards the surface. For an observer, who does not observe the

tal disk heighth to diameterd. The disk is modeled in a plane-'; X .
parallel approximation. It has a cylindrical shape and igasn disk exactly face-on, the integrated scattered flux fromdilsk

mally filled with electrons. We consider a “thick disk” crossc- su_rface Wi" be polarized along the projected direc;iorfmfcﬂisk
tion with ! = 0.5 (see FiglI5) and a “thin disk” wit@ — 001 axis. This can be understood by the fact that polarizatiosibg-

(see Figﬁb). The various curves in the diagrams refer to dﬁon scattering is mostficient fqr or_tho_gonal scattering angles.
ferent vertical electron-scattering optical depths, measured " the samle reason, the polarization is also strongesgated
vertically from the central plane to the surface. The optiepth  V'€WING angles.

is varied by adjusting the electron density. We investigagde- When the optical depth becomes higher, multiple scattering
tween 0001 and 50. of photons traveling toward the disk surface becomes rateva

For the case of a geometrically-thick emitting disk (see Fig he polarization vector induced by the last scattering eben
[15) we find moderate polarization values of at most a few pdpre leaving the disk will preferably be oriented perpemiicto
cent. The degree of polarization depends strongly on the-viethe disk axis. Hence, the polarization position angle flipd an
ing direction and the optical depth. For lower optical detha the way to this transitiof? becomes very low.

E-vector is aligned with the disk's symmetry axis. It flips to a The emission and scattering disks investigated in this sec-
perpendicular orientation fais greater~ 10. tion are unlikely the cause of type-1 polarization in AGN.
Much stronger values of the polarization can be obtainétigh enough polarization parallel to the disk symmetry agis
when the disk is flatter. For the geometrically-thin disk veedn only produced in a disk which is geometricatiynd optically
a similar qualitative behavior as for the thick disk (comgparthin. While accretion disks according to the standard model
Fig.[18 with Fig.[I5), but the degree of polarization reachehakura & Sunyaev (1973) are indeed geometrically thirny the
higher values and is significant even for near to face-oninigw are, however, optically thick. They produce too little pidation
directions. The flip to perpendicular (type-2) polarizataccurs at type-1 viewing angles, as one can tell from the curvesén th
at a moderate optical deptheg ~ 5) and at an edge-on viewingleft part of Fig.[16. At type-2 angles the polarization caaate
angle that cannot be seen for type-1 objects. A thin disk witlp to the well-known limit of~ 11.7% for the highest optical
moderate optical depth will thus produce parallel polaiiga depths (ChandrasekHar 1960), but with a perpendiculantarie
for all type-1 viewing positions. tion of the polarization vector.
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Fig.17. The equatorial scattering geometries investigatec
flared disks, (b) tori, and (c) equatorial cylinders. Thermigéin 0.1
of the half-opening anglé, is shown for each case.

6.2. Equatorial scattering wedges 0.05

Instead of scattering from the accretion disk, it has been
posed that type-1 polarization is caused by scattering legaa:
torial wedge (Goodrich & Millef 1994) or by a flared equatb T T T T T T
disk (Smith et al[ 2002). Here, we useoSes to model sucl % 20 30 40 50 80 70 80 90
equatorial regions for éfierent geometrical shapes and opt Inclination i [deg]

depths.

Fig. 18. Modeling equatorial flared scattering disks of various
half-opening anglegp (see section 6.2.1). Top: polarizatid®,
6.2.1. Flared disks with negative values denoting type-1 polarization (patati the
) _ _ symmetry axis). Bottom: the fractiok,/F., of the central flux,

The geometrical shape of a flared disk of half-opening afigle £, plotted versus inclinatiori, with respect to the observer.
is given in Fig[1¥ (a). We assume that the scattering is ofily qrhe diferent symbols denote fiérent half-opening angles of
electrons. This is a good assumption for AGNs if the scaiterithe flared disk. Legendlp = 5° (black circles)fp = 10° (red
region is chated clo_se enough to the center for hy_drogereto §duares)6)p = 20° (green diamonds)p = 30° (blue triangles
mostly ionized. We fix the Thomson optical depth in the equgith points up),dp = 40° (orange triangles with points to the
torial plane between the inner and the outer sheli, to have |eft) g, = 50° (purple triangles with points down), afg = 60°
Tes=1. (brown triangles with points to the right).

