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ABSTRACT

We present optical and near-infrared spectropolarimetry of the nuclei of four type 2 Seyfert galaxies, Mrk
463E, Mrk 1210, NGC 1068, and NGC 4388. The data were obtained simultaneously, covering the wave-
length range of 0.46–2.5 lm.Wemodel the polarizations from two dust-scattering components: (1) scattering
in dusty regions in ionization cones and (2) scattering in a torus surrounding a type 1 nucleus. The polariza-
tions from electron scattering in the cones and dichroic absorption by aligned dust grains in the torus are also
compared with the observations. We confirmed that a combination of electron and dust scattering in the ion-
ization cones is the preferred mechanism for the optical continuum polarization. For the near-infrared,
dichroic absorption by aligned grains can explain the continuum polarization of Mrk 463E andMrk 1210 as
well as NGC 1068. Visual optical depths of the order of 10–20 are estimated for dichroic absorption in these
nuclei. Dust scattering in the torus, whose grain size distribution is assumed to be the same as in the Galactic
diffuse interstellar medium, cannot reproduce the observed spectral slope of the near-infrared polarization
and total nuclear flux simultaneously. However, this might only indicate that the grain size distribution in the
torus of active galactic nuclei (AGNs) is different, and dust scattering with moderate optical depth and domi-
nated by large grains might provide a reasonable explanation for the near-infrared radiation fromAGNs.

Subject headings: galaxies: nuclei — galaxies: Seyfert — infrared: galaxies — polarization

1. INTRODUCTION

According to the current unified model for Seyfert gal-
axies (see Antonucci 1993 for a review), all types of Seyfert
galaxies have a type 1 nucleus (featureless continuum
sources and broad-line regions [BLRs]), surrounded by an
optically and geometrically thick dusty andmolecular torus.
In addition, cone-shaped ionization regions exist along the
polar axis of the torus as narrow-line regions (NLRs; see
Wilson 1996 for a review). The difference between type 1
(broad permitted lines) and type 2 (narrow permitted lines)
occurs because of the obscuration of our view of the nucleus
by the torus. In type 2 Seyfert galaxies, however, the
radiation from the obscured nucleus can be observed in the
polarized flux spectrum by scattering in the cones.

Antonucci & Miller (1985) proposed electron scattering
as the principal polarization mechanism on the basis of the
flatness of the degree of continuum polarization. Miller &
Antonucci (1983) and Antonucci & Miller (1985) showed
that the degree of the continuum polarization of the type 2
Seyfert NGC 1068 is constant (�16%) over the UV and
optical wavelengths, after correction for starlight dilution.
Subsequently, many authors confirmed that electron scat-
tering dominates the UV and optical polarization of the
nuclei of many type 2 Seyfert galaxies (Miller & Goodrich
1990; Tran, Miller, & Kay 1992; Tran 1995a, 1995b). On the

other hand, the degree of polarization of NGC 1068 rises
toward 2 lm in the near-infrared (Bailey et al. 1988; Young
et al. 1995). Young et al. (1995) proposed that dichroic
absorption by aligned dust grains in the torus dominates the
near-infrared polarization of NGC 1068. This mechanism
has been also modeled for some other type 2 active galactic
nuclei (AGNs; Young et al. 1996a, 1996b).

However, dust scattering is also likely to contribute addi-
tionally to the polarization of some type 2 Seyfert nuclei.
Miller, Goodrich, & Mathews (1991) found a highly polar-
ized region that shows a rapid rise in the degree of polariza-
tion toward the blue at about 500 from the nucleus of NGC
1068. Miller & Goodrich (1990) and Tran (1995b) found
that the degree of the continuum polarization of Mrk 463E
also rises toward the blue, even after correction for starlight
dilution, and suggested dust scattering as the most likely
cause. Tran (1995b) identified a possible knot near the
nucleus ofMrk 463E responsible for the dust scattering.

Furthermore, the dusty torus itself may produce some
degree of polarization in the near-infrared. The recent most
successful torus models that can well reproduce the infrared
spectra of AGNs require moderate visual torus extinctions
(AV ¼ 10 80) along our lines of sight to the central regions
for type 2 Seyfert nuclei (Granato, Danese, & Franceschini
1997; Fadda et al. 1998). These moderate extinctions enable
us to observe the central regions directly through the tori in
the near-infrared because of the decrease of extinction at
these wavelengths. The detection of the near-infrared broad
emission lines in some type 2 Seyfert nuclei (Rix et al. 1990;
Blanco, Ward, & Wright 1990; Goodrich, Veilleux, & Hill
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1994; Ruiz, Rieke, & Schmidt 1994; Veilleux, Goodrich, &
Hill 1997) also supports a direct view of the central regions
(BLRs) of the nuclei at these wavelengths. Tori with moder-
ate extinction may also produce polarization through scat-
tered light. However, the polarization from dust scattering
in the torus, including the wavelength dependence, is not
well studied, and only a few authors have modeled this
(Kartje 1995;Wolf &Henning 1999).

The relative importance of these various polarization
mechanisms is best investigated by polarimetry over a very
wide spectral range. Therefore, we here made simultaneous
optical and near-infrared polarimetry and investigated, in
particular, the influence of dust scattering on the polariza-
tion of type 2 Seyfert nuclei. In this paper we present spec-
tropolarimetry of the nuclei of four type 2 Seyfert galaxies,
Mrk 463E, Mrk 1210, NGC 1068, and NGC 4388, which
are known to have obscured type 1 nuclei. We also present
the model polarization spectra produced by dust scattering
in dusty regions within the ionization cones and in a torus
and compare these with the observations. Section 2
describes the observations and data reduction, and x 3
presents the observational results. In x 4 we present the
polarization models and spectra and compare them with the
observations. In x 5 we discuss dust scattering in type 2
Seyfert nuclei. Section 6 presents our conclusions.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Observations

All observations were obtained at the 3.8 m United
Kingdom Infrared Telescope (UKIRT), Mauna Kea,
Hawaii, on 2000 August 25 and 2001 February 21 and
March 23 UT. The Triple Range Imager and Spectrograph
(TRISPEC; Sato 2000), developed at Nagoya University,
and IRPOL2 were used. TRISPEC has two dichroic mirrors
splitting a spectrum to one optical channel (0.46–0.90 lm)
and two infrared channels (0.92–1.80 and 1.88–2.50 lm).
For the optical channel, a SITe 512� 512 pixel CCD with a
pixel scale of 0>11 pixel�1 was used. For the infrared chan-
nels, two SBRC 256� 256 pixel InSb arrays with a pixel
scale of 0>22 pixel�1 were used. The three spectra were
obtained simultaneously, covering the wavelength range of
0.46–2.5 lm.

Three grisms with 200, 120, and 150 lines mm�1 were
used, giving dispersions of 12, 46, and 31 Å pixel�1 for the
optical and two infrared channels, respectively. For all
observations, an aperture mask containing two slits with a
width of 0>88 and a length of 1200 was used. The spectral

resolution (�/D�) was 69, 71, and 180 at 0.665, 1.30, and
2.22 lm, respectively. The slits were oriented north-south
on the sky. The location, size, and orientation of the
aperture were exactly identical for all three channels,
because the aperture mask was placed in front of both
dichroic mirrors.

For spectropolarimetry, three cold Wollaston prisms and
a warm superachromatic half-wave retarder (0.36–2.5 lm),
provided by University of Hertfordshire, were used. The
Wollaston prisms form ordinary and extraordinary images
of the two slits. For each object, eight exposures were taken
as two sets of four frames with retarder positions of 0�, 45�,
22=5, and 67=5. Each set consists of four pairs of ortho-
gonally polarized spectra. The regions of the sky near the
objects were also obtained with the four retarder positions,
with the distance from the object 2800, 6000, 30000, and 6000

along the north-south direction for Mrk 463E, Mrk 1210,
NGC 1068, and NGC 4388, respectively.

Table 1 shows the journal of observations with the seeing,
estimated at 0.55 lm (FWHM) from observations of
standard stars.

2.2. Data Reduction and Corrections

The data were reduced using IRAF2 and our reduction
package TRISPEC. Uncertainties due to Poisson statistics
and detector readout noises were propagated at every step
of the reduction process, yielding error spectra for Stokes
parameters. Dome flats were taken using a tungsten-
halogen lamp, to provide the flat fields. The window size of
spectral extraction was 2>5–3>5 (Table 1) along the slit,
depending on the seeing. The wavelengths were calibrated
using a mercury-argon lamp. The flux calibrations and
removal of atmospheric absorption features were achieved
by the observation of BS 311, BS 3650, and BS 5384, using
the stellar spectra from Pickles (1998) as templates. The zero
points of the position angle (P.A.) of polarization were
determined from the observations of the polarized stars
CMa R1 No. 24, HD 38563C, and Cyg OB2 No. 5 in
Whittet et al. (1992). The polarization efficiency of the sys-
tem was checked by observing BS 8845 through a Glan
prism on 2000 August 24 UT, giving 99.5%, 97%, and 99%
at 0.665, 1.30, and 2.22 lm, respectively. The bias in the

2 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.

