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Abstract. We present results from a new Monte Carlo radiative trarcderputer codeSTOKESdeveloped to model polar-
ization induced by scatterindidree electrons and dust graifT OKESs 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 polarizatioaduced by a dusty torus alone is largely wavelength-indegst.
This is because the torus is optically thick and the changdliedo with wavelength is slight. Wavelength-indepengemnt
larization therefore does not necessarily imply electicaitering. We are able to fully explain wavelength indeendype-2
polarization without the need to invoke electron scatgedanes and consider the dusty torus to be main origin of theipa-
tion in type-2 Seyferts.

Polarization perpendicular to the axis of symmetry in tZp&®GNs requires torus half-opening anglesef 60°. The degree of
polarization is a strong function of the half-opening anglee high polarizations observed in type-2 AGNs imply hagdening
angles< 30°.

The polarization parallel to the axis of symmetry seen inyrgipe-1 (face-on) AGNs cannot be explained by scatteriamfr
a torus alone, or by a torus plus scattering cones. For typgiekts, the torus gives negligible polarization and etectones
give the wrong angle of polarization. The parallel polaiamust arise from a flattened electron-scattering distion inside
the torus. We demonstrate how both the accretion disc jitmedf a flattened nearby electron-scattering region carupeothe
required degree of polarization. We show how the expecté&tipation varies with the flattening of the regions and sewov-
erage. The dominant parameter influencing the parallefigakion is the electron-scattering optical depth. Forghlyi ionized
emitting and scattering accretion disk an optical depthny a few tenths is sflicient to produce the observed polarization.

Key words. Galaxies: active — Polarization — Radiative transfer —t8dag — Dust
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(0 1. Introduction the light of AGNs is polarized over a broad wavelength range,

. . and spectropolarimetry is a helpful instrument in consirg
Polarimetry was introduced to astronomy over a half centUliys structure of AGNS

ago (Halll194DB, Hiltnef 1949). Since then, the significante o

polarimetry in astronomy has been steadily rising. Sincgean

dependent scattering is one of the major causes of polariza-Rowan-Robinsori_1997 suggested that AGNs were sur-
tion, polarization can provide valuable information abthg rounded by a dusty torus and in the same paper he gives a
geometry of astronomical sources. The techniques of pokari suggestion by M. V. Penston that Seyfert 2 galaxies are seen
try have been combined with the techniques of spectroseopy€ar to edge-on so that the active nucleus is obscured by the
give spectropolarimetry which enables investigationtiefde- torus. Support for the picture came from the important dis-
tailed wavelength-dependence of polarization. When aarisscovery by Keel[(1980) that Seyfert 1 galaxies (active gaisxi
lines show structure in polarized flux it is also possiblertand Showing a broad line region; BLR) are preferentially face-o
conclusions about the kinematics of scattering material. and this led to further confirmation of the importance of ori-

The field of active galactic nucleus (AGN) research is facéditation &ects (Lawrence & Elvis 1982; De Zotti & Gaskell

with the problem that the dimensions of the innermost regidh26%)- The dusty-torus model has become the standard uni-

of AGNs subtend angles that are far too small to be resolvedifid model (see Antonucti 2002)“- In this paper we will refer
the optical with current technology. It has long been kndwai t {0 AGNS seen near to face-on as “type-1 AGNs” and to objects
seen near to edge-on as “type-2” AGNSs. In type-1 AGNSs the

Send gfprint requests toRené W. Goosmann central energy source and its surroundings (e.g., the BBER) c




2 Goosmann & Gaskell: Modelling AGN Polarization

be seen; in type-2 AGNs the torus blocks our direct view of théoung et al. (1996, 1995), Packham (1997), and Yolng (2000)
inner regions. developed an analytical radiative transfer model for polar

Antonucci & Miller (1985) made the key discovery that thézation. Their model was based on the unified AGN model.
polarized flux spectrum canffer a periscopic view for type- Extended emission regions can be defined and scattering pro-
2 AGNs. Their detection of a hidden broad-line region in theesses as well as dichroic absorption are considered. THe mo
type-2 AGN NGC 1068 was of great importance for AGN reelled geometries include toroidal and conical regions aftdu
search since it provided strong support for the unified theand free electrons. For moving scattering clouds a Dophlér s
ries of AGN activity. More hidden type-1 nuclei have subsesf the scattered radiation is included. The model is faifly e
quently been found by analysis of their polarized flux spetective in reproducing spectropolarimetric data of NGC 806
trum (see e.g., Miller & Goodrich, 1990; Tran, Miller, & Kay,as well as giving the variations across the khe and time-
1992; Hines & Wills, 1993; Kay, 1994; Heisler, Lumsden, &ependent polarization in Mrk 509. Their model requires-use
Bailey,1997; Tran, 2001; Smith et al., 2004). Similar work odefinition of many free parameters and multiple scattersg i
the radio galaxy 3C 321 was done by Hurt et AI._(1999) amtt considered.
Tran et al. [[1999) could identify an active nucleus inside an Gordon et al.[{2001) and Misselt et AL(2ZD01) applied their
ultra-luminous infra-red galaxy by using spectropolatime code DIRTY to modelling polarization of two highly-polaeid

The new generation of large telescopes and improved méaAS-objects: IRAS 133492438, and IRAS 140264341
suring techniques are delivering detailed spectropoktriypof (Hines et al[2001). In the model space of DIRTY, single pho-
emission lines (see, for example, the spectropolarimdtilyeo tons were allowed to escape from a point source into two po-
Seyfert 1.5 galaxy NGC 4151 presented by Mdrtel 1998, aftaat cones. Dust was arranged round the source in a spherical
the atlas of spectropolarimetry of Seyfert galaxies preskngeometry. The photons undergo scattering, absorptionend r
by Smith et al_2002). Examination of such spectropolaniimet emission processes on their way through the dust. Two tyfpes o
data promises to reveal valuable information about the geondust were used: Milky Way (MW) dust and Small Magellanic
try of the BLR (Smith et al._2005). Similarly, spectropotag- Cloud (SMC) bar dust. The grain size distributions whereofit t
try of quasar absorption lines should help constraininggdte known MW and SMC extinction curves. Photons that escape
ometry of broad absorption line QSOs (Goodrich & Millefrom the model region are detected and registered accotaling
1995, Cohen et al. 1995, Hines & Wills 1995). their direction of flight. For certain viewing angles andioat