In Fig.[1I8, we plot the total flux and polarization versus in-
clination, i, for flared disks with various half-opening angles.
Both the total flux and the polarization depend significaotly However, with larger optical depths, the jump in polariaatbe-
the half-opening angle of the flared disk, but the polararais comes shallower because multiple scattering within thie loés
always parallel to the symmetry axis of the system. The flareddepolarizing fect. For very low optical depths, < 0.1, the
disk hence produces type-1 polarization, while the poddion scattering disk is practically invisible, as one would extpe
degree obtained at type-1 viewing angles remains ratheemod The flared disk has somewhat similar polarization propertie
ate at around 2%. to the emitting and scattering disks investigated in sedfd.

For viewing angles < 90° —6p, the central source is directly The irradiation pattern is fierent but is again axisymmetric.
visible, which leads to higher fluxes than towards edge-ewvi Therefore, atlow and moderate optical depths, the polawizés
ing angles > 90°—@p. If the scattering wedge crosses the line gigain mainly defined by photons traveling in a direction pralra
sight, a fraction of the radiation is scattered out of the Wide to the disk plane being scattered at orthogonal scatterigtpa.
polarization degree increases as the inclination goes fage+ As for emitting and scattering disks, this produces typeiap
on towards edge-on viewing angles. At face-on inclinatitims ization. The central funnel of the flared disk presents alami
line of sight is nearly aligned with the axis of the wedge angeometry to the dusty tori discussed in secfion 4.3. Fordkat t
therefore the observer sees a more axisymmetric system.  this produces again type-1 polarization. Because of thadlin

For a type-1 viewing direction with ~ 30° the maximum the source is directly visible at type-1 viewing angles,stttias
polarization is obtained for values 6§ in the range of 20— a strong depolarizingfiect. This explains, why the net polariza-
30°. It turns out that changing the optical depth frem 1 de- tion of flared disks at type-1 inclinations remains ratheam
creases the polarization. To illustrate this, we plot in Eg the
polarization degree for a flared disk with = 25° versus the
inclinationi for various optical depths.

As in Fig.[I8 (top), the polarization curve shows a discontkinally, we investigate how the geometry of the equatorial
nuity when the line-of-sight passes the horizon of the flaliskl.  scattering regions influences the polarization for the shap

6.2.2. Other geometries
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Fig.19. The degree of polarization by electron scattering by drig.20. The dfect of the half-opening angle of the equato-
equatorial flared disk with half-opening andgke = 25° plotted rial electron scattering region on polarization for threéed-
versus the inclination, with respect to the observer. The negent geometries viewed from the maximal type-1 viewing posi-
ative values denote type-1 polarization (parallel to these- tion. Legend: flared disk (blue solid line), scattering ayliical
try axis). The diferent symbols denoteftiérent optical depths disk (dashed red line), and scattering torus (green ddtiejl IA
between the inner and the outer radius of the disk. Legemgative polarization denotes polarization parallel ®aRis of
7es = 0.1 (black circles)zes = 0.4 (red squareskes = 0.7 symmetry.