TABLE 1

Journal of Spectropolarimetric Observations

Exposure

(s)

Object UTDate Optical NIR

Seeing
a

(arcsec)

Extraction
b

(arcsec)

Mrk 463E............... 2001 Feb 21 1936 1920 1.3–1.4 3.0

Mrk 1210 ............... 2001Mar 23 1936 1920 0.9–1.1 2.5

NGC 1068.............. 2000 Aug 25 1768 1440 1.3–1.5 3.5

NGC 4388.............. 2001Mar 23 1936 1920 0.8–0.9 2.5

a FWHMestimated from observations of standard stars.
b Window size of the spectral extraction.
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degree of polarization due to the noise was reduced by

P ¼ P2
obs � �2

P

� �1=2
P2
obs � �2

P � 0 ;

0 P2
obs � �2

P < 0 ;

(

where Pobs is the observed degree of polarization and �P is
the uncertainty in Pobs.

After the basic data reduction described above, the effects
of reddening and polarization due to the Galactic interstel-
lar medium were calculated. The amounts of interstellar
reddening were estimated from the dust map of Schlegel,
Finkbeiner, & Davis (1998). The values of E(B�V ) derived
from their map for our objects are presented in Table 2. By
assuming RV ¼ 3:1 and the interstellar reddening curve of
Cardelli, Clayton, & Mathis (1989), the flux spectra of our
objects were corrected. For all of our objects, this correction
is rather small because of the small values of E(B�V ). The
degrees of interstellar polarization were estimated from pre-
vious polarimetry of stars close to the line of sight to our
objects. Except for Mrk 463E, the stars were selected from
the polarization catalogs in Heiles (2000). For Mrk 463E,
the stellar polarization measured by Tran (1995a) was
adopted. Table 2 shows the selected stars and the polariza-
tion. For the wavelength dependence of interstellar polar-
ization, we assumed the Serkowski curve (Serkowski,
Mathewson, & Ford 1975;Wilking et al. 1980):

P� ¼ Pmax exp �K ln2ð�max=�Þ
� �

;

where P� is the degree of polarization at the wavelength �,
Pmax is the maximum polarization that occurs at �max, and
K is the parameter for the width of the curve. Adopting the
parameters in Table 2, the interstellar polarization was sub-
tracted from the observed polarization in the Q and U
Stokes parameter space. Except for PPM 130144, from Tran
(1995a), we assumed K ¼ 1:15 and �max ¼ 0:545 lm,
because measured values of these parameters were unavail-
able. These values of K and �max are typical of these found
by Serkowskin et al. (1975) for the standard interstellar
medium. This value of �max corresponds to RV ¼ 3:1
(Whittet & van Breda 1978). We also assumed that the
optical polarizations in Heiles (2000) are near Pmax.

3. OBSERVATIONAL RESULTS

Figures 1–4 show the spectropolarimetric results for
NGC 1068, Mrk 468E, Mrk 1210, and NGC 4388 after

correction for the Galactic reddening and interstellar polar-
ization. All spectra are shown in the rest frame of the object.
For NGC 4388, only the optical spectra are shown, because
there was insufficient signal-to-noise ratio (S/N) to obtain
good spectra in the near-infrared. For Mrk 1210 and NGC
4388, the polarization spectra are binned to reduce the
noise.

TABLE 2

Galactic Interstellar Reddening and Polarization

Adopted Serkowski Curve Parameters

Object Redshift
a E(B�V )b Probe

c
Separation

d

(arcmin) K

Pmax

(%)

h

(deg)

�max

(lm)

Mrk 463E............... 0.05000 0.030 PPM 130144e 68 0.69 0.244 67 0.4905

Mrk 1210 ............... 0.01350 0.030 HD 66665 65 1.15 0.110 34.6 0.545

NGC 1068.............. 0.00379 0.034 HD 16582 52 1.15 0.071 162.0 0.545

NGC 4388.............. 0.00842 0.033 HD 106929 192 1.15 0.210 55.7 0.545

a From the NASA/IPACExtragalactic Database (NED).
b From Schlegel et al. 1998.
c Probe stars fromHeiles 2000 to estimate the interstellar polarization. Only Pmax and h are taken.
d Spatial separation between the object and probe star in the plane of the sky.
e All parameters are from Tran 1995a.
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Fig. 1.—Spectropolarimetry of NGC 1068. From top to bottom are the
total flux F�, the degree of polarization P, the position angle of polarization
h, and the polarized fluxP� F� as a function of wavelength after correction
for the Galactic interstellar reddening and polarization (thick solid curves).
The thin solid curves in the top two panels show F� and P after correction
for starlight dilution. The dashed lines show the power-law fit to the contin-
uum in the optical (0.45–1 lm) and near-infrared (1.2–2.2 lm) regions. The
open circles with error bars are the broadband polarimetry of Bailey et al.
(1988). All spectra are shown in the rest system. Many emission lines are
shown in F�, and some permitted lines (such as H�, He i, Pa�) are also
shown inP� F�.
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For NGC 1068, Mrk 463E, and Mrk 1210, the results of
the broadband polarimetry by Bailey et al. (1988) and
Young et al. (1996b) are also shown in the figures. Our
observed degrees of polarization and P.A.s agree well with
their results. The degrees of polarization are slightly higher
than their results, which is expected for our smaller aperture
(0>88� 2>0 3>5) than theirs (4>5�: Bailey et al. 1988; 500�:
Young et al. 1996b), because of the smaller dilution by the
unpolarized light of the extended stellar component of the
host galaxy, as described inMiller & Antonucci (1983).

3.1. Slopes of Continuum Spectra

To determine the spectral slope of the true nuclear contin-
uum polarization, we corrected the total flux spectrum by
subtracting the host-galaxy component. Normally, the gal-
axy fraction ( fG) in the observed total flux is estimated from
the strengths of the stellar absorption features (such as Mg i
b, Fe i) in the total flux spectrum (Miller & Antonucci 1983;
Antonucci & Miller 1985; Miller & Goodrich 1990; Kay
1994; Tran et al. 1992; Tran 1995a). However, our low-
resolution spectra do not resolve such features. Therefore,
we fixed fG so that the corrected degree of continuum polar-
ization is equal to that obtained by Tran (1995a), around
0.51–0.62 lm, after the subtraction of the host-galaxy
component. The corrected degree of polarization Pcor

was derived from

Pcor ¼ P
1

1� fGð�Þ
;

where P is the degree of polarization after correction for the
interstellar polarization. For Mrk 436E, no subtraction
( fG ¼ 0) was applied, because we observed a slightly higher
degree of polarization than the corrected one obtained by
Tran (1995a). Tran found a small fG of 0.25 in his
2>4� 600 700 aperture, and Miller & Goodrich (1990)
applied fG ¼ 0 because no stellar absorption features were
visible in their spectrum. Tran also found that the spectra of
elliptical galaxies fit that of the components of the host gal-
axies of Mrk 463E, NGC 1068, and Mrk 1210. Therefore,
we adopted the composite spectrum of elliptical galaxies
obtained byMannucci et al. (2001) as the template spectrum
of the host galaxies. This composite spectrum covers the
range 0.1–2.4 lm, and the region of 2.4–2.5 lmwas covered
by using the intrinsic color of elliptical galaxies compiled by
McAlary & Rieke (1988). The template spectrum was
convolved to match our spectral resolutions and was nor-
malized at 0.55 lm. We show the adopted values of fG at
0.55 lm in Table 3 and the corrected total flux and the
degree of polarization in Figures 1–3.

The spectral indices � of the corrected total flux F� spec-
tra in the optical and near-infrared regions are shown in
Table 3. The indices of the observed polarized flux P� F�

spectra are also shown in the table. These indices were
obtained by fitting the slopes of the flux spectra with a
power law F� / ��, in the range of 0.45–1.0 and 1.2–2.2 lm,
while masking the emission lines (� is related to � in the
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form of F� / �� with � ¼ �� � 2). The table also shows the
spectral indices of the corrected degree of continuum polar-
ization. They were derived by subtracting the spectral indi-
ces of the corrected total flux from those of the polarized
flux [P ¼ ðP� F�Þ=F� / ��P��T , where �T and �P are the
spectral indices of the corrected total and polarized fluxes].

The optical spectral index of the polarized flux basically
agrees with that of the corrected total flux for all the three
nuclei. That is, the corrected degree of continuum polariza-
tion is almost constant over 0.5–1 lm in these nuclei. This is
consistent with the previous suggestion that electron scatter-
ing dominates the optical continuum polarization of these
nuclei.

We also compare the optical spectral indices with that of
a typical type 1 nucleus. Vanden Berk et al. (2001) derived

� � �1:6 (� � �0:4) in the range 0.13–0.5 lm from the
composite spectrum of quasars and Seyfert galaxies from
the Sloan Digital Sky Survey (SDSS), as opposed to other
composites from, e.g., the Large Bright Quasar Survey
(LBQS; Francis et al. 1991). Although they derived � � 0:5
(� � �2:5) longward of 0.5 lm, they found that this change
in slope can be accounted for partly by contamination from
the host galaxies at low redshift. Therefore, � � 0:5 is
unlikely to represent the true slope of the continuum of a
typical type 1 nucleus longward of 0.5 lm. If the continuum
with � � �1:6 continues into the range 0.5–1 lm, our mea-
sured � of the polarized flux agrees with this value. As men-
tioned by Tran (1995b), this agreement is again consistent
with the domination of electron scattering for the optical
nuclear continuum polarization, because electron scattering
produce a polarized flux spectrum with the same shape as
the incident spectrum, assumed to be the spectrum of a type
1 nucleus. It should be noted that dust scattering can also
mimic this effect over a limited range of wavelength (see
x 4.4). We note that Tran (1995b) found that the mean spec-
tral index of the polarized flux of type 2 Seyfert nuclei is
� ¼ �1:6 in the range of 0.34–0.74 lm. Our measured value
of � agrees with Tran’s value.

