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Unification scheme of AGNs

• All AGNs are fundamentally 
the same (Antonucci 1993)


• Toroidal obscuring region 
(torus) = optically and 
geometrically thick@optical


• Type-1 (w/ BLR) and Type-2 
(w/o BLR), depending on the 
viewing angle



The basis of the classical torus

• Detection of the polarised BLR 
(PBL) in type-2 AGNs (e.g., NGC 
1068: Antonucci & Miller 1985)


• Detection of the BLR through IR 
spectroscopy (e.g., Nagar+2002; 
Reunanen+2003) 
 
→ hidden broad line region  
= HBLR
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Type-2 → HBLR vs NHBLR
• But, only 30-50% of type-2 

show PBLs (e.g., Tran+01, 03) 
→ discuss later!

(1) Genuine lack of BLR  
(e.g., Tran+11; Elitzur+09)  
→ non-hidden broad line region  
= NHBLR / true Type-2 

(2) Complex effects of obscuration 
(e.g., Gu+01, Lumsden+04, Shu
+07)

Now try to reveal the torus-geometry of both HBLR and NHBLR!



1. Difference in the torus geometry? 
K. Ichikawa et al. 2015, ApJ, 803, 57
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ABSTRACT

We present results from the fitting of infrared (IR) spectral energy distributions of 21 active galactic nuclei
(AGNs) with clumpy torus models. We compiled high spatial resolution (∼0.3–0.7 arcsec) mid-IR (MIR) N-band
spectroscopy, Q-band imaging, and nuclear near- and MIR photometry from the literature. Combining these
nuclear near- and MIR observations, far-IR photometry, and clumpy torus models enables us to put constraints on
the torus properties and geometry. We divide the sample into three types according to the broad line region (BLR)
properties: type-1s, type-2s with scattered or hidden broad line region (HBLR) previously observed, and type-2s
without any published HBLR signature (NHBLR). Comparing the torus model parameters gives us the first
quantitative torus geometrical view for each subgroup. We find that NHBLR AGNs have smaller torus opening
angles and larger covering factors than HBLR AGNs. This suggests that the chance to observe scattered
(polarized) flux from the BLR in NHBLR could be reduced by the dual effects of (a) less scattering medium due to
the reduced scattering volume given the small torus opening angle and (b) the increased torus obscuration between
the observer and the scattering region. These effects give a reasonable explanation for the lack of observed HBLR
in some type-2 AGNs.
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1. INTRODUCTION

While active galactic nuclei (AGNs) present a variety of
observational characteristics, the unified model for AGNs
proposes the ubiquitous presence of an obscuring torus around
their central engines, and that all AGNs are fundamentally the
same (Antonucci 1993). This optically and geometrically thick
torus produces the effect of a line of sight viewing angle
dependency. Type-1 AGNs are observed with a direct view of
fast moving material close to the supermassive black hole,
resulting in broad emission lines in their spectra, while type-2
AGNs are observed from an edge-on view and the torus blocks
the broad emission line region (BLR) component from our line
of sight. The most compelling evidence for the unified model
was the detection of polarized broad emission lines (PBLs) in
type-2 AGNs (e.g., Antonucci & Miller 1985). Further
evidence supporting the unified model comes from infrared
(IR) observations of several type-2 AGNs showing the
existence of obscured/hidden broad line regions (HBLRs)

detectable only with dust penetrating IR observations (e.g.,
Blanco et al. 1990; Nagar et al. 2002; Reunanen et al. 2003;
Ramos Almeida et al. 2008).
Against the fact that the observations generally support the

unified model, there is the question of why some, but not all,
type-2 AGN do not show any observational signs of PBLs.
Tran (2001, 2003) and Moran et al. (2001) found that only
30%–50% of type-2 AGN show PBLs. Some studies have
advocated that the non-detection of a PBL is due to the genuine
lack of a BLR (e.g., Tran et al. 2011). Others have suggested
that the non-detection is due to obscuration effects, rendering
the detection of PBLs difficult or impossible, even with deep
near-IR (NIR) spectro-polarimetric observations (Alexan-
der 2001). Using a statistically complete IRAS 60 μm selected
type-2 AGN catalog, Heisler et al. (1997) investigated the
relationship between the detectability of PBLs and IR color as
an indicator of the torus inclination angle. They showed that
only AGN with a low torus inclination angle have a high
detection rate of PBLs compared to those with high inclina-
tions. This result strongly suggests that PBLs could be
obscured when there is an edge-on view through the torus
and/or nuclear obscuration in the host galaxies. In addition to
the optical spectro-polarimetry, X-ray observations suggest that
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ABSTRACT