(green diamondskes = 1.0 (orange triangles with points up),

7es = 1.4 (blue triangles with points to the left)zs = 3 (maroon

triangles with points to the right), angs = 5 (brown crosses) In summary, the polarization arising from equatorial satt

. ing regions has the correct orientation of thevector for type-1

objects, but the degree of polarization remains moderaypat

1 viewing angles. This is largely independent of the geoynetr
Fig.[I7. For all three shapes the optical depth is defined hathosen. The low polarizations arise partly because everagt m
zontally in the equatorial plane between the inner and therouimal type-1 viewing directions the system is still close ® b
radius of the scattering region, and fixedrag = 1. The inner ing axisymmetric. The resulting low polarization is furthe-
and outer radii are equal for the thredfdient geometries, ascreased by dilution with the unpolarized light coming frame t
are the half-opening angles @ = 30°. The inclination of the central source. Multiple scattering will also play a rolediepo-
system is assumed to be at the maximal type-1 viewing anglelafizing the radiation. We obtained maximum polarizatiafues
~ 30°. fOfTE5~ 1.

Fig.[20 shows the net polarization vergigs defined for the
individual shapes as shown in Figl17. It can be seen thapéxce )
for thick flared disks at large opening angles, there is alaimi 7. Discussion
dependence dP on the half-opening angle. Changing the ge
metrical shape of the scattering disk shifts the overakll®f
polarization somewhat, but the dependence on the opening Brom our modeling of uniform-density tori we obtain polariz
gle largely remains the same. In all cases the scatteririgngg tions of a few percent from the torus alone for type-2 objects
produce a polarization vector aligned with the axis of syrmne (i.e., without the need to evoke electron scattering conak —
at type-1 viewing angles. though such cones are clearly presentin NGC 1068). The wave-
We have only considered the possibility of electron scattdength dependence of polarization is rather similar féfedent

ing close to the black hole, and not dust scattering, forreévegeometrical shapes of the inner torus surface. A flat suffzase
reasons. The main reason is that dust will not survive tlusecl 1), a slightly curved shape (case 2), or a convex shape (gase 3
to the central continuum source. IR reverberation mappirig p all reveal a nearly flat polarization spectrum over the @ghémd
the inner edge of the dusty torus just outside the broadréne UV range for a broad range of half-opening angles. Thus, po-
gion in agreement with the predicted sublimation tempeeatuarimetry alone does not give the geometry of dust distitng
(Suganuma et dl. 2006). If we replace the electrons in thesfsodin the central regions of AGN.
discussed in this section with dust it does not give a higlugho We have found that the polarization is somewhat higher for a
polarization (less than around 1% even for highly-inclimealv- smaller steeper torus (see Hig). 8) than for a larger moreugtad
ing positions and around 0.1% at best for more likely neagfacone. At the same time, the obscuratidficéency at type-2 view-
on, type-1 viewing angles) because the dust is forwardeseatting angles is much higher for gradually curved tori. A reali
ing. Since there is absorption for dust grains the numbehof p probably has a steep inside to it. This is because the dussriad
tons coming out is also lower than in the electron-scatigrase. set by dust sublimation and so will be determined primanly b