In contrast, the near-infrared spectral index of the polar-
ized flux differs from that of the corrected total flux for all
three nuclei. That is, the corrected degree of continuum
polarization is not constant for 1.0–2.2 lm in these nuclei.
In addition, it varies in wavelength with a different slope for
each nucleus. The nonflatness of the corrected degree of
continuum polarization indicates that a different mecha-
nism from electron scattering is responsible for the near-
infrared continuum polarization of these nuclei, such as
dichroic absorption, as proposed by Young et al. (1995) for
NGC 1068.

The spectral index of a typical type 1 Seyfert is � � 0
(� � �2; Fadda et al. 1998) in the range 1.25–2.2 lm. The
measured spectral indices of the polarized flux are larger
(redder) than � � 0 for Mrk 1210 and NGC 1068. Those of
the corrected total flux are also larger than � � 0 for all the
three nuclei. These reddened flux spectra again indicate a
different polarization mechanism from electron scattering.

3.2. NGC 1068

The spectropolarimetry of NGC 1068 is shown in Figure
1. As described below, the polarization features essentially
agree with the ones found by many previous authors (Angel
et al. 1976; Miller & Antonucci 1983; McLean et al. 1983;

TABLE 3

Spectral Index

Total Flux
a

Polarized Flux Degree of Polarization
b

Object fG
c Opticald Near-Infrarede Opticald Near-Infrarede Opticald Near-Infrarede

Mrk 463E............... 0.0 �0:4þ0:1
�0:1 1:5þ0:1

�0:1 �1:1þ0:1
�0:1 0:33þ0:06

�0:06 �0:7þ0:2
�0:2 �1:2þ0:2

�0:2

Mrk 1210 ............... 0:52þ0:07
�0:09 �1:7þ0:4

�0:6 1:7þ1:8
�1:2 �1:0þ0:6

�0:6 3:2þ0:3
�0:3 0:7þ0:9

�0:7 1:3þ1:2
�1:8

NGC 1068.............. 0:70þ0:02
�0:04 �1:9þ0:4

�0:3 4:4þ0:2
�0:3 �1:70þ0:04

�0:04 2:74þ0:01
�0:01 0:2þ0:3

�0:4 �1:7þ0:3
�0:2

Note.—Spectral index � is defined by F� / �� .
a Total flux spectrum after correction for starlight dilution.
b Derived by subtracting the spectral index of the total flux from that of the polarized flux.
c Fraction of the host-galaxy component measured at 0.55 lm.
d Measured in the range of 0.45–1.0 lm.
e Measured in the range of 1.2–2.2 lm.
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Antonucci & Miller 1985; Bailey et al. 1988; Miller et al.
1991; Tran 1995a, 1995b; Young et al. 1995; Inglis et al.
1995; Alexander, Young, & Hough 1999), but our spectra
cover a much broader wavelength range.

In the optical, the observed degree of continuum polar-
ization rises toward the blue, while the P.A. remains nearly
constant (�93�). Miller & Antonucci (1983) showed that
this rise is a result of the decreasing dilution by the unpolar-
ized stellar component toward the blue. After correction for
this dilution, they found that the continuum has a constant
degree of polarization (�16%) over the UV and optical
wavelengths. In addition, they showed that the P.A. is
perpendicular to the radio source structure. Therefore,
Antonucci & Miller (1985) proposed that electrons are
located along the axis defined by this structure.

In the near-infrared, the observed degree of continuum
polarization rises toward 2 lm, while the P.A, changes
smoothly to 120�. Young et al. (1995) pointed out that this
change in P.A. is a result of a change in the main polariza-
tion mechanisms. They modeled the polarization with a
combination of electron scattering and dichroic absorption
by aligned grains. They proposed that dichroic absorption
dominates longward of 1.4 lm. Packham et al. (1997) found
a torus extinction of AV ¼ 36 and an efficiency of dichroic
absorption (Pmax=AV ) of 1.25% on the basis of this model.
Although a change in P.A. is often interpreted as resulting
from a change in main polarization mechanism, it can also
arise from a change, with wavelength, in the relative contri-
bution from two different scattering regions. It only requires
a different geometry.

To inspect our results in detail, we compare our optical
spectra with those of Tran (1995b) and Young et al. (1995).
They used a narrow slit of width 2>4 and 1>03, which is
slightly larger than our silt width (0>88). In our observa-
tions, the polarized fluxes are 9:7� 10�15 and 4:7� 10�15 W
m�2 lm�1 at 0.51 and 0.70 lm, respectively. The spectral
index determined from these fluxes is � ¼ �2:3; this is simi-
lar to � ¼ �2:7 (Tran 1995b) and � ¼ �2:5 (Young et al.
1995), derived from the fluxes at the same wavelengths. The
degrees of polarization are 4.4% at 0.51 lm and 2.2% at 0.70
lm, higher than those of Tran (1995b) and Young et al.
(1995), as expected for our narrower slit width. The P.A.s
are 96� at 0.51 lm and 90� at 0.70 lm, in agreement with the
value of �95� found by Tran (1995b). However, a small
rotation of the P.A., which reaches 87� at 0.88 lm, was
found. Miller et al. (1991) pointed out that some contribu-
tion from scattering light from the dust knot, located 500

northeast of the nucleus, can produce some rotation of the
P.A., because it has a different P.A. of 125� and because the
polarized flux from it rises faster toward the blue than that
from the nucleus. Although this knot is located outside our
aperture, some light from the knot may be included in our
aperture because of the relatively poor seeing conditions.

For the near-infrared, we compare our spectra with those
of Young et al. (1995) and Alexander et al. (1999), who used
slits with widths of 3>08 and 1>23, respectively. We mea-
sured the polarized fluxes of 2:8� 10�15 and 10:5� 10�15 W
m�2 lm�1 at 1.2 and 2.05 lm, respectively. The spectral
index derived from these fluxes is � ¼ 2:5, in agreement with
� ¼ 3:1 derived from the fluxes in Young et al. (1995). The
observed degrees of polarization and the P.A.s are also con-
sistent with both of them, although our observed degree of
polarization is slightly smaller than that of Young et al.
(1995) around 2 lm. Our observed degrees of polarization

and the P.A.s are 1.8% and 99� (at 1.2 lm), 2.1% and 101�

(at 1.3 lm), 3.6% and 115� (at 1.7 lm), and 4.3% and 120�

(at 2.05 lm).
We also compare the near-infrared slope of the corrected

total flux spectrum with that of the nonstellar nuclear flux
derived by Alonso-Herrero et al. (2001). They estimated
these fluxes by the nucleus+bulge deconvolution of the
observed surface brightness profiles of the near-infrared
images. The spectral index derived from their estimated
fluxes in the J and K bands is � ¼ 4:8. This value agrees well
with our estimated index, � ¼ 4:4þ0:2

�0:3.

3.3. Mrk 463E

Mrk 463E is a type 2 nucleus in an interacting double
Seyfert system, separated by about 400 along the east-west
direction (Hutchings & Neff 1989). Many authors have
taken optical or near-infrared spectropolarimetric data of
this object (Miller & Goodrich 1990; Goodrich 1992; Ruiz,
Rieke, & Schmidt 1994; Kay 1994; Tran 1995b; Young et al.
1996b). Miller & Goodrich (1990) showed that its optical
continuum is highly polarized (7.7%) and that both the
degree of polarization and the P.A. rise toward the blue.
They suggested that both dust and electron scattering con-
tribute to the optical polarization and that the two mecha-
nisms have different P.A.s. Tran (1995b) found a highly
polarized knot extending �300 to the north of the nucleus by
optical imaging polarimetry. He noted that if this knot is a
dusty region similar to that in NGC 1068, the rise in the
degree of polarization and the P.A. could be explained.

Our spectropolarimetry of Mrk 463E is shown in
Figure 2. We compare our optical spectra with those of
Miller & Goodrich (1990) and Tran (1995b). Our observed
degrees of continuum polarization rise from 7.5% at 0.62
lm to 10.4% at 0.54 lm. This rise agrees well with that of
Miller & Goodrich (1990). They observed�5.5% at 0.62 lm
and �8% at 0.54 lm in the rest frame. However, our slope
of the polarized flux spectrum seems to be bluer than those
of both Miller & Goodrich (1990) and Tran (1995b). Our
observed polarized fluxes are 6:5� 10�16 and 3:6� 10�16 W
m�2 lm�1 at 0.54 and 0.70 lm, respectively. Although these
fluxes produce � ¼ �2:3, their polarized flux spectra are
flatter (� � �1) in this wavelength range. The averaged
value of the P.A. over 0.54–0.62 lm is 82�, and the small rise
in the P.A. (<10� over 0.37–0.69 lm) found by Miller &
Goodrich (1990) is unclear in our spectrum because of the
poor S/N ratio. Kay (1994) and Tran (1995b) noted that
this P.A. is nearly perpendicular to the scattering cone
(Tremonti et al. 1996), referred to by Uomoto et al. (1993)
as an ‘‘ optical jet.’’