We present results from the fitting of infrared (IR) spectral energy distributions of 21 active galactic nuclei
(AGNs) with clumpy torus models. We compiled high spatial resolution (∼0.3–0.7 arcsec) mid-IR (MIR) N-band
spectroscopy, Q-band imaging, and nuclear near- and MIR photometry from the literature. Combining these
nuclear near- and MIR observations, far-IR photometry, and clumpy torus models enables us to put constraints on
the torus properties and geometry. We divide the sample into three types according to the broad line region (BLR)
properties: type-1s, type-2s with scattered or hidden broad line region (HBLR) previously observed, and type-2s
without any published HBLR signature (NHBLR). Comparing the torus model parameters gives us the first
quantitative torus geometrical view for each subgroup. We find that NHBLR AGNs have smaller torus opening
angles and larger covering factors than HBLR AGNs. This suggests that the chance to observe scattered
(polarized) flux from the BLR in NHBLR could be reduced by the dual effects of (a) less scattering medium due to
the reduced scattering volume given the small torus opening angle and (b) the increased torus obscuration between
the observer and the scattering region. These effects give a reasonable explanation for the lack of observed HBLR
in some type-2 AGNs.
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1. INTRODUCTION

While active galactic nuclei (AGNs) present a variety of
observational characteristics, the unified model for AGNs
proposes the ubiquitous presence of an obscuring torus around
their central engines, and that all AGNs are fundamentally the
same (Antonucci 1993). This optically and geometrically thick
torus produces the effect of a line of sight viewing angle
dependency. Type-1 AGNs are observed with a direct view of
fast moving material close to the supermassive black hole,
resulting in broad emission lines in their spectra, while type-2
AGNs are observed from an edge-on view and the torus blocks
the broad emission line region (BLR) component from our line
of sight. The most compelling evidence for the unified model
was the detection of polarized broad emission lines (PBLs) in
type-2 AGNs (e.g., Antonucci & Miller 1985). Further
evidence supporting the unified model comes from infrared
(IR) observations of several type-2 AGNs showing the
existence of obscured/hidden broad line regions (HBLRs)

detectable only with dust penetrating IR observations (e.g.,
Blanco et al. 1990; Nagar et al. 2002; Reunanen et al. 2003;
Ramos Almeida et al. 2008).
Against the fact that the observations generally support the

unified model, there is the question of why some, but not all,
type-2 AGN do not show any observational signs of PBLs.
Tran (2001, 2003) and Moran et al. (2001) found that only
30%–50% of type-2 AGN show PBLs. Some studies have
advocated that the non-detection of a PBL is due to the genuine
lack of a BLR (e.g., Tran et al. 2011). Others have suggested
that the non-detection is due to obscuration effects, rendering
the detection of PBLs difficult or impossible, even with deep
near-IR (NIR) spectro-polarimetric observations (Alexan-
der 2001). Using a statistically complete IRAS 60 μm selected
type-2 AGN catalog, Heisler et al. (1997) investigated the
relationship between the detectability of PBLs and IR color as
an indicator of the torus inclination angle. They showed that
only AGN with a low torus inclination angle have a high
detection rate of PBLs compared to those with high inclina-
tions. This result strongly suggests that PBLs could be
obscured when there is an edge-on view through the torus
and/or nuclear obscuration in the host galaxies. In addition to
the optical spectro-polarimetry, X-ray observations suggest that
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limits due to the difficulties of estimating the unresolved
component. For the NICMOS observations, we used 20% for
the J band, and 20% for the H and K bands. For the N and Q
bands,we use 15% and 25% errors, respectively.