07.1. Polarization from a dusty, optically-thick torus
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the inverse square of the distance from the central soutoe. K-band flux. A larger statistical sample of AGN needs to be ex-
inside of the torus is thus probably concave towards theraentamined for correlations between the optical polarizatiod the
source. The source creates a spherical region with a raffiis o IR flux in order to draw a solid conclusion on this issue.
order of the sublimation radius of the dust grains, whereltrss The lack of wavelength-dependent polarization we find is
composition is likely to be very dierent to the dust farther away.important for interpreting spectropolarimetry of type-BKs.
Destruction of small dust grains will modify the grain sizstd-  Wavelength-independent polarization is observed in theenu
bution and hence the albedo and scattering propertiesketg li of the Seyfert-2 galaxy NGC 1068 (Antonucci & Millér, 1985),
to change. It will be an interesting future task to model pa&&  for example. The wavelength independence of the polaoizati
tion by scattering fi a dusty torus with a more general geometrglose to the nucleus of NGC 1068 suggests electron scaterin
and using dust compositionsfitirent from the Galactic compo-a polar mirror (Miller, Goodrich, & Mathew$, 1991; Kinney et
sition we have adopted here. al. (1991) and even enabled a 3D-decomposition of the miiror
We have constrained the relation between the polarizatisimgle electron blobs (Kishimofo 1999). However, it igfidult
from the torus and the opening angle (see Fig. 9). For narrewmaintain the ionization of the outflow, which requires an i
opening-angles, the polarization is stronger and has aipata trinsically anisotropic ionizing continuum (Miller, Goddh, &
tion vector perpendicular to the symmetry axis. With insieg Mathews] 1991). We suggest that wavelength-independent po
half-opening angle the polarization decreases and thelughg larization also partly arises from the walls of the torus aath-
switches to a parallel polarization vector. Recent deiovestfor  bines with the polar scattering. The fact that dust scaigecan
the number ratio of Seyfert-1 to Seyfert-2 galaxies comsttee  mimic wavelength-independent polarization has been désemil
half-opening angle of the torus to a range of 3818’ depending for distant radio galaxies (Dey et al. 1996; Cimatti ef alodg
on the sample and the analysis considered (see e.g., Taamasghile it was stressed that a sharp drop of the dust albedavbelo
2001, Schmitt et al. 2001). Thus, for Seyfert galaxies, &stéa 2500 A should lead to a break in the polarization spectrum. In
dusty torus can only produce type-2 polarization. our modeling, such a feature is barely visible with the Gidac
The fraction of type-2 AGNs decreases with luminosity, detust composition we used. However, the grain model we applie
clining from 80% when lod. = 42 to 30% when log = 46. (see s rather simple in that it only assumes spherical grainsstMo
Ueda et all_ 2003; Hasinger 2004 for recent counts). Thezefolust models of this type predict a sharp drop of the albedo be-
Lawrence[(1991) proposed the receding torus model, in whigfyy 2500 A while observationally constrained dust albedss r
higher luminosities of AGNs correspond to larger torus -halfoward shorter wavelengths in the Far-UV (Gordon 2004). The
opening angles,. This leads to the prediction that, on averaggmbiguity between electron scattering and dust scattévirtye

the polarization of Seyfert-2 galaxies decreases withmasity. \yavelength-dependence of polarization can hence pergst e
The situation will be complicated by possible additionalapo pejow 2500 A.

scattering that enhances type-2 polarization, howeverethas

to be a minimum amount of polarization coming from the torus

alone and we predict that this decreases with luminositg TI7.2. Polarization from polar scattering cones

case is dferent for higher luminosity quasars because there is ) ) o

good evidence that they have larger torus half-openingeangVVe have modeled polar scattering regions considering df bot
(see e.g. Simpson 2003). We have shown that if the torusge laflust and electrons. As expected, only type-2 polarizasarbt
and elliptically shaped, type-2 quasars with> 60° may show _talned, and the poIarlzapon degree rises towards edgéean v
polarization vectors aligned with the symmetry axis. Agé#iis  ing angles. Larger opening angles of the cone lead to lower po
idea On|y holds if po|a|’ Scattering is low, which does notsde larization V.alues. However, the reSUllts obtained here Id’EIllll

be the case for recenﬂy observed of type-2 quasars (Za@mgﬁ l_,ISEd with Qare for the mterpretatlon of real d_ata. It Im

et al.[2005). But, in any case, the torus has to contributbgo licit assumption of our modeling (and of previous modejing
observed polarization to some extent, and the amount obits ghat the medium is homogeneous and extends over the whole

larization must increase with the torus opening angle. A,thivolume of the cone. This does not need to be the case as was
disk-like torus was considered for the high-polarizatiermspr Shown for NGC 1068 in which the ionization cones are only
0l 287 (Rudy & Schmidt 1988). party filled with scattering material (Capetti 1995a). Fones