In the near-infrared, Mrk 463E shows no rise in the
degree of polarization and no change in the P.A. toward the
longer wavelength, unlike NGC 1068 and Mrk 1210. The
polarized flux spectrum is almost flat (� ¼ 0:33� 0:06),
although the corrected total flux spectrum shows a rise
toward the longer wavelength with � ¼ 1:5� 0:1. This cor-
responds to the decrease in the corrected degree of polariza-
tion with � ¼ �1:2� 0:2 toward the longer wavelength.
The flatness of the polarized flux spectrum agrees with
� ¼ �0:4� 0:4 derived from the broadband polarimetry of
Young et al. (1996b). Young et al. modeled the optical to
near-infrared polarization with a combination of electron
scattering and dichroic absorption by aligned grains in an
obscuring torus. They found a torus extinction of
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AV ¼ 17:5 and an efficiency of dichroic absorption,
Pmax=AV ¼ 0:27%, which is lower in Mrk 463E than in
NGC 1068.

3.4. Mrk 1210

Our spectropolarimetry of Mrk 1210 is shown in Figure
3. The optical observed degree of polarization is small
(�1.0% in 0.46–0.89 lm), unlike NGC 1068 and Mrk 463E.
On the other hand, in the near-infrared, like NGC 1068, the
observed degree of polarization rises toward longer wave-
length, reaching �5.0% at 2.15 lm. Although the P.A.
remains almost constant over the optical and near-infrared,
it seems to rotate slightly from 30� in the optical (0.46–0.89
lm) to 38� in the 2 lm region (1.85–2.46 lm).

Tran et al. (1992) and Tran (1995b) presented nuclear
optical spectropolarimetry. Their observed polarization is
0.8%–1.1% at a P.A. of 28�–29�, in the range of 0.4–0.7 lm.
Our observed polarization agrees with their results.
Although Tran (1995b) reported a rise in the observed
degree of optical continuum polarization to the blue, we do
not see this rise in our spectrum. This is likely to be the result
of the lower amount of starlight dilution in our spectrum
due to the smaller aperture used. They showed that after
correction for starlight dilution, the degree of continuum
polarization is almost flat (�4%) over the optical. Our mea-
sured spectral index for the corrected degree of continuum
polarization (� ¼ 0:7þ0:9

�0:7) basically agrees, although our
slope tends to be somewhat redder. As suggested by Tran
(1995b), this flatness indicates that electron scattering domi-
nates the optical continuum polarization of the nucleus of
Mrk 1210. The spectral index of the polarized flux is
� ¼ �1:0� 0:6, agreeing with � ¼ �0:7 obtained by Tran
(1995b).

The near-infrared spectral index of the polarized flux is
� ¼ 3:2� 0:3. This agrees with � ¼ 2:4� 1:0 derived from
the broadband polarimetry of Young et al. (1996b) and is
very similar to that of NGC 1068. It may indicate that the
same mechanism (dichroic absorption by aligned grains)
works on the near-infrared continuum polarization in both
NGC 1068 andMrk 1210. However, the near-infrared spec-
tral indices of the degree of polarization for both nuclei are
rather different. This could indicate the existence of an
additional unpolarized component in Mrk 1210, electron
scattering light, as described below (x 4.5).

3.5. NGC 4388

Our spectropolarimetry of NGC 4388 is shown in Figure
4. The averaged continuum polarization over 0.51–0.62 lm
is 2:0%� 0:5% with the P.A. 68� � 7�. Kay (1994), in an
aperture of 200 � 500 700, measured a degree of polarization of
0:44%� 0:35% and P.A. of 105� � 19� in the range of
0.415–0.465 lm, after correction for the interstellar polar-
ization. She also found that after correction for starlight
dilution, the degree of polarization is 2:0%� 2:1% and the
P.A. is 93� � 29�. Our observed polarization agrees better
with his corrected values, which is expected for our smaller
aperture.

4. POLARIZATION MODELS

To model the spectral slopes of the continuum polariza-
tion of type 2 Seyfert nuclei, we consider the polarizations
from the four following components: (1) electron scattering

in ionization cones aligned along the polar axis, (2) dust
scattering in dusty regions in the cones, (3) dichroic absorp-
tion by aligned dust grains in an obscuring torus, (4) dust
scattering in the torus. For simplification, we calculate these
polarizations separately as described below. In this paper,
we assume an isotropic point source as the central radiative
source. The flux spectra of the models presented in this sec-
tion are normalized to the flux spectrum of the radiative
source.

We note a recent Monte Carlo investigation of dust scat-
tering in IRAS-selected AGNs based on the UV and optical
spectropolarimetry by Hines et al. (2001). They considered
a dusty sphere of modest optical depth (�V ¼ 0:25 4:0)
illuminated axisymmetrically from within by a power-law
QSO spectrum. Manzini & di Serego Alighieri (1996) also
modeled dust scattering and UV and optical polarization
in radio galaxies with various grain size distributions.

4.1. TheMonte Carlo Code

To calculate the polarization from scattering by electrons
or dust grains, we developed a Monte Carlo radiative trans-
fer code. It is based on the descriptions of Witt (1977),
Fischer, Henning, & Yorke (1994), and Code & Whitney
(1995). In the Monte Carlo method the radiation is parti-
tioned into many ‘‘ weighted ’’ photons. Each weighted pho-
ton is traced until it exits from the scattering medium or it is
absorbed. At each scattering point, its weight, Stokes
parameters, and direction of propagation are changed. For
scattering by an electron or a spherical dust grain, using the
scattering matrix, the new Stokes parameters (I, Q, U, V )i
and weightWi for the ith scattering are calculated by

I

Q

U

V

0
BBB@

1
CCCA

i

¼

P1 P2 0 0

P2 P1 0 0

0 0 P3 �P4

0 0 P4 P3

0
BBB@

1
CCCA

I

Q

U

V

0
BBB@

1
CCCA

i�1

;

Wi ¼ !Wi�1 ;

where ðI ;Q;V ; IÞi and ðI ;Q;V ; IÞi�1 have to be measured
with reference to the scattering plane, the elements Pj

(j ¼ 1; . . . ; 4) are functions of the scattering angle, and ! is
the albedo for single-scattering (! ¼ 1 for electrons). After
each scattering, ðI ;Q;U ;VÞi are normalized with the
intensity I.

In the Monte Carlo method, quantities such as the initial
direction of each photon and the scattering angles are deter-
mined from probability distributions using random num-
bers. In this paper, the initial direction is limited to the
direction toward the scattering medium but is distributed
uniformly within it so that the radiation is isotropic. The
polar and azimuth angle of scattering are calculated in the
same way as Bianchi, Ferrara, &Giovanardi (1996).

When a photon exits from the scattering medium, its
Stokes parameters are summed into arrays binned in the
exiting direction. Before summing, these are scaled with its
weight. In this paper, we assume an axisymmetric distribu-
tion of scatterers around the nucleus, requiring binning only
in the polar angle. Finally, the Stokes parameters are nor-
malized with the number of the total incident photons,
which is on the order of 107.
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To test our code, we calculated the polarization from dust
scattering within the spherical blob described in Code &
Whitney (1995). Our results agreed well.

4.2. Scattering Properties of the Dust

For dust scattering we adopted the dust model of Draine
& Lee (1984) and Mathis, Rumpl, & Nordsieck (1977) for
the Galactic diffuse interstellar medium. The model consists
of graphite and silicate spherical grains with a power-law
size distribution as

dni ¼ AinHa
�3:5da ðamin < a < amaxÞ ;

where dni is the number density of grains of composition i
with radii in the interval ½a; aþ da�, nH is the number density
of H nuclei, and Ai is the abundance of grains of composi-
tion i. The upper and lower limits are amin ¼ 0:005 lm and
amax ¼ 0:25 lm.

The extinction and scattering cross sections Cext and Csca,
and the elements of the scattering matrix Pjð�Þ
( j ¼ 1; . . . ; 4) are given by

Cext ¼
X
i

Z amax

amin

	a2 Qi
extðaÞ

dni
da

a

� �
d ln a ;

Csca ¼
X
i

Z amax

amin

	a2 Qi
scaðaÞ

dni
da

a

� �
d ln a ;

Pjð�Þ ¼
X
i

Z amax

amin

Pi
jð�; aÞ

dni
da

a

� �
d ln a ðj ¼ 1; . . . ; 4Þ ;

where Qi
extðaÞ;Qi

scaðaÞ, and Pi
jð�; aÞ are the extinction and

scattering efficiency factors and the elements of scattering
matrix, respectively, of grains of composition i with radius
a. Values of Qi

extðaÞ;Qi
scaðaÞ, and Pi

jð�; aÞ were calculated
using aMie scattering code derived from BHMIE in Bhoren
& Huffman (1983). We adopted the dielectric functions and
the abundances given by Draine & Lee (1984) and Draine
(1985). Therefore, Cext, Csca, and the albedo ! ¼ Csca/Cext

are identical with their results. Pjð�Þ are similar to the results
by White (1979), who used similar dielectric functions for a
graphite and olivine grain mixture.