In order to obtain a detailed understanding of observed piepths of the scattering material the observed spectratipat
larization, and of the underlying geometry, theoreticaldmotion shape of both objects could be qualitatively verified.
elling is necessary. Analytical approaches to radiatieegr Wolf & Henning (1999) defined both double-conical distri-
fer that have been carried out so far are generally limited bations of free electrons and dust as well as dusty tori iir the
the consideration of single-scattering models. Computer s model space. They found that the observed wavelength depen-
ulations are needed to investigate multiple-scatterihgthis dence of polarization in some AGN (i.e., polarization dasre
paper we describ&TOKES a new general-purpose Montang with wavelength) can be modelled by dust scatteringlmsi
Carlo code for modelling wavelength-dependent polamzati the cones. The presence of additional free electrons indhe ¢
in a wide-variety of scenarios, and present some resultsiof écal regions increases the absolute amount of polarization
study of AGN polarization. An important element in Wolf & Henning’s work is that

Most AGNSs investigated reveal amounts of continuum poaultiple scattering is considered accurately by includieg
larization between 0% and 20%. An interesting behaviour hpendence of scattering angle and polarization of a scdttere
been observed for the polarization position angle: for mappoton on the incident Stokes vector. It turned out that mul-
(but not all) type-1 objects it favors a directiparallel to the tiple scattering became important for optical depth®1. Two
symmetry axis defined by the radio jets, if apparent, or by thiferent dust size distributions were examined: Galactic dust
weaker radio structure found Seyfert galaxies. On the othard a distribution favoring larger grains - no relevarfteti
hand, for type-2 objects the position angle tends to be @didecences in the polarization properties were seen. Since tiie co
perpendiculato the radio axis (AntonucEr 1982, 1983). allows polarization imaging it was possible to create nestol

In this paper we usB TOKESo demonstrate a likely causepolarization maps of simulated AGN geometries.
of this dichotomy. In section 2 we summarize some results of Kartje (199%) developed a Monte Carlo Code and investi-
previous AGN polarization modelling. In section 3 we deseri gated quasar schemes with either a torus geometry or conical
STOKESiIn section 4 we describe the application®fOKES stratified winds along the polar axis. In addition to polatian
to the modelling from AGN tori, and in section 5 we investiby scattering he also considered polarization by dichrgic e
gate how the parallel polarization seen in type-1 objedslte tinction due to magnetically -aligned dust grains. For apén
from the scattering from various possible flattened, etectr unified torus model he found that the dominant parameter of
scattering discs. Our results are discussed in section &vandthe polarizationP, is the torus half-opening angle: for type-2-
summarize our conclusions in section 7. objects one can find significant polarization up to 30% with a
position angle directed perpendicular to the axis of symynet
for type-1-object® is negligible. Kartje obtained a striking re-
sult when he investigated conical stratified-wind regioos-c
Efstathiou & Rowan-Robinson[ (1995) modelled radiativeining ionized material closer to the central source anst du
transfer in a dusty torus, but did not consider polarizatiofarther out: the amount of polarization ranges between 08 an

2. Results of Previous Modelling
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13%, matching the observed values, and the direction of tteging, absorption is important and a large fraction of the-p
E-vector depends on viewing angle in a manner that agrdeas never reaches the virtual observer. The relevant seass
with the above-mentioned typgtipe-2-dichotomy. The polar- tions and matrix elements for dust scattering and extincie
ization percentage can be increased if there is magnegjo-alicomputed on the basis of Mie theory applied to distributioins
ment of dust grains, but the the general dependenPeonfthe spherical graphite and silicate grains (seclioh 3.3).

viewing angle seems to be a geometridéget. . If a photon escapes from the model region it will be reg-
Another Monte-Carlo polarization code was written bystered by a web of detectors arranged in a spherical gegmetr
Watanabe et all(20D3). It was applied to modeling of opticglound the AGN. The flux and polarization information of each
and near-infrared spectrapolarimetric data of the typey2e3t  jetector is obtained by adding up the Stokes parameters of al
galaxies Mrk 463E, Mrk1210, NGC 1068, and NGC 4388. Th§atected photons. If the model is completely axially symioet
code contains electron and dust scattering routines quie s {hese can be azimuthally added and, if there is plane syrgmetr
lar to those used by Wolf & Henning(18999). It considers Muje top and bottom halves are added. The AGN can be looked

tiple scattering and dichroic absorption in dusty tori, &S 4t i total flux, in polarized flux, percentage of polarizatand
as well as electron and dust scattering in double-conical fge position angle at each viewing angle.

gions. Absorption and scattering properties of the dustare-

fully calculated by Mie theory. Watanabe et &l._(2003) exam-

ine wavelength-dependent polarization properties féiettnt 3.1. The Monte Carlo method and the basic routines
geometries over a broad-wavelength range and give comstrai  of STOKES

about possible scattering components within the obje&yg th

observed. They conclude that a combination of dust and elétsing the Monte Carlo method it is possible to generate a ran-
tron scattering in polar regions can reproduce the optioal pdlom eventx according to a given probability density distribu-
larization properties observed in Mrk 463E and Mrk1210. TH®n p(x). Let p(x) be defined on the interval [@nay. Then
slope of optical polarization NGC 1068 is almost flat favgrinwe can construct the probability distribution functiBx) and
electron scattering as the dominant polarizing processthiéo relate it to a random numbetbetween 0 and 1 as follows:
near-infrared range polarization of these objects can b& mo

elled by dichroic absorption of aligned dust grains in a $oru
However, scatteringfdGalactic dust in a torus cannot Simulta-r _ P(x) = l fx o) O
neously reproduce near-infrared polarization and thé fiota CJo ’

Watanabe et al[ {Z003) hence suggest that the grains size com

position of AGNs might be dierent from our Galaxy.
The constan€ is a normalization constant resulting from

. integration over the whole definition interval, [Gnay. It thus
3. STOKES - an overview keeps the values d?(x) between 0 and 1. Given the random
The computer progra®TOKE $erforms simulations of radia- numberr the according valua for a single event is obtained
tive transfer, including the treatment of polarizatiom, AGNs by inverting [1). A fairly detailed explanation of the Monte
and related objects . The code is based on the Monte Cdgarlo method can be found in Cashwell & Ever&tt (1959). In
method and follows single photons from their creation iasidhe following, we describe the main routines$TOKESand
the source region through various scattering processéls u@égnote all randon number computed from equatidn (1jipy
they become absorbed or manage to escape from the madéh i = 1,2,3....
region and are observed (Fig. 1). The polarization propedf
the model photons are given by their stored Stokes vectors. )

Photons are created inside the source regions, which &h-1. The sourceroutine
be realized by dferent geometries. The program allows inpuA
of complicated continuum and line emitting region geonestri
The continuum radiation is defined by the indewf anF, «
v~® power law. The Stokes vectors of the photons are initial
set to the values of completely unpolarized light.

variety of continuum, broad-line region, and narrow-Iiee
gion geometries are available3TOKEScylindrical, toroidal,