A larger opening angle of the torus corresponds to a smallith larger opening angles, the detailed distribution af tha-
covering factor of the central source with dust. Thereforee terial and the fact that it might be clumpy plays a role in de-
measure of the opening angle is the relative IR flux since-it dé€rmining the net polarization and simulations should beemo
pends on the dust covering factor. We predict that the degfreedetailed (Kishimota 1996). For instance, Miller, Goodridh
polarization, on average, should be correlated with thative Mathews (1991) observe strongly wavelength-dependeat-pol
strength of the thermal IR flux. So far, P. Smith et &l._(20033ation from a cloud near the nucleus. The polarizatiorsrise
found a correlation between the K-band luminosity and thard shorter wavelengths. This is frequently explained bstd
broad band optical polarization of a sample of 2MASS Qsoscattering because the dust scattering cross sectiorages¢o-
Their Fig. 4 shows that QSOs with higher K-band luminosityfard the blue as well. However, our computations for scatger
have also higher polarization percentages in the opticalae Off optically-thin dust shown in Fig. 14 reveal di@rent behav-
authors point out that this could be due to more luminous - Atwavelengths longer than 2500 A the polarization degree
more extended scattering regions. Polarization due tdesday  Seen at type-2 viewing angles decreases toward the bluedeca
by a dusty torus can explain this correlation for type-2 otsjie 0f the wavelength dependent polarization phase functiobka@
the higher K-band flux corresponds to a larger covering facté Laor 2000). The reason that the individual cloud in NGC 1068
of the source and thus to a more narrow opening angle of tBlgows rising polarization to shorter wavelengths mustetoee
torus. Such tori produce higher degrees of type-2 polacizat rely on dilution by an unpolarized blue starlight spectruont
In the data shown by P. Smith et al, (2003) most of the high p#he host galaxy.
larization quasars are indeed of the spectral type 1.5 6t21.8  Another important reason why the polar scattering regions
However, there are also a few type-1 objects that have a higfiould not be homogeneous is the resulting net polarization
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type-2 viewing angles. If the cones have a low optical deji, Both types of scattering regions are closely related, hewev
expected polarization would be very high as we show in[Eiy. 18ecause the torus collimates the light entering the polaeso
This picture can be accurate only for localized scattergggons  Since the albedo of Galactic dust ranges between 40% and 60%
such as the individual clouds resolved in NGC 1068 which hagesignificant fraction of the light scattered in polar cones h
a polarization up to 60% (see Fig. 4 in Capetti 1995a). Fdadts already been scattered by the torus. To obtain the corrépiore
objects, where the polar regions cannot be resolved, thaedd larization it is in principle necessary to conduct multagering
net polarization is lower. Therefore, as Kishimato (199@inped simulations involving both scattering regions. This isexsplly
out, multiple-scattering in a clumpy medium should reduee t important when the base of the cone reaches far inside timefun
net polarization. of the torus and has fiicient optical depth, and it remains true,
We have found in our models that the radial dependenceeen if the material in the cones is not homogeneous but orga-
the scattering material inside the cones is not very impoita nized in localized blobs as seen in NGC 1068 (Kishimoto 1999)
determining the net polarization. The important paramistdre Furthermore, the above estimate does not include any patari
optical depth. This is true if one considers isolated conésmo tion induced by other scattering regions such as the aooreti
other scattering mirrors involved. If one also assumesttiee disk or equatorial material.
is an obscuring and reflecting torus, the situation mustgban In summary, the polarization of both type-1 and type-2
The torus will have a collimatingfiect, particularly on the cen- AGNs arises in a complex way that will depend on the viewing
tral parts of the cones, so their central density become® mangle. We predict that the polarization properties will eleghon
important for the net polarization. orientation indicators such as the radio properties, thdthnof
Our study of dust scattering in polar cones again unde#, and the presence of various types of intrinsic absorgtia-
lines the importance of the optical depth for the wavelemigth systems.
pendence of the resulting spectra in polarization and fhtal
While an optically-thick obscuring torus produces polatian
that is roughly constant over the optical and UV range, sdatj