The degree of linear polarization from scattering of unpo-
larized incident light is represented by P2/P1. White (1979)
found that for the Mathis et al. (1977) grain mixture P2/P1

can be approximately described by a scaled Rayleigh-like
function plus a bump of the form

P2=P1 � � pl
1� cos2 �

1þ cos2 �
þ Blð�; blÞ ;

Blð�; blÞ ¼
blð1� j�� 145�j=35�Þ j�� 145�j < 35� ;

0 j�� 145�j � 35� ;

�

where pl is the peak linear polarization and bl is the size
of the bump. Figure 5 shows the variations of pl and bl in
wavelength, determined by the least-squares fitting of our
P2/P1 to this form. The results for � < 1 lm are in good
agreement with those of White (1979). The peak polariza-
tion pl is rather flat around 0.3–0.7 lm and rises steeply
toward the longer wavelength between 0.7 and 1.4 lm. For
wavelength longer than 1.4 lm, it approaches the case for
Rayleigh scattering.

The variation of P2/P1 depends mainly on pl, because the
bump is small. In addition, the wavelength dependence of

the degree of polarization for such single-scattering systems
is independent of the geometry and depends only on P2/P1.
Therefore, it is expected that the degree of polarization from
a dusty region rises with a similar slope to that of pl in our
observed wavelength range, at least when the optical depth
of the region is so low that single-scattering dominates.

4.3. Electron Scattering in Cones

Scattering in conical electron clouds has been successful
in modeling the optical polarization for NGC 1068 (Miller
et al. 1991; Young et al. 1995; Packham et al. 1997) and for
other type 2 AGNs (Young et al. 1996b). These cones are
defined by five parameters: the inner radius rc1, the outer
radius rc2, the half-opening angle hc, the optical depth along
polar axis �c, and the power-law index �c for the radial den-
sity dependence of electrons [ncðrÞ / r��c , where ncðrÞ is the
electron density at the distance r from the nucleus]. The
geometry of the cones is shown in Figure 6a. In this paper
we assume rc1 ¼ 30 pc and �c ¼ 30�, similar to the values
found by Miller et al. (1991) and Packham et al. (1997) for
NGC 1068. We also assume rc2 ¼ 10rc1 and �c ¼ 2,
followingMiller et al. (1991).

Figure 7 shows the calculated polarization for electron
scattering in the cones with �c ¼ 0:01, 0.03, 0.1, 0.3, 0.1, 1,
and 3. The plane of polarization is perpendicular to the
polar axis of the cones. The degree of polarization is similar
to the result of Wolf & Henning (1999), who calculated the
polarization for multiple scattering in similar cones. At
�c < 1, the fluxes and the variations with inclination agree
with the analytic solution for single-scattering (e.g., Brown
& McLean 1977). At �c � 1, the fluxes are smaller than this
solution. The scattered and polarized fluxes at �c ¼ 1 are
only 68% and 61% of those expected from the solution for
single-scattering, respectively. However, the effect of multi-
ple scattering in the cones of Seyfert galaxies is negligible,
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Fig. 5.—Peak linear polarization (top) and bump size of linear
polarization (bottom) vs. wavelength for dust mixtures with the MRN size
distribution. The solid line is the graphite and astronomical silicate grains
mixture of Draine & Lee (1984). The dashed line presents the results by
White (1979) of graphite and olivine grains mixture.
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because a small � c is expected (e.g., Miller et al. [1991] found
�c ¼ 0:04 for NGC 1068).

4.4. Dust Scattering in Cones

From near-infrared imaging polarimetry and the model-
ing of NGC 1068, Packham et al. (1997) calculated the
radius of the dusty region, found by Miller et al. (1991), to
be 194 pc, assuming a spherical cloud. To model such dusty
regions, we assume a dusty sphere placed at each side of the
equatorial plane of the nucleus along the polar axis, as
shown in Figure 6b. These spheres are defined by three
parameters: the radius rs, the distance from the nucleus at
the centers ds, and the optical depth along the polar axis � s,
which is measured at 0.55 lm. In this paper, we fix rs ¼ 100
pc and ds ¼ 300 pc, similar to the values in the models of
Packham et al. (1997) and Inglis et al. (1995) for NGC 1068.
We calculate the polarization for �s ¼ 0:1, 0.3, 1, 3, 10, and
30 at 11 wavelengths between 0.45 and 2.5 lm.

Packham et al. (1997) assumed that the number density of
dust grains within the spheres varies as nsðrÞ / r��s , where r
is the distance from the nucleus and �s is the power-law
index for the radial number density. They found that �s ¼ 1
fits their observations. However, we found only small differ-
ences in our calculated results for �s ¼ 0, 1, and 2. This is
because as ds is larger than rs, there is no large difference in
densities between the nucleus and nonnucleus side of the
sphere and because we do not take into account the spatial
profile of the flux. Therefore, we present below only the
result for �s ¼ 0 (uniform density distribution).

Figures 8a and 8b show the scattered and polarized fluxes
and the degree of polarization from the dusty spheres as a
function of inclination. The plane of polarization is perpen-
dicular to the polar axis of the nucleus. These results are
similar to the results of Code & Whitney (1995) for a dusty
blob. At �s 	 1, the scattered and polarized fluxes increase
proportionally with � s, or the number of scatterers. For the
optical (0.55 lm), at �s > 1, neither of the fluxes increase
proportionally with � s any more, and then they decrease at

�s > 3, because of the absorption inside the dusty spheres.
For the near-infrared (2.15 lm), the fluxes increase propor-
tionally with � s, for �s 	 10. This difference is, of course, due
to the much lower extinction in the near-infrared than that
in the optical, �0:55=�2:15 ¼ 11 (Draine & Lee 1984). For 0.55
lm, at �s < 1, the scattered fluxes show large increases as
the inclination decreases, relative to the case of the electron
cones. This is due to the predominance of forward scattering
for dust grains. However, at �s > 1, the scattered flux is
almost independent of the inclination, while the polarized
flux varies much more steeply with inclination. The degree
of polarization decreases as � s increases, approaching the
limit where scattering occurs on the surface, and increasing
� s has little effect on the results (Code &Whitney 1995). The
maximum degree of polarization at an inclination of 90�

decreases from 29% at �s ¼ 0:1 to 21% at �s ¼ 10.
Figures 9a and 9b show the scattered and polarized flux

spectra and the degree of polarization of the dusty spheres
with various � s. At �s < 1, the scattered and polarized flux
spectra rise toward the blue. However, at �s > 1, the slope
of both spectra is flatter and the flux spectra even rises
toward the red for �d1 1:5 lm. These increments of the
slope are somewhat larger at the inclination 34� than at 89�.
In contrast, the wavelength dependence of the degrees of
polarization is almost independent of � s, although the abso-
lute values decrease with � s and with decreasing inclination.
The variation is similar to that of the peak polarization of a
single scatterer (Fig. 5), as expected.

Figures 10a and 10b show the spectral indices of the scat-
tered flux and the degree of polarization as a function of � s.
It is clear that the spectral index of the spectrum of the
degree of polarization is almost constant, even at high � s. Its
value is �1 in the optical and �0.3 in the near-infrared. It is
also insensitive to the inclination except for high � s in the
near-infrared.

In the optical, the spectral indices of the corrected degrees
of polarization for NGC 1068 andMrk 463E, are much flat-
ter than expected for scattering from dusty spheres but are
not consistent with the flat spectrum expected for electron
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Fig. 6.—Geometries for scattering in (a) electron cones, (b) dusty spheres along the polar axis, and (c) a flared disk representing a dusty torus.Z is the polar
axis of the system, andE is the direction to the observer.

722 WATANABE ET AL. Vol. 591



scattering. The degree of polarization for both electron and
dust scattering (P0

�) is given by

P0
� ¼ PeFe þ PdFd��P

Fe þ Fd��S
;

where Fe and Fd are the scattered flux (measured at 1 lm)
from electron and dust scattering respectively, Pe and Pd are
the degrees of polarization in the scattered fluxes, and �S

and �P are the spectral index of the scattered and polarized
fluxes from the dusty spheres, respectively (�S ¼ �1:8–0.6
and �P ¼ �0:8–1.6; Fig. 10). The possible value of the spec-
tral index of P0

� is �0 ¼ �0:8–1.8. The minimum value of �0

occurs at Fe4Fd��S and PeFe5PdFd��P , namely, when the
light from electron scattering dominates the total flux and
the polarized flux is negligible. The maximum value of �0

occurs at Fe5Fd��S and PeFe4PdFd��P , namely, when the
light from dust scattering dominates the total flux and the
polarized flux is negligible.