R herical, and double-conical source regions can be defioed
d;()anerate a model photon its initial parameters positioghtfli
direction, and wavelength have to be set. Assuming a constan

rorsA(I;erJ]nbdetZreraSnouerge,Tx:”Orlcj)s r%?f(:argsettgreosi d(;fl Sga;;{;%rrlgglmg'ensiw of the emitting material a random position for thevne
ged. prog ' &Y ' emitted photon will be sampled. The flight direction is given

spherical or conical shapes. These regions can be filled with . ;
free electrons or dust consisting of “astronomical sik¢atnd V\by two angles¢ andg, in a standard polar coordinate system

graphite. A photon works its way through the model region ancgntered on the phpton S pos_ltlon. Ass-ummg Isotropic e@s
X .~ we have the following sampling equations for the angles:

generally undergoes several scattering processes. Tlssiemi

directions, path lengths between scattering events ansttte

tering angles are given by Monte Carlo routines based onr clas

sical intensity distributions (sectidn_8.1). During eachtser-

ing event the Stokes vector is changed by multiplicatiomwit! = arccos(l-2ry), )

the corresponding Mueller matrix (sectibnl3.2). For dustsc¢ = 2xars. 3)
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é y z
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creation of
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First turn by @ bringindsy
into the new scattering plan

emission region

H scattering region
scattering events

Fig. 2. Geometry and denotations for a single scattering event.
X The inset shows the first rotation of tRevector by the angle,

Fig. 1. A photon working its way through the model space. the view on the polarization plane is along the negatiais.

The wavelength of the photon is sampled according to tR(IQane. We name the two componeisandE, . For scatter-

. ) : ing off a spherical particle the following relation between the
Intensity spectrum over a rangénin. dmay- We have the sam incoming and scattered electric fields holds:
pling equations

1 ( Ei.s ) _ ( S2(0) O )( Eji ) 6)
[’lﬁwin tr3 (’lﬁﬂax_ /l(r:"lin)] La#l Eis 0 Su(6) J\ELi )
A= 4
e (15" @ The valuesS; () andS;(6) are the so-called scattering ma-
Amin(/l;;m) ’ a=1 trix elements. They are independent of the azimuthal angle

In case of Thomson scattering they are given by simple aoalyt
The valuea denotes the usual power law index of the inexpressions:
tensity spectrum. Note that the above sampling equatiam aut
matically takes care of the wavelength-dependence of photo
energy. S1(0)

S1(6)

cos o, (7)
1. (8)

3.1.2. The proceedroutine ) )
For dust scattering the albedo and the matrix elements of a

If we ignore scatterings back into the beam, the intensitg ofstandard dust grain are calculated from Mie theory (seéosect
photon beam traversing a slab of scattering material withi-pa37). The albedo at the photon wavelength is compared to a
cle number densitil and cross-sectiom will drop by a factor random numbers in order to decide whether the photon is
of N, with | being the distance traveled inside the scatterirthsorbed or scattered. In case of absorption, the photostis |
region. From this one can derive the sampling function of  and the cycle starts over with the generation of a new photon
by thesource routine
= 2 In(L-ra). ) | -
No If the photon is scattered the angle-dependent classieal in
tensity distribution of a scattered electromagnetic wawam
The factorg; is the mean free path length. Depending 0§res the probability of finding it at a certain directioncBu

the scattering material, the program will use either a dust &robability density distributions are derived from eqaat{@).
tinction cross-sectiome, computed from Mie theory or, in |5 order to also consider the impact of the incident polariza
case of electron scattering, the Thomson cross seetian  tjon on the scattering angle, we split up the incident initgris
into a completely polarized and a completely unpolarizett pa
3.1.3. The scattering routines
li = 1i pot + liunpol = Pili + (1= P)I;. 9
Consider a photon being scatterefil @ spherical particle (see
Fig.[). The outgoing electromagnetic wave associatedtith The incident polarization is denoted By, its position an-
photon can be resolved into two components (see e.g., Bohgém by y;. Both are calculated from the incident Stokes pa-
& Huffman[198B). These components refer to directions of themeters of the photon. We now rotate the polarization plane
electric-field vector parallel and perpendicular to thdtecang around the incident flight direction by the angle 180y; in
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order to reach a position where the incident electric-fiedd-v Stokes vector undergoes the following coordinate transéer
tor of the completely polarized component is aligned with thtion (1983):
reference axis (position angie0° from the x-axis, see the in-

let of Fig.[2). We then compute the angle-dependent intgnsit | 1 0 0 0y In
Is behind the scattering center from equafidn 6 together wifhQ™ | _ cosa sinz 0|l Q" (15)
equatiorip: U*| |0 -sin2 cos2 0 || U"
A 0 0 0 1J\vyn
li 2(IS1(0)1% + 1S2(0) ) (1 - Py , . ,
1s(6,¢") = — 2 (| 1O+ 1S2(0) )( )+ , (10) The second rotation happens inside the scattering plane and

K2d2 26im 4 2 "\ P,
ked (|51(9)| Sif ¢’ + S(0)/? cos ¢ ) Pi by the scattering anglé The change of the Stokes vector is

determined by the so-called Mueller matrix. For scattenfig

with d being the distance between the scattered phoigRpherical particle, the matrix is of the following form:
and the scattering center, atfiddenoting the wave-number.

Considering this intensity as a probability densitywe ob- [ out S;S, 0 0 |+
tain the probability distribution for the scattering argeand | Qout 1S5S, 0 0 o
¢ Ut | ezl o o Ssz Sz || U* (16)
vout 0 O -Sz1 Saa/J\V*
P@®) = N fﬂ(|sl(g)|2+ |52(9)|2) sin@)de’, (11) The entries of the Mueller matrix are closely related to
0 the elements of the scattering mati®(¢) and Sy(6) as is

explained in sectiofi3.3

1 ( o IS1(O)F ~ 1S2(0)* ,sin 2¢')_ (12)

PO = 2\ T serisor 2
When a photon is recorded by one of the virtual detectors,

The numbeN is a normalization constant in order to maké is necessary to rotate the polarization plane around iiet fl

(@) range from 0 to 1 for scattering angles betweerad direction until it matches with the reference axis of theeddr.

18C°. To samplep’ and#, the right hand-sides of these equafhen, the Stokes vectors of all incoming photons can be added

tions have to be set equal to random numbgrs7. Then, up to the values, Q, U andV. Finally, the net polarization

they are solved for the angles. Note that the sampling of theoperties are derived from:

scattering angl® is independent of the incident polarization.