in cones induces a characteristic wavelength dependehée. T
dependence should vary with the dust composition, andédutwor type-1 objects, scattering from dust or electrons irpiblar
observations and modeling could constrain the dust cortiposi regions of the object only has a small impact on the observed
polarization because the scattering angle is relativelglisamd
both the covering factor and optical depth are low. Our model
ing shows that polarization induced by a dusty torus is aésy v
low along type-1 viewing angles. An additional problem iatth
To a first approximation, the net polarizatidt,, due to scatter- scattering cones only produce “type-2 polarization” (perpen-
ing in polar cones and scatterinff the torus is given by the sumdicular to the symmetry axis), whilst we find that tori canyonl
of the polarized fluxe®conesx Fcones@aNdPiorus X Fiorus COMing  give the correct polarization in type-1 quasars for largersp
from the two scattering regions. This summation negleat@ra ing angles. To understand the polarization properties piesel
tive coupling between the two scattering regions, but if alet galaxies, it is hence necessary to introduce additionatstres
the polar cone to be optically thin, it should give a goodmate. to the common AGN scheme.
By comparing the two single polarized fluxes, we can constrai We have reproduced the earlier result that an emission and
the optical depth of the polar scattering region at whichitines scattering disk can produce type-1 polarization only whes i
becomes important for the polarization. We assume a Se¥fentelatively optically thin regardless its geometrical Kriess. The
galaxy with a torus half-opening angle &f = 30° seen at the accretion disk itself is therefore ruled out as the sourcthef
inclinationi = 63°. The polarized flux for the given parametersype-1 polarization. However, the disk does give intrinses-
of a large torus can be derived as shown in sedflon 4. We haendicular polarization that will be coupled successivgith
used the same computational method as in seltion 5 for the poattering regions such as the torus or scattering cones.
lar cones. The equatorial obscuration is realized by lirgithe We confirm that the correct type-1 polarization can be pro-
emission angle t@,. We find that a polar double-cone with theduced by scattering of an equatorial disk has recently beleme
same opening angléy = 30°, as the torus can have an opticasively analyzed by Smith et al. (2002, 2004). The rotatindgRBL
depth as low asgs ~ 5x 107 to produce a comparable polarizedlisk they introduce together with the surrounding co-piacat-
flux alongi = 63°. tering region reproduces very well the turnover of the pgnéar
We also give an estimate for the optical depth of the scattd¢ion vector observed in the ddand H3 lines of many objects
ing cone needed in a Seyfert-2 system with half-openingeangBmith et al. 2005). This gives strong support for the eristeof
6o = 60° seen at an inclination df= 70°. Again modeling the a flattened equatorial scattering region. Recently, aattilisup-
polarized fluxes of both components separately, we need-an pprt for the idea comes from the discovery of a short timescal
tical depth ofres ~ 5 x 107° for the scattering cone to producdag of the variations of the polarization relative to the alap-
a comparable polarization to the torus. ized continuum (Shoji, Gaskell, & Goosmann 20D05; Gaskell,
Our modeling thus shows that it is not possible to indepe&hoji, & Goosmann, in preparation). We find that the optical
dently distinguish between polarization by the torus anddigr depth of the equatorial scattering material that is regute
scattering. As soon as there is even very optically thingmdat- reproduce the observed polarization degree in type-1 tshjec
tering material, it dominates the net flaxd polarization. The around unity, which justifies the approach of Smith et al.5200
very dficient obscuration of large tori stresses the importance of An encouraging result we obtain is that the polariza-
polar scattering regions for the detectability of type-3eats, tion properties at type-1 viewing angles do not depend very
and at the same time it lowers the importance of the exact mirongly on the geometry of the equatorial scattering megio
larization signature at very high inclinations. The pdead flux This increases the flexibility in applying the flared disk rabd
scattered by a torus at extreme edge-on viewing angles issso However, according to Fi@. 20 the optical depth plays a &igni
that it hardly contributes the net polarization at all. icant role in determining the polarization. Again, it wilebm-

7.4. Polarization from the accretion disk and from equatorial
Scattering regions

7.3. Relative importance of toroidal and polar scattering
regions
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