The spectral index for NGC 1068 (� ¼ 0:2) is in the range
of possible indices for a combination of electron and a small
amount of dust scattering. This is consistent with the pre-
vious suggestion that the small rotation of P.A. is due to a
small contribution of dust scattering with a different P.A.
from that of electron scattering. The index for Mrk 463E
(� ¼ �0:7), together with a redder polarized flux spectrum
than for a typical type 1 nucleus, indicates that dust scatter-
ing contributes significantly for this object. The negative
value of � requires that electron scattering dominates the
total flux spectrum, but dust scattering dominates the polar-
ized flux spectrum. The redder spectrum of the total flux rel-
ative to that of a typical type 1 nucleus is inconsistent with
this requirement, because electron scattering does not red-
den the spectrum. However, this reddening might be due to
residual light from the red spectrum of the host galaxy,
because we have not corrected for starlight dilution for this
nucleus. For Mrk 1210, the index (� ¼ 0:7) is similar to that
of dusty spheres, suggesting that dust scattering contributes
greatly to both the total and polarized fluxes. If dust scatter-
ing does dominate, then �s ¼ 3 10, because the spectral
index of the corrected total flux becomes � � 0 by normaliz-
ing with the index of a typical type 1 nucleus (� � �1:6), as
assumed for the incident flux (Fig. 10a).

In the near-infrared, the spectral indices of the corrected
degree of polarization of all three nuclei are very different
from that of the dusty spheres. Therefore, dust scattering
alone is unlikely to be the dominant mechanism in the near-
infrared continuum polarization of these nuclei. A combi-
nation with electron scattering is also unlikely for these
nuclei, although this combination could produce a range of
�0 ¼ �2:9–3.2. This is because the corrected total and polar-
ized fluxes of these nuclei rise toward the longer wavelength
in the near-infrared, while those of the dusty spheres rise
toward the shorter wavelength or remain constant at these
wavelengths.

4.5. Dichroic Absorption in Torus

The normalized emergent and polarized fluxes through a
torus are described as e��� and P�e��� , respectively, where
�� is the optical depth of the torus along our line of sight to
the central source, and P� is the degree of polarization pro-
duced by aligned grains in the torus, at the wavelength �.
The spectral indices of these fluxes can be simply described
by � t, where � t is �� at 0.55 lm. Here we consider only the
near-infrared polarization, because the emergent and polar-
ized fluxes through the torus are negligible in the optical
region with the high optical depths (�te10) expected for
type 2 Seyfert nuclei, as mentioned in x 1. Assuming the
near-infrared Galactic interstellar extinction and polariza-
tion curves have the form �� / ��1:8 and P� / ��1:8�0:2

(Nagata 1990; Martin & Whittet 1990; Martin et al. 1992;
Nagata, Kobayashi, & Sato 1994), the spectral indices in the
range of 1.25–2.15 lm are represented by

� ¼
0:26�t for emergent flux ;

0:26�t � ð1:8� 0:2Þ for polarized flux :
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optical depths of the cones (0.01: dotted line; 0.03: short-dashed line; 0.1:
double-dotted–dashed line; 0.3: dot-dashed line; 1: long-dashed line; and 3:
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Here the factor 0.26 between the two wavelengths 1.25 and
2.15 lmwas derived from

ð��=�tÞ1 � ð��=�tÞ2
lnð�2=�1Þ

:

The near-infrared spectral index of the corrected degree
of polarization of NGC 1068 (� ¼ �1:7þ0:3

�0:2) agrees well
with that of dichroic absorption. If we assume that dichroic
absorption dominates for this nucleus and also that the cen-
tral source has the same spectral index as a typical type 1
Seyfert nucleus (� ¼ 0; Fadda et al. 1998), then �t ¼ 17� 1
is derived from the spectral index of the polarized flux
(� ¼ 2:7). This � t agrees with the previous estimations
derived by using similar methods (�t ¼ 18 23: Bailey et al.
1988; �t � 41: Young et al. 1995; �t � 32: Packham et al.

1997; �t ¼ 16� 6: Lumsden et al. 1999). From the corrected
degree of polarization of PK ¼ 5:0% at 2.15 lm, the polar-
ization efficiency, PK=�K ¼ 2:5%, using �K=�V ¼ 0:12
(Cardelli et al. 1989), orPV=�V ¼ 2:6%, using the Serkowski
curve with K ¼ 1:15 and �max ¼ 0:545 lm. This is higher
than the value of PV=�V ¼ 1:15%, derived by Packham et
al. (1997), because of their higher value of � t. These efficien-
cies fall in the range of those for the interstellar medium in
our Galaxy (Jones 1989).

For Mrk 463E, the spectral index of the degree of polar-
ization (� ¼ �1:2� 0:2) roughly agrees with that of
dichroic absorption, although it is somewhat larger. If we
assume that dichroic absorption also dominates for this
object, �t ¼ 6 9 and PK=�K ¼ 0:2% 0:3%, derived in the
same way as for NGC 1068 but with � ¼ 0:33� 0:06 and
PK ¼ 1:7%. These values agree with those derived by Young
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dot-dashed line; 10: long-dashed line; and 30: solid line).
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et al. (1996b), although our value of � t is smaller than theirs
(�t ¼ 16).

Unlike NGC 1068 and Mrk 463E, the spectral index of
the degree of polarization for Mrk 1210 (� ¼ 1:3þ1:2

�1:8) is
much higher and distinct from that of dichroic absorption.
However, the similar spectral index of the polarized flux to
that for NGC 1068 may indicate that the same mechanism
does indeed dominate the polarization of both objects, as
indicated earlier. A combination of dichroic absorption and
electron scattering can produce a higher index for the degree
of polarization than dichroic absorption alone. If the scat-
tered light from electrons still dominates the total flux, even
in the near-infrared, while the near-infrared polarized flux is
mainly from dichroic absorption, the spectral index of the
degree of polarization becomes higher. The lower degree of
optical polarization in Mrk 1210 than in NGC 1068, is
consistent with this assumption. If we assume this combina-
tion for Mrk 1210, �te17 21 and PK=�Kd3:7% 4:6%
(PK ¼ 8:6%).

If the optical polarization arises from scattering in the
ionization cones and the near-infrared polarization comes
from the transmission of radiation through a medium of
grains aligned with the local magnetic field, then we are able
to infer a relationship between the scattering geometry of
the ionization cones and the magnetic field in the torus, as
projected onto the sky plane. As the largest change in P.A.
between the optical and the near-infrared polarization is
�20� (for NGC 1068), the P.A. of the scattering cones is
approximately perpendicular to the direction of the
magnetic field.

4.6. Dust Scattering in Torus

Recently, dusty tori with various geometry (such as a
cylindrical disk, a tapered disk, and a flared disk) have been
modeled to reproduce the infrared emission of AGNs (Pier
& Krolik 1992, 1993; Granato & Danese 1994; Stenholm
1994; Efstathiou & Rowan-Robinson 1995; Efstathiou,
Hough, & Young 1995; Manske, Henning, &Men’shchikov
1998). Granato et al. (1997) found that moderately thick
(AV ¼ 10 80) and extended tori are better to explain the
infrared spectra of Seyfert nuclei. Fadda et al. (1998) com-
pared these models with the typical spectral energy distribu-
tion compiled from a large sample of Seyfert nuclei and
found that a flared disk with a size of a few hundred parsecs
and a visual extinction of AV ¼ 10 30 is most reasonable
for both types of Seyfert galaxies.

In this paper we assume a flared disk as the geometry
of the torus, as shown in Figure 6c. This is defined by
five parameters: the inner radius rt1, the outer radius rt2,
the half-opening angle �t, the optical depth along the
equatorial plane of the disk �t measured at 0.55 lm, and
the power-law index �t for the radial density dependence
of dust grains [ntðrÞ / r��t , where ntðrÞ is the dust num-
ber density at the distance r from the nucleus]. To reduce
the free parameters, we fix rt1 ¼ 1 pc, rt2 ¼ 100 pc,
�t ¼ 30�, and �t ¼ 1, which are assumed or found by
Manske et al. (1998) in reproducing the spectral energy
distribution of NGC 1068. We calculate the polarization
for �t ¼ 10, 20, 40, 80, 160, and 320 at the same
wavelengths as in x 4.4.

We note that our treatment of the near-infrared radia-
tive source of Seyfert nuclei is not strictly self-consistent.
We assume for simplification that the near-infrared con-

tinuum is radiated from the central point source as well
as the optical featureless continuum, but it is actually the
thermal radiation from the dusty torus itself. However,
the near-infrared emission around 1–2 lm is expected to
be radiated from the innermost region with the hottest
temperature (�1500 K), and such a region is expected to
be much smaller than the whole torus. Laor & Draine
(1993) calculated that the radius of such a region with
Te1000 K is r � 1 pc, when the dust grain is heated by
a continuum source with a typical luminosity of a Seyfert
galaxy of L � 1037 W. Therefore, we expect that this
treatment will not produce very different spectra from the
strict treatment. If the emitting region is larger, then the
degree of polarization would be reduced.