Since at the beginning we performed a coordinate transforma

tion to make the electric-field vector oscillate along thiere , _ VQ*+U?+V? (17)
ence axis, the sampling gf has to be followed by the back- i ’
transformation 1 J

y=5 arctana (18)
¢ =180 -y +¢'. (13)

This procedure of finding the sampling equations for a3 Computation of Dust properties

scattering angles is analogous to the one followed byl1994. Mathis, Rumpl, & Nordsieck{1977) suggested dust composi-
tions to reproduce extinction curves observed in our Galaxy
They assumed spherical dust grains having a size diswibuti
proportional toa®, with a being the grain radius ansla given
The Stokes vector of each photon lies perpendicular toriéedi index. Weingartner & Draine[{20D01) further developed the
tion of flight and is defined relative to a co-moving coordeatmodel by using carbonaceous and siliceous dust compasition
system inside the polarization plane. We assume newlyenleato verify interstellar extinction in the Milky Way and in
photons coming from the source are unpolarized. Hence, thiie Magellanic clouds. The dust compositions that can be
Stokes vectors have the very simple form: modelled withSTOKESare based on this work. The user can
choose the minimum and maximum radii of the grain size

3.2. Polarization formalism and scattering

I 1 distribution, its indexs, and the abundances of graphite and
0 silicate.

RNt (14)

Vv 0 The Mie data, i.e. scattering and extinction cross sections

albedo, and entries of the scattering matrix, are computed
With each scattering event, the co-moving coordinate syssing the code given by Bohren & Ifman [198B). We
tem undergoes a double rotation: the first rotation, by the amported complex dielectric functions for graphite andtsile
imuthal angle#, happens around the current flight directiomeasured by Draine & LeE(1984). For graphite, two dielectri
of the photon. It rotates thE-vector inside the polarization functions have to be considered since the optical propedie
plane to the position of the new scattering plane (seelfrig. Byht polarized parallel and perpendicular to the crystais
Physically, it does not fect the polarization state, but thediffer 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 com
sition and grain size distribution defined. The propertiethe
resulting “standard dust grain” are used by pineceedand the
scatteringroutines ofSTOKES

4. Simulation of torus geometries

In the present paper we confine ourselves to uUSTKESO

investigate the continuum polarization expected for AGNs
the main elements of the current standard unification sche
are correct. We want to investigate general constrainthien
geometry of quasars by modelling their polarization, altjio

none of our models are intended to reproduce observatioral
larimetric data for any specific object. Our main goals arneeo
able to reproduce the observed degree of polarization in b
type-1 and type-2 Seyferts and in particular to be able to ¢
plain the type-itype-2 relative polarization position angle di-
chotomy. We also confine ourselves to using standard Galau

O
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1
1
1
1
1
1
i
1
1
1
1
|—

—
x

dust such as is seen in the solar neighborhood, even tho..,.. .

there is evidence that the grains in the tori and AGNs mighfy 3 Geometry of the three torus models we consider: (1)
be somewhat larger and depleted in carbonaceous grains Eﬁ@%ylindrical torus used by Kartje., (2) a compact eltiatiy-

Gaskell et al. 2004. 2005). _ _ shaped torus, and (3) an extended elliptical torus. Allhasie
As discussed in section 1, there is good observational @4z same half-opening anghe

idence both for the existence of a dusty, optically-thicluso
surrounding the central black hole and the putative aamreti
disc, and, atleast in some objects, for scattering conegdfie have investigated a less artificial torus geometry with #ip-el
polar axis. The dference in polarization between the NLR antical cross-section. To examine the influence of sharp edfjes
BLR generally places the scattering region outside the BLEe Kartje torus on the polarization we define a torus with-sim
but inside the NLR (e.g., Angel et al._1976). The polarizatidar dimensions, similar optical depth of 750 along the radiu
produced by simple scattering cones is quite straightfadwathe equatorial plane, but having an elliptical cross-sectsee
They produce polarization perpendicular to the radio as€ss Fig[d).
commonly observed in type-2 AGNs but they cannot produce Our results compare very well to those obtained by Kartje
the parallel polarization seen in type-1 AGNs. Polarizaty (1995). In Fig.4 we show polarization and flux (normalized to
the torus itself is considerably more complicated. In thie fathe flux of the central source) versus wavelength &ecdént
lowing we concentrate firstly on trying to see how much of théewing directions. The torus considered has a half-ogenin
polarization properties of type-1 and type-2 AGNs can be prangle ofgy, = 30deg. The figure is quite similar to the cor-
duced by a uniform-density toridone In particular we will responding diagrams in Kartje’s paper (see his Fig.5). In ou
show that scatteringfba torus alone canotexplain the type- simulations the torus was filled with standard Galactic dost
1/type-2 dichotomy. lowing the prescription of Mathis, Rumpl, & Nordsie¢k {1977
Kartje (I995) modelled the AGN polarization induced byVe sampled a total % 10® photons and recorded spectra at
scattering € a cylindrical torus. This torus model was adoptedlO diferent viewing angles scaled in dogherei is measured
from the fit to NGC 1068 given by Pier & KrolikK{1992). Thefrom the axis of the torus. This scale of ¢sepresents an equal
torus is geometrically rather compact, situated withindius. angular flux distribution for an isotropic source at the eewf
of only 1 pc around the central source. Such a torus is rthe model space.
necessarily physical, so we investigate whether the st The only diference between our results and those of Kartje
Kartje can be confirmed with more general tori, and we exteiglthat we generally obtain slightly lower polarization degs
the range of parameter space explored. and a slightly diferent wavelength-dependent slope for the
scattered flux. Also, the minimum in the polarization is sdf
to shorter wavelengths. This can be explained by the fatt tha
we calculated our cross-sections from Mie theory of a specifi
The progress made in the previous studies reviewed in sectitust composition whilst Kartje used cross-sections given b
2 is gratifying. In the following sections we expand the etyi Mathis, Mezger, & Panagia (1982).
of simulated AGN geometries. The tori examined by Wolf & We also investigated the polarization for changéiggand
Henning [1999), Kartje[{1995), Younp (2000), and Watanalagain obtained similar results (not shown) to those for j€&rt
et al. [Z00B) have rather sharp edges, and since we find that@dindrically-shaped tori. Thus, our first result is thag tiffer-
larization results can depend strongly on geometric deta® ences in polarization between the elliptical and cylinalrtori

4.1. Curved surfaces versus sharp edges
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outer radius of 100 pc. The half-opening andig,will be an
F important parameter for the obscuration and reflection grrop
r . ties, and we examine half-opening angles ranging fromta0
75°. Variation of 4y is realized by changing the vertical half-
axis of the elliptical torus cross section. We determinedihst
density by fixing the visual optical depthy along the equato-
rial plane of the torus at again 750. Thus, practically notpho
is able to penetrate through the torus and only scattefinigso
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 scatteringfche torus, we can neglect the
finite size of the continuum source in our model and assume a
point-like emission region.

If the viewing anglej, is less tharfy corresponding to a
type-1 object, we only observe a regular type-1 spectrum. We
200000000000000000TNTNTTTUTUTN find that there is no significant polarization in this casevéf
look at a type-2 object at a higher inclination angle Higvg)
only detect scattered and hence polarized light.

There are dterences between our results of modeling a
large torus (case 3) with half-opening angle= 30 deg and

10

T

cent

i

2

10°

FIF

10°

10tk compare it to a smaller torus (case 2) with identical half-
E Ly opening angle but smaller dimensions — seelFig.4. We show
2000 3000 4000 5000 6000 7000 8000 the diferences in thé® and the fraction of the light making
A [Angstrom] it to the observer, as a function of viewing angle in Hig.6. A

striking difference occurs in the angular flux distribution. The
Fig.4. Modeling a Kartje torus with an elliptical cross-sectiofzrge torus will scatter considerably fewer photons towad
(see sectiod 4l1). Top: polarizatioR, Bottom:the fraction, gpserver at intermediate viewing angles.iAt 63 deg, for in-
F/F., of the central fluxF,, seen at dferent viewing incli- stance, the flux dierence in the V-band is of a factor of 35.
nations,. Legendi = 87" (= edge-on) (black crosses)x 76° At edge-on viewing angles the probability of seeing scatter
(orange triangles with points downi),= 57 (purple trian- photons is much lower than for the small dimensional torus of
gles with points up)i = 41° (green diamonds), = 32° (red similar 6.
squares), and= 18 (= face-on) (blue circles). There are also someftirence in the polarization signature
of both tori. Although the overall spectral dependenc® a$
. ) ) o the same, the level d? has changed at some viewing angles.
are negligible. So having sharp edges in the cylindrical @0drpe strongest change is at higher inclinations, toward ae-ed
rather than the more realistic rounded edges of the elibticy, yiew when the central source is becoming obscured by the

torus does not introduce spuriou$eets. torus view. For the larger toriis significantly higher at these
viewing directions. This dierence is also found for higher
4.2. The effect of the shape of the inner edge of the The diference between a compact and the expanded torus

can be understood by considering the geometry of both tori
(see Fidl). There are three mairffeiences. The first is that
A real torus is undoubtably thicker than the geometricdilpt whilst having the same half-opening angle, the large tofus o
cylindrical torus of Kartje. Direct imaging of NGC 426% ( fers a smoother cufbof the emission cone. Photons leaving
3C 270) shows that the dusty torus in that AGN extends outtiee central region along the arrows in Elg.7 are thus skilii
230 pc (Ferrarese, Ford, &fJa, W.[1996). A similar dust lane to be absorbed by the large torus but escape from the compact
across the nucleus of M 5 (NGC 5194) extends 100 pc torus. Thus from type-2 viewing positions one sees moreaf th
(Ford et al[ 1992). The inner radii of tori are given by infead  inside of the torus where scattered photons originate. €he s
reverberation mapping of the hot dust and araundreds of ond factor is that photons scattereftl the large torus at edge-
light-days (Glass2004). on viewing angles are more likely to be the result of multiple
The outer regions of tori have considerable optical depsleattering, and these photons will reduce the net polésizat
so their precise shape is unimportant since no photons escépe third diference is that in the smaller torus case the ob-
parallel to the equatorial plane of the torus. The shape @f therver is seeing the opposite inside wall of the torus so that
inner region facing the central energy source is more impghotons are scattered at a less forward-scattering angle (i
tant. Current torus models commonly consider curved innidae angle of scattering is closer t0°90 Because of the phase
surfaces. We thus model optically-thick, uniform-densdsi  function for scattering this results in greater polariaatbf the
with elliptical cross sections, an inner radius a®pc, and an scattered light. The lower polarization arising from thegéx

torus
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Fig. 5. Modelling a large torus with an elliptical cross-sectiofrig- 6. Differences between large and small tori. Modelling a
(see sectiofiZl2). Top: polarizatioR, Bottom: the fraction, large torus with an elliptical cross-section (see sedligi). 4
F/F., of the central fluxF., seen at dferent viewing incli- Top: polarizationP, and bottom, the fractiori/F., of the cen-
nations,i. Legend:i = 70° (=intermediate) (maroon stars),tral flux, F., as a function of viewing inclinations, The dashed
i = 63 (pink triangles with points to the right) = 57° (purple lines denote the thin elliptical torus (case 2), the soli¢ lihe
triangles with points up), = 49° (tan triangles with points to €xtended torus (case 3)
left left), i = 41° (green diamonds),= 32° (red squares), and
i = 18 (=face-on) (blue circles)
over the considered wavelength range and ovéeint view-
ing angles. Since the polarization for type-1 viewing asgse
torus is thus a result of seeing less of the inside of the torggligible, we only show the averages over 6.

having more depolarizing multiple scatterings, and andritav Varying the opening angle shows two important things.

less favorable scattering angles for polarization. Firstly, the polarization decreases as the opening angle in
creases (see Hg.9). Fér ~ 60° the torus polarizes least ef-
4.3. The effect of the torus opening angle fectively. The second important result is that tiregle of po-

larization also varies with the half-opening angle Ford, sig-

In our modelling of the large torus we find th@ is a domi- nificantly smaller than 60the position angle favors a direction
nant parameter for both the degréeand position angley, of  perpendicular to the symmetry axis, as is observed in type-2
polarization. AGN, whereas whefy becomes larger than 6Qhe direction

In Figld we show the wavelength-dependent polarizati@f the E-vector switches to being oriented parallel to the axis
of the scattered radiation for various half-opening angles of symmetry (see Fifl8). The reason for the flip of relative po
of the torus. We have averaged the polarization over all-8/pssition angle can be explained by the the assymmetric stajter
viewing angles, i.e., all directions with> 6, where the source phase function and by the geometry of the inner parts of the
is being covered by the optically-thick torus and hence the atorus (Kartjg . 1995). For a distant observer looking at thrago
server is only seeing scattered radiation. For viewingesgl along an df-axis line of sight, the scattered radiation comes
with i < 6o corresponding to a type-1 object seen face-on, th®m the inner surface walls. These consist of the innerstoru
polarization is negligible. wall facing most directly the observer on the one hand side,

In order to illustrate more clearly the generéileet of the and of the two surfaces on the side on the other. Due to the
opening angle on the polarization, we plot tHEeetive polar- scattering geometry the photons scatter@diee side walls are
izationPe ¢ as a function of the half-opening angle of the torugolarized along the projected symmetry axis, whilst the-pho
in Fig[@. The &ective polarization is obtained by averagifg tons coming from the far wall are perpendicularly polarized
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Fig. 7. Comparison of the compact and the extended torus
ing the same opening anglg The extended torus blocks mi i |
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directions.
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Fig. 9. Effective polarizatiorPe¢; (see text) for edge-on (type-
2) viewing positions as a function of the half-opening arigte
an extended torus (case3).

with small opening angle$n particular, tori with half-opening
angles greater than 6@re excluded.