Figures 11a and 11b show the emergent and polarized
fluxes and the degree of polarization from the flared disk as
a function of inclination. The emergent flux includes the
scattered flux and the direct light (unpolarized) through the
torus. The optical (0.55 lm) emergent and polarized fluxes
are very small, as expected for high torus extinctions. These
fluxes rapidly decrease at higher inclination, and the degree
of polarization increases with inclination. At 2.15 lm, the
emergent and polarized fluxes are larger than those at 0.55
lm, as expected from the lower extinctions at this wave-
length. Note that the plane of polarization at low � t and
high inclination is different from those in the optical; it is
parallel to the polar axis of the torus. It changes to perpen-
dicular at higher � t or lower inclination. This change of the
plane of polarization can be explained as follows. At low � t,
the scattered light from every scatterer in the torus can be
observed. The plane of polarization from a disklike distribu-
tion of scatterers, especially when viewed edge-on, is parallel
to the polar axis (Brown &McLean 1977). As � t gets higher,
the light from the conical surface of the torus begins to dom-
inate in the total light, because the light that has entered the
torus is absorbed and cannot reach the outer spherical sur-
face. The plane of polarization from such a cone surface is
then perpendicular to the polar axis.

The wavelength dependence of the emergent and
polarized flux and the degree of polarization of the torus
with various � t is shown in Figures 12a (inclination of 34�)
and 12b (inclination of 89�). At �t < 160, the emergent and
polarized fluxes rapidly rise toward the longer wavelength.
The degree of polarization rises generally toward the longer
wavelength and is higher at higher � t. Note, however, that
the plane of polarization changes from perpendicular to
parallel to the polar axis as the wavelength increases. The
wavelength at which this change occurs is shorter as � t gets
lower or the inclination gets higher.

The rise of the emergent and polarized fluxes reproduces
well the observations of all three nuclei, but they do not
show a 90� change in the P.A., having the same position
angles in the optical and the near-infrared. The planes of
these polarizations are expected to be perpendicular to the
polar axis of the nuclei, because the plane of the optical
polarization of type 2 Seyfert galaxies is generally perpen-
dicular to the polar axis defined by the radio source struc-
ture (Antonucci 1983; Brindle et al. 1990). Indeed, in NGC
1068 andMrk 463E, the plane of polarization is perpendicu-
lar to the polar axis of the nucleus. Therefore, we consider
only the perpendicularly polarized components in our
model below.

Figures 13a and 13b show the spectral indices of the emer-
gent flux and the degree of the perpendicular polarization
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spectra as a function of � t. In the optical, the index of the
emergent flux spectrum decreases sharply as � t gets higher,
reaching 0 at �t � 160. In the near-infrared, it increases with
� t in the low � t region (�t < 40), and then decreases at higher
� t (>40); therefore two ranges of � t exist for moderate spec-
tral indices of the emergent flux (� � 2 5) for each inclina-
tion. The spectral index of the degree of polarization
increases greatly as � t gets higher in both the optical and
near-infrared. In the optical, it increases across zero, so the
degree of polarization rises toward the blue at low � t, and
toward the red at high � t. In the near-infrared, the index is
negative, so the degree of polarization rises toward the
shorter wavelength at low � t. The index approaches zero at
high � t, and then the degree of polarization remains con-

stant with wavelength. The spectral indices of the emergent
flux and the degree of polarization are also sensitive to the
inclination.

Figures 14a and 14b show the possible spectral indices of
the emergent flux and the degree of polarization in our
model, together with data for NGC 1068, Mrk 463E, and
Mrk 1210. The measured indices of the corrected total flux
for these nuclei are normalized, assuming the slope of a typi-
cal type 1 Seyfert nucleus to be the incident flux (� ¼ �1:6
for the optical, and � ¼ 0:0 for the near-infrared). Thus the
abscissa readings in Figure 14a are different from the indices
in Table 3 by�1.6.

In the optical, the measured indices of the corrected total
fluxes and the degree of polarization of all the three nuclei
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are distinct from those of the model (Fig. 14a). Therefore,
dust scattering in the torus is unlikely to be the dominant
mechanism for the optical continuum polarization of these
nuclei. Moreover, a contribution from electron scattering is
unlikely, because the emergent and polarized fluxes are
generally much smaller than that from electron scattering
(Fig. 7).

In the near-infrared, the measured indices of the corrected
total fluxes and the degree of polarization of all the three
nuclei fall in the range of the possible indices in the model
(Fig. 14b). For NGC 1068, the torus with �t ¼ 40 100 and a
low inclination of 34�–51� can produce similar indices to the
observations. However, this � t is rather higher than �V � 18
(�0:2lm � 50) derived byManske et al. (1998) for NGC 1068,
while this inclination agrees with the value of �40� derived
from the modeling of the optical and near-infrared polariza-
tion of this nucleus (Miller et al. 1991; Young et al. 1995,
1996c; Inglis et al. 1995; Packham et al. 1997). For Mrk
463E, a higher � t of 120–160 and a higher inclination of 51�–
68� than those for NGC 1068 are required. These higher val-
ues arise mainly from the smaller index of the corrected total
flux of Mrk 463E than that of NGC 1068. For Mrk 1210,
�t ¼ 80 160 and a low inclination near 34� are required
because of the small index of the corrected total flux and the
red spectrum of degree of polarization. The combination of
�t ¼ 160 320 and a high inclination near 90� could also
produce the similar slope to the observations, and the total
and polarized fluxes are much smaller in this case.

The combination with electron scattering in the cones
could be considered. However, the contribution from elec-
tron scattering is likely to be small in the near-infrared,
because the measured indices of the total and polarized flux
are very larger than that of a typical type 1 Seyfert nucleus.

5. DISCUSSION

As we saw in the previous section, the slopes of the cor-
rected polarization spectra suggest that a combination of
electron and dust scattering in ionization cones is most
likely to be the dominant mechanism in the optical contin-
uum polarization of NGC 1068, Mrk 463E, and Mrk 1210.
This agrees well with the previous results (Antonucci &
Miller 1985; Miller & Goodrich 1990; Miller et al. 1991;
Tran et al. 1992; Tran 1995b; Young et al. 1995; Inglis et al.
1995). On the other hand, dichroic absorption by aligned
dust grains in a torus seems to be able to explain the mea-
sured spectral slopes of the near-infrared continuum polar-
ization of all these nuclei, but dust scattering in a torus can
also reproduce these slopes. Here, we discuss if dust scatter-
ing in the torus can really explain the near-infrared
continuum polarization for these three nuclei.

5.1. Very High Optical Thickness?

One important difference between the two models is that
the resultant � t from the slope fitting in the dust-scattering
model is much higher than that in the dichroic absorption
model. First, let us compare the emergent fluxes of the mod-
els with the observations. The measured total fluxes are
2:8� 10�13, 1:9� 10�14, and 2:3� 10�15 W m�2 lm�1 at
2.15 lm for NGC 1068, Mrk 463E, and Mrk 1210, respec-
tively, after correction for starlight dilution. The luminosity
of a typical type 1 Seyfert nucleus is 1:6� 1036 W lm�1 at
2.2 lm (1022.4 W Hz�1; Fadda et al. 1998). Assuming
H0 ¼ 75 km s�1 Mpc�1 and q0 ¼ 0:5, we normalize the
measured fluxes with the fluxes of the typical type 1 Seyfert
at the same distances. The normalized measured fluxes are
0.49, 5.8, and 0.05 for NGC 1068, Mrk 463E, and Mrk
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1210, respectively. However, according to Mazzarella et al.
(1991), Mrk 463E has a near-infrared luminosity compara-
ble to Palomar-Green (PG) quasars rather than to a type
1 Seyfert nucleus. The median luminosity of PG quasars
is 2:3� 1037 W lm�1 at 2.2 lm (�L� ¼ 1:3� 1011 L
;
Mazzarella et al. 1991). If we adopt this luminosity for
Mrk 463E, the normalized measured flux is then 0.40. Our
estimated optical depths of the tori in the dust-scattering
model lead to much smaller fluxes than the measured ones;
fluxes of the order of 0.01, 0.0001, and 0.001 are derived for
NGC 1068, Mrk 463E, and Mrk 1210, respectively. In con-
trast, the smaller optical depths in the dichroic absorption
model lead to the emergent fluxes consistent with the mea-
sured fluxes; the normalized emergent fluxes of 0:13� 0:02,
0.34–0.49, and d0.08–0.13 are derived for NGC 1068,
Mrk 463E, andMrk 1210, respectively.

Second, we will compare the degree of polarization itself,
not its spectral index, of the dust-scattering model with the
observations. The degree of polarization from the model
torus (P ¼ 5% 30% at 2.15 lm) is substantially higher than
the observation of NGC 1068 (P ¼ 4:7%). Similarly, high � t
and inclination produce much higher degrees of polariza-
tion (P ¼ 25% 50%) than the observed starlight-corrected
degrees of polarization of Mrk 463E and Mrk 1210
(P ¼ 1:7% and 8.6%).

Thus the dust scattering in tori with optical thickness � t
higher than 40 (NGC 1068), 120 (Mrk 463E), and 80 or 160
(Mrk 1210) cannot explain the near-infrared flux for these
nuclei. Such high optical depths of �t > 40 have been
required because the observations imply small negative
spectral indices for the degree of polarization (� is �1.7,
�1.2, and 1.3 for these nuclei) while such spectral indices
are only realized when the optical depth is sufficiently high
(see Fig. 13b), in the current model.