B Ofmmmm o — 4.4. Wavelength insensitivity of polarization due to
dust scattering
_v"\-"-\../"/"\.. RN P ] Inspection of the wavelength-dependent polarizationesifor
o1l oo Sotsl the geometries considered above shows that the polarizatio

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
P T T T R R well known the scattering cross section of interstellarirgra
2000 3000 4000 5000 6000 7000 8000 increases strongly from the optical to the UV and in the past
A [Angstrom] wavelength-independent polarization has been conside fezl
the fingerprint of Thomson scatteringf of electrons.
Fig.8. Polarization averaged over all type-2 viewing angles our apparently contradictory result arises because we are
(see text). A positive value of polarization denotesfamector  jegaling with scatteringfdoptically-thick material and because
oriented perpendicular to the torus symmetry axis, for fiega of the relatively small variation of the albedo over the oaki
values theE-vector is aligned with the projected axis. Legending UV spectral regions. The relative constancy of the abed
© = 10 (black dashed line)@ = 20°(solid red line),® =  means that the average scattering and extinction crosssect
30°(green dot-dashed linef) = 45°(blue dots)® = 60°(long  yary almost in the same way and the probability of destruc-
yellow dashes), an@ = 75°(purple double dots and dashes) tjon of a photon because of absorption varies only slighttyw
wavelength. Since we are dealing with an optically-thiakiso
we see emergent photons that have been scattered at an opti-

The ratio of the so-defined inner surfaces change with tife h&2! depthr ~ 1. This is regardless of wavelength The in-
opening angle of the torus, and so does the overall polaiaat €r€ase in scattering cross-section with decreasing wagtie
vector. It follows that a scattering disc produces polaiie. NIy Mmeans that the shorter wavelength photons we see have

with the E-vector parallel to the axis of symmetry. This direcPeen scattered closer to the surface of the torus. A signtfica

tion of polarization is the opposite of what is observed jpety? change in albedo with wavelength, however, will cause arcolo
AGNS. dependency in the intensity and polarization of the scadter

Our results therefore show that both the observed degree This is the reason that the sunlit sides of clouds in the saath
of polarization and its relative position angle timegjuire tori mosphere are extremely white.
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light?. As Zubko & Laor [200D) point out, the wavelength deportant suggestion of Goodrich & Miller 1994 that the paghll
pendence of polarization provides a probe of the graineseattpolarization of type-1 objects arises from scattering ina fl
ing properties. tened electron-scattering medium (see also Youngl200QhSmi

Another grain property that theoretically needs to be coat al..2004, and Smith et &[._2005).
sidered is the degree of asymmetry of the scattering since The energy in an AGN is widely believed to originate in
this is dfectively an angle-dependent albedo change. At shafi accretion disc. Such a disc has a flattened geometry, and at
wavelengths dust is strongly forward scattering and thi wihe temperatures needed {0°K), electron scattering will be
give an increase in polarization with decreasing waveleigt the dominant opacity. This ionized materidfers a geomet-
forward-scattered directions (see the left-hand side@fFf rical shape similar to the oblate spheroids modelled by Ange
Zubko & Laor(200D). This is unimportant for our models sincgl969). Angel has shown that an optically-thin uniformlyiem
almost none of the photons the observer sees are forward sgagy cloud of electrons will produce polarization paratekhe
tered. 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 dfiedent incli-
Stockman, Angel, & Miley[(Stockman et al.(1979)) made theation angles. We consider both uniformly-emitting region
seminal discovery that, for low-polarization, high-opfic such as could correspond to the inner accretion disc itself,
luminosity, radio-loud AGNSs, the optical polarization jtam and centrally-illuminated flattened distributions thatikcbcor-
angles tend to aligparallel to the large-scale radio structurerespond to flattened ionized outflows from the AGN. For all
Since synchroton radiation is intrinsically polarized e tdi- models we quote vertical electron-scattering optical kg,
rection of the magnetic field and hence in the direction @feasured outwards from the center of the equatorial plane pe
the jet, they speculated that the parallel alignment cogld pendicular to the disc (i.e., parallel to the axis of symiyjetr
the result of seeing some synchrotron emission in the dptica We first consider uniform-density, emitting and scattering
They also suggested polarization from an optically-thimnn disks of 1 light-day in diametedt and vary the height to de-
spherically symmetric scattering region near the souragpef fine different ratioédl We consider a “thick disc” of cylindrical
tical radiation as another possibility. cross section with = 0.5 (see FigIl0) and a “thin disc” with

Antonucci [198R) made another interesting discovery thgtz 0.02 (see Fi@l1). The optical depth is varied by adjusting
whilst many radio galaxies showed a similar parallel alignin the electron density. We investigate between 001 and 50.
of the polarization and radio axes, there was, unexpectadly oy the case of a geometrically-thick emitting disc (see Fig
population showing gerpendicularrelationship. This made ) we obtain at most moderate polarization values of a few
a synchrotron origin for the polarization much less likdlyt percent. The degree of polarization depends strongly on the
perpendicular polarization, as we have shown above, isteasyjiewing direction and the optical depth. For lower opticapth
produce with scattering. the E-vector is aligned with the disc’s symmetry axis. It flips

Antonucci subsequently showed that relatively-radid|uiyg 5 perpendicular orientation fogs greater~ 15.

Seyfert galaxies show a similar dichotomy between the pre- 1pig pehaviour is also seen for the spheroidal models of
dominantly but not exclusively par_allel polarlzgtlo_n ircéaon Angel (1969). The polarization goes through a maximum at
type-1 Seyferts and the perpendicular polarization of pe;_ " 3 4t an edge-on viewing direction. Note that such an

Seyferts. : . ) _edge-on view angle will not be seen for type-1 objects, how-
As we have shown in section 4, producing the perpendicier, since this direction is blocked by the torus. In typebl

lar polarization of type-2 AGNs is straight forward. The Pro jocis one is probably mostly viewing at inclination anglés o
lem in modeling the type/iype-2 polarization dichotomy is"_ 3¢ or |ess so the polarization will not exceed.%.

the production of polarization vectopgrallel to the symmetry Much stronger values of the polarization can be obtained
axis of the torus once one rejects a synchrotron origin. We h%‘/vhen the disc is flatter. For the geometrically-thin disc \&aeeh
seen in the previous sections thata dusty torus can onlyiped, qiiiar qualitative behaviour as for the thick disc (conepa
polarization vectors oriented perpendicular to this axisept Fig. [T1 with Fig.CID), but the degree of polarization reaches

for the case of extremely-thin tori which are inconsisteithw higher values and is significant even for near to face-onview

the observations. Also polar electron cones, that havaqusv ing directions. The flip to perpendicular (type-2) polatiaa

been assumed in some unified scheme of AGNSs, will not solg curs at a moderate optical deptag(~ 4) and at an edge
o~ -

this problem because they produce perpendicular polarizat on viewing angle that cannot be seen for type-1 objects. A thi

We_ ha_lve _already noted in section 4 th"_"t an extremely ﬂfﬁgc with moderate optical depth will thus produce paradte!
dust distribution can produce parallel polarization. Tamnot larization for all type-1 viewing positions

have such a flat distributions for at least two reasons: they a The polarization behaviour of our uniformly emitting discs

|ncompat|.ble.W|th the ratios of type-1 a’?d type-2 objectd] a can be explained in the same manner as the behaviour of the po-
very flat distributions have too low covering factors to prod larization of the oblate spheroids of AngEL{I969). For lny

the reprocessed IR emission. This leads us to explore the HE net polarization is mainly determined by the photongtra

2 This is the cause of colorations in the atmosphere of thet gig@lling parallel to the disc plane and then being scatteredrto
planets. the surface and further-on to the observer. For an obsevher,

5. The type-1itype-2 dichotomy
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Fig. 10. Polarization versus viewing angle for a geometricany~ig. 11. Same parameters as in I[Eid. 10, but for a thin disc with
thick emitting and scattering electron disc wﬁhz 0.5. The g = 0.02. Legendires = 0.001 (black circles)res = 0.01 (red
different curves denote various vertical optical depths for thiangles with points up)res = 0.05 (blue squaresyes = 0.2
disc. Positive polarization values stand for polarizafgmsi- (green triangles with points leftyos = 0.5 (orange diamonds),
tion angles perpendicular to the disc’s symmetry axis, &g-n 7. = 1 (brown triangles with points down}es = 3 (purple
ative values the polarization vector is aligned with thigedi crosses)res= 5 (cyan triangles with points right).

tion. Legend:res = 0.025 (black circles);es = 0.25 (red trian-

gles with points up)res = 0.5 (blue squaresjyes= 0.75 (green

triangles with points left)7es = 1.25 (orange diamondsjes (1) A uniform emitting and scattering disc, similar to those
= 2.5 (brown triangles with points downjes = 12.5 (purple in Figs.[T0,CTIL, and12, with various ratios of height to di-
crosses)res = 50 (cyan triangles with points right). ameter; (2) a flat scattering torus illuminated by a central
point source; (3) two types of centrally-illuminated, dtea-
scattering cylinders. The shapes (2) and (3) could correspo

does not observe the disc exactly face-on, the integrat#d seo an electron-scattering region such as an atmospheret-or fla
tered flux from the disc surface will be polarized along the-prtened outflowing wind above the outer cooler parts of a disc
jected direction of the disc axis. This can be understoodhby tas previously discussed by Young et A[_(11999), Yoling (2000)
fact, that polarization by electron scattering is mdit@nt for and Smith et al[{2004). We consider cases where this externa
orthogonal scattering angles. For the same reason, thezaola electron-scattering region covers the central sourcendnaite
tion is strongest at edge-on viewing angles. there is a hole in the middle. In all four cases = 1, and

When the optical depth becomes higher, multiple scatteriag in Fig[IP we are looking at the object at a maximal type-1
of photons travelling toward the disc surface becomes aglev viewing position.
The polarization vector induced by the last scattering eben It can be seen in Fif-13 that except for the thinnest distribu
fore leaving the disc will preferably by oriented perpemtiic tions (the left-hand side of the figure) there is a similaratep
to the disc axis. Hence, the polarization position anglsiipd dence ofP on the relative thickness. Chaning the geometrical
on the way to this transitioR becomes very low. shape of the scattering disk shifts the overall level of poda

For clarity we show in Figi_l2 the dependence of the ption but the dependence on the geometrical ratio largly iiesna
larization at a maximum type-1 viewing positioniof 30° as the same. The slight flerence between the uniformly-emitting
a function ofres Here, we are modeling a very thin emittingdisc and the external scattering discs is that in the lattee the
electron disk with a geometrical ratio ef 0.0005, which is photons all begin in the middle of the plane, while in the ferm
compariable to the dimensions of an accretion disk in AGN. Asise some of the photons originate near the surface and so see
can be seen, for modeling of a uniform-density accretiok dian lower optical depth.
the highest polarizations are obtained for low optical Hept For the thinnest scattering regions there is a majfedi
The highest parallel polarization is achieved fgg ~ 0.5 and ence between those that cover the central point source asé th
polarizations in the observed rande{ 1%, Antonuccl 1982, that have a hole in the center. When the region with the hole is
1983) can even be obtained withs ~ 0.1 very thin the covering factor of the central source is lowy fe

In Fig.[I3 we consider thefiect of the geometry of the photons are scattered, and therefore the polarization brist
electron-scattering region by examining the followingss  low.
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We only consider the possibility of electron scatteringselo

O e L B B B e B S B to the black hole and not dust scattering for several reasons
- . Firstly, dust will not survive this close to the central dont
0.03— - uum source. IR reverberation mapping puts the inner edge of
- 1 the dusty torus just outside the broad-line region in agexgm

0.02 - with the predicted sublimation temperature. If we replde t
- - electrons in the models discussed in this section with dust i
0.01}- — does not give a high enough polarization (less than around 1%

- . even for highly-inclined viewing positions and around 0.&¢6
best for more likely near face-on, type-1 viewing angles) be
cause the dust is forward scattering. Because there is@bsor
tion for dust grains the number of photons coming out is also
lower than in the electron-scattering case.

-0.01

-0.02

6. Discussion

-0.03
L - 6.1. Wavelength-independent polarization from dust

| 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 [ [ [
0.04; 1 5 3 . s scattering off an optically thick torus

Modeling a uniform-density torus we obtain observed pakari

tion values for type-2 objects of a few percent without cdasi

Fig. 12. The dfect of the vertical optical depthres, on the po- ering polar dust or electron scattering. Furthermore, theew
larization of a very thin disc observed from the maximal tipe length dependence of polarization is rather similar faFedk
viewing angle. The negative polarization denotes poléitra ent geometrical shapes of the inner torus surface: a flat sur-
parallel to the axis of symmetry. face (case 1), as was shown by Karfle (1995), a slightly clirve
shape (case 2), or a convex shape (case 3) all reveal a nearly
flat polarization spectrum over the optical and UV rangeniro

Optical depth T

02— 1 T T T T 1 T T T T polarimetric oservations it is thus not immediatley obwda
- 1 deduce the geometry of dust distributions in AGN close to the
0.01f - nucleus.