5.2. Possible Dust-ScatteringModel

To reproduce the measured total fluxes at 2.2 lm and
spectral indices (� � 2 5) between 1.2 and 2.2 lm by our
scattering model, moderate optical depths of �t ¼ 10 40 are
required for all the three nuclei (see Fig. 11b and Fig. 13b,
top panel). The tori with such moderate � t, however, pro-
duce steeper slopes of the degree of polarization spectrum
than the observations (see Fig. 13b, bottom panel). This
rapid decrease in the model is mainly due to the rapid rise of
the direct light through the torus relative to the slow rise, or
even decrease when � t is very low (�10), of the scattered
light toward the longer wavelength. These variations of the
scattered and direct light in the emergent fluxes from our
flared disks are clearly shown in Figure 15. This slow rise of
the scattered flux is due to the decrease of the albedo of dust
grains (Draine & Lee 1984) longward of 1 lm. The decrease
of the scattering cross section as the extinction drops also
reduces the scattered flux at the longer wavelength at the
low extinction (�� < 2; Code & Whitney 1995). This
variation of the flux with wavelength depends mainly on the
scattering properties of the dust and depends less on the
geometry of the flared disk.

The failure of our scattering models in fitting both the
near-infrared total flux and the spectral slope of degree of
polarization demonstrates that a torus whose dust has a simi-
lar composition and similar size distribution to that in the
Galactic diffuse interstellar medium cannot explain the near-
infrared radiation for NGC 1068, Mrk 463E, and Mrk 1210.

In fact, recent observational results suggest that the grain size
distribution in the circumnuclear region of AGNs is biased
toward large values (Laor & Draine 1993; Maiolino et al.
2001b;Maiolino,Marconi, &Oliva 2001a). Such a size distri-
bution can make the spectral slope of the degree of polariza-
tion between 1.2 and 2.2 lm flatter, because it makes the
extinction curve flatter (Laor &Draine 1993) and keeps a sig-
nificant albedo longward of 1 lm (Weingartner & Draine
2001). The dominance of large grains would also change the
peak polarization in Figure 5 (top panel). In the current
model, the slope of the peak polarization between 1.2 and 2.2
lm is rather flat. If the size of grains increases, the steep slope
around 1 lmwill move toward the longer wavelength. When
it comes in the 1.2–2.2 lm range, for which the near-infrared
spectral index is calculated, the index of the degree of polar-
ization will be larger, so that moderate � t models might be
able to reproduce the observed slow decrease of polarization
with wavelengths.

The moderate � t are consistent with �t ¼ 9 28
(AV ¼ 10 30), as derived by Fadda et al. (1998) from a com-
parison of their torus models with a typical spectral energy
distribution of Seyfert nuclei. These moderate � t are also
consistent with �t � 18 (�0:2lm � 50) derived by Manske
et al. (1998), when using similar torus parameters to our
ones, for NGC 1068. The detection of the near-infrared
broad emission lines (Pa�, Br
) in the total flux spectra of
Mrk 463E and Mrk 1210 (Goodrich et al. 1994; Ruiz et al.
1994; Veilleux, Goodrich, &Hill 1997) also supports moder-
ate optical depths for the torus, �t ¼ 10 40, rather than
�te40. Goodrich et al. (1994) and Veilleux et al. (1997) esti-
mated the extinction toward BLRs, �Ve5 9 (for Pa�) and
�Ve4 6 (for Br
) for these nuclei from the ratios of the
broad components in these lines and H�, assuming case B
recombination and the standard Galactic extinction curve.
Thus, although we should be careful about using these esti-
mates of the extinction because a substantial fraction of the
line emission could be scattered light and the determination
of the fraction is difficult, these extinction values derived
from the near-IR emission lines are fairly low. On the other
hand, the nondetection of such broad-line components in
NGC 1068 (Thompson, Lebofsky, & Rieke 1978; Hall et al.
1981; DePoy 1987; Veilleux et al. 1997; Lutz et al. 2000) sug-
gests rather high extinction (e.g., �V > 50; Lutz et al. 2000)
toward BLRs for this nucleus. However, the strengths of
dust absorption features again support the moderate � t,
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even for NGC 1068. Roche et al. (1984) and Tomono et al.
(2001) measured the strength of the 9.7 lm silicate absorp-
tion feature in this nucleus and derived dust extinctions of
�V � 7 and �V ¼ 7 21, respectively. Bridger, Wright, &
Geballe (1994) and Imanishi et al. (1997) also observed the
C-H band absorption at 3.4 lm in this nucleus and derived
dust extinctions of �V � 20 and �V ¼ 17 28, respectively.
This disagreement of the extinction derived from the
absorption features with those from the broad-line detec-
tion may indicate that BLRs are more obscured than the
infrared-emitting regions in NGC 1068. Our � t represents
the extinction toward the near-infrared–emitting regions
rather than toward BLRs, so it should agree with the
extinction derived from the absorption features.

Dust scattering in a torus dominated by large grains could
also explain the mid-infrared polarization of type 2 Seyfert
nuclei. Bailey et al. (1988) presented the broadband polar-
imetry of NGC 1068 over the wavelength range of 0.36–4.8
lm. They showed that the P.A. of polarization changes
greatly (�70�) between 4 and 5 lm and the degree of polar-
ization at 4.8 lm is �0.9%. Aitken et al. (1984) also showed
that this nucleus has a polarization with 1%–2% between 8
and 13 lm and the P.A. is similar to that at 4.8 lm. Bailey
et al. (1988) suggest that this polarization over the wave-
length range of 4–13 lm is due to thermal emission from
aligned grains. According to Efstathiou et al. (1996) and
Efstathiou, McCall, & Hough (1997), the change in P.A.
suggests that the dominant polarizationmechanism changes
from dichroic absorption to emission by aligned grains
between 4 and 5 lm. However, dust scattering in the torus
can also reproduce a similar change in P.A. around these
wavelengths. Although the grain size distribution for the
diffuse interstellar medium leads to very small scattered and
polarized fluxes at these wavelengths, because of the small
albedo (Draine & Lee 1984), a dust composition dominated
by large grains could produce significant scattered and
polarized fluxes even at these wavelengths.

Thus, dust scattering in the torus of moderate optical
depth dominated by large grains might provide a reasonable
explanation for the near-infrared radiation from Seyfert
nuclei, but pursuing it is beyond the scope of the current
investigation.

Lumsden et al. (1999) presented a near-infrared high-res-
olution polarization map of the nucleus of NGC 1068. They
showed that the K-band polarization map has no centro-
symmetric scattering pattern, unlike the maps at shorter
wavelengths such as the J band and the optical. Therefore,
they suggested dichroic absorption by aligned dust grains as
polarization mechanism for the near-infrared polarization,
because the single-scattered light of a single point source
cannot reproduce such a noncentrosymmetric scattering
pattern. However, Simpson et al. (2002) noted that the
polarized light could include the multiply scattered light in
both cones and torus (or disk), such as light backscattered
from the cones and scattered a second time in the torus.
They presented a more highly resolved polarization image
of NGC 1068 at 2 lm, taken by NICMOS Camera 2 on the
Hubble Space Telescope (HST). They showed that there
would be a small contribution from off-nuclear scattered
light to the polarized flux within a 200 aperture. In this paper,
for simplification, we have calculated the polarization from
the cones and the torus separately. However, to model the
polarization pattern, we would need to model the combina-
tion of these components. Also, an extended radiative

source could be needed, because recent near-infrared high-
resolution imaging of the nucleus of NGC 1068 show an
emission region extending a few tens of parsecs at 2 lm
(e.g., Weinberger, Neugebauer, &Matthews 1999).

6. CONCLUSIONS

We have presented optical to near-infrared spectro-
polarimetry of four type 2 Seyfert nuclei. The slope of the
degree of optical continuum polarization after correction
for starlight dilution is almost zero for NGC 1068, Mrk
463E, and Mrk 1210. This result is consistent with the pre-
vious suggestion that electron scattering is the principal
polarization mechanism for the optical continuum polariza-
tion for these nuclei. The deviation of the slope from zero
suggests significant contributions of dust scattering in the
optical continuum polarization of the nuclei of Mrk 463E
andMrk 1210.

For the near-infrared, we found that dichroic absorption
by aligned dust grains can explain the continuum polariza-
tion of the nuclei of Mrk 1210 and Mrk 463E as well as
NGC 1068. Assuming a typical spectral slope of type 1
Seyfert nuclei (� � 0) as a background source, we have esti-
mated the visual optical depth of the torus on the order of
10–20 for these nuclei from the spectral slope of the
polarized flux.

We have also presented a polarization model for dust
scattering in a torus with the same grain size distribution as
in the Galactic diffuse interstellar medium and a flared disk
geometry, making an attempt to reproduce the near-
infrared continuum polarization of these nuclei. We found
that this model cannot reproduce the observed spectral
slope of the near-infrared polarization and total flux of these
nuclei simultaneously. This model requires very high visual
optical depths for the torus of the order of 40–160 to repro-
duce the spectral slope of polarization, while it requires a
moderate visual optical depth of the order of 10–40 to
reproduce the total flux. However, this might only indicate
that the grain size distribution in the torus of AGNs is
different from in our Galaxy. Dust scattering in a torus with
moderate optical depth and dominated by large grains
might provide a reasonable explanation for the near-
infrared radiation fromAGNs.
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