The lack of wavelength-dependent polarization we find is
important for interpreting spectropolarimetry of type-&Ns.
Wavelength-independent polarization is observed in the nu
clei of type-2 AGNs such as NGC 1068 (Antonucci & Miller,

-0.01 1985) IRAS 091044109 (Hines & Wills[[199B). Because of
a the wavelength independence of the polarization closedo th
-0.02 nucleus of NGC 1068, Miller, Goodrich, & Mathews_(1991)

interpret this as electron scattering in an outflowing poliad.
0.03 They have dficulties however in maintaining the ionization of

: the outflow and require an intrinsically anisotropic coatim
r ] to ionize the outflow. We propose instead that the wavelength
-0.04 — independent polarization arises from the walls of the to@rs
L i the other hand, Miller, Goodrich, & Mathews observe strgng|
P T B wavelength-dependent polarization from a cloud near the nu
0 0.5 1 15 cleus. The reason that this shows rising polarization tateho
Disk ratio (height/diameter) wavelengths must be because it is optically thin, as would in

. ~ deed be expected for an interstellar cloud in such a position
Fig. 13. The efect of the flatness of the electron scattering reps associated with the NLR.

gion on polarization for four dierent geometries viewed from
the maximal type-1 viewing position. Legend: Emitting and ] ] ]
scattering disc (blue solid line), flat scattering torus@ldot- 6-2. Equatorial scattering disks

dashed line) illuminated from the center, scattering dfitel £ tyne-1 objects scatteringfadust in the polar regions of
disc with inner and outer.radu in the rf'mo 2_:7 |IIu.m|natedrh the object only has a small impact on the observed polaoizati
the center (dashed red line), scattering disc with veryavarr po.5 . se the scattering angle is relativly small. Our mageli

funnel covering a point source (dotted green line). A ne®aligpo\ys that polarization induced by a dusty torus is also very
polarization denotes polarization parallel to the axisyofisie- |, along type-1 viewing angles. It is hence necessary toint

try. duce additional structures to the unified scheme to explaier-t
1 polarization. We confirm that at type-1 viewing angles pola
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ization can be produced by scattering an equatorial disk .

was suggested by Smith et al. {2D02). The rotating BLR T T T T
they introduce together with the surrounding co-planattsc
ing region reproduces very well the turnover of the polarir
vector observed in thedland H3 lines of many objects. _(' \

Following this idea a little further, we presume that - \ .
highly ionized accretion disk should have a simildiieet fo 0.08- . —
the polarization of the optical and UV continuum. Th& et - : \ .
ence to an externally irradiated equatorial scatteringiditha r \ T
the emitting and scattering material are intermixed. Wew ;
in Fig[I3 that the dependence on the geometry of the e 0.041= vl
(flat versus thick) is similar for emitting disks and for ¢ ;
trally irradiated scattering discs, however, the polaizade
gree obtained by an extended emitter is somewhat lowel Y G e ___ A
is caused by the fact that a significant fraction of the phs - : i
is produced close to the surface and thus unlikly to unt L ~ i
scattering events. They dilute the polarization of the pht - - -
coming from deeper inside the disk. oL —+f . 1 . 1l . 1 . |

The over all picture of type-1 one polarization prope
become more complicated by introducing additional sciai

regions. Itis W|de|y beheVed that the tl’anSfOI’matiO_n (ﬁ\g{ F|g 14. Dependence of polarization on Viewing ang|e ofa typ_
tational energy into radiation happens by an accretiona&k jca| AGN. The model shows the V-band polarization resulting
hence its contribution to the continuum polarization cath® from a thin accretion disc of geometrical ratio 50000:1 and

neglected. Making the simplified assumption that all tyged res = 1) and a torus with a 30half-opening angle. A neg-
lariazation of the continuum comes from the accretion disk V4tive polarization denotes polarization parallel to thés af

can obtain a range of the electron densitiy neccessary to+egymmetry.
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 0.186 ANarrow openings. Wide opening angles produce paralletpola

4%. Qur modeling shows that this corresponds to an elec”i?ﬁtion in type-2 AGN, which is not observed. However, this
density of 15 x 109 cm3 —6 x 10 cm3,

torus polarization could be overwhelmed by polarizatiamir
any scattering material located above the disk.
6.3. Polarization properties of AGN in the unifed There is good evidence that the fraction of type-2 AGNs
scheme decreases with luminosity, declining from80% when lod-
= 42 to~ 30% whenlogL = 46. In the standard unified model
OUr implified overall prediction for the polarization befi@ur such a change corresponds to the opening angle increagimg wi
of a typical AGN is summarized in FifJl4 where we show th@minosity. Since we show that the polarization from theuor
polarization behavior for an idealized AGN consisting of ai3 a function of opening angle (see FIg. 9), we predict that,
electron scattering accretion disc surrounded by a dustistoon average, the polarization of type-2 AGNs will increasthwi
as it is viewed from various angles. luminosity.
We have found that the polarization is somewhat higher for A larger opening angle of the torus corresponds to a smaller
a smaller steeper torus (see Hh. 6) than for a larger morck graovering factor of the central source with dust. One meastire
ual one. A real torus probably has a steep inside to it. THise opening angle is the relative IR flux since it depends on
is because the dust radius is set by dust sublimation andtlse dust covering factor. We therefore predict that the elegf
will be determined primarily by the inverse square of the dipolarization should be correlated with the relative sttbraf
tance from the central source. Thus the inside of the torustlisthermal IR flux.
probably concave as seen from the central source. The sourceDbservations of the polarization of the broad lines willegiv
creates a spherical region, with radius of the order of thdi-su important constraints on the geometry of polarizers closbé
mations radius of the dust grains, around the center where entral engine in type-1 AGNs and we plan to pursue further
dust composition is likely to be veryfiierent to the dust farther modelling of this. If the polarization of the continuum issing
away. Destruction of small dust grains will modify the graifrom the accretion disc itself then the BLR will show ddrent
size distribution and hence the albedo and scattering piiepe polarization. If the polarization is arising in a flatteneécha/
are likely to change. It is an interesting future task to modeutside the BLR then both the continuum and the BLR can
polarization by scatteringfba dusty torus using dust composishow similar polarization; there is evidence that this teiad
tions diferent from the Galactic composition we adopted herghe case (Smith et dl._2002).
If scattering df the torus produces the polarization in type- Since the scale of the BLR is similar to the scale of the
2 AGN, then our results suggest that the majority of AGN havkattened electron-scattering region and not much sméddber t
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the scale of the dust-scattering regions, at least sligherdi of optical depth. A relatively low optical depth of only a few
ences in polarization are to be expected between the lires ganths can produce the observed polarization.

the continuum and also across line profiles, especiallyefeh
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7. Conclusions
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