2.4. Subsample

To examine the torus model properties of different AGN
populations, we divide the sample into subgroups based on
whether or not the source has signs of HBLR in previously
published observations. We first divide the sample into type-1
and type-2 AGNs. Although Seyfert 1.8/1.9 are very ambig-
uous objects (e.g., see Elitzur et al. 2014 for details), here we
define type-1 as AGNs that have at least one broad emission
line in their optical spectra. Therefore, we consider Seyfert 1 to
1.9 as type-1 AGNs and Seyfert 2 as type-2 AGNs. Next, we
divide the type-2 AGNs into those with published polarized
BLR detections in the optical and/or in the NIR (HBLR) and
those without (non-HBLR, hereafter NHBLR). We use Marin
(2014), who compiled almost all of the previously published
polarization information of nearby AGNs. These spectro-

polarimetric data are taken from several large surveys including
the IR-selected sample of Heisler et al. (1997), the FIR flux-
limited sample of Lumsden et al. (2001), the distance-limited
sample of Moran et al. (2000, 2002), and the heterogeneous
optical- and MIR-selected sample of Tran (2001, 2003). The
spectro-polarimetric observations were mainly conducted with
small or medium size telescopes (up to 4 m class), while only
NGC 3081 has been confirmed to have HBLR features with the
Keck 10 m telescope (Moran et al. 2000). Therefore, we should
note that some HBLR AGNs could contaminate the subgroup
of NHBLRs in cases where the BLR is below the signal-to-
noise afforded by the 4 m class telescope observations (see
C. Ramos Almeida et al. 2015, in preparation). Some sources
have currently no published spectro-polarimetric data, but have
clear broad emission lines in NIR wavelengths. These sources
are MCG 5-23-16, NGC 2110, and NGC 7582 (Alonso-
Herrero et al. 2011). All the references used for dividing the
sample into each subgroup are indicated in column 12 in
Table 1.
Finally, the sources in this study are categorized into three

groups (type-1, HBLR, and NHBLR; see column 6 in Table 1).

Table 1
Properties of the Sample

Name z d Slit/Size Type Group NH Llog bol
(lit) b/a AV i Ref

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

NGC 1365 0.0055 18 0.35/31 Sy1.8 Type-1 23.6 42.9 0.5 <5 L (A1,B1,B1,L)
NGC 4151 0.0033 13 0.36/23 Sy1.5 Type-1 22.8 43.7 0.71 L L (A9,A9,L,L)
IC 4329 A 0.016 65 0.75/240 Sy1.2 Type-1 21.8 43.6 0.28 L L (A10,A9,L,L)
NGC 7469 0.016 66 0.75/240 Sy1 Type-1 20.7 45.1 0.72 L L (A9,A9,L,L)

NGC 1068 0.0038 15 0.36/26 Sy2 HBLR >25 45.0 0.85 L 60–90 (A2,A9,L,A9)
NGC 2110 0.0078 31 0.36/54 Sy2 HBLR 22.5 43.9 0.74 5 40 (A9,A9,A9,A9)
MCG 5–23-16 0.0085 34 0.75/120 Sy2 HBLR 22.2 44.4 0.46 >6 53 (A9,A9,A9,A9)
NGC 3081 0.008 32 0.65/100 Sy2 HBLR 23.9 43.8 0.8 L L (A3,B2,L,L)
NGC 3227 0.0039 17 0.75/62 Sy2 HBLR 22.2 43.4 0.68 L L (A11,A9,L,L)
Circinus 0.0014 4 0.60/12 Sy2 HBLR 24.6 43.6 0.44 9 60–90 (A8,A9,A9,A9)
NGC 5506 0.0062 25 0.36/44 Sy2 HBLR 22.4 44.2 0.30 ⩾11 40 (A9,A9,A9,A9)
IC 5063 0.011 46 0.67/150 Sy2 HBLR 23.3 44.5 0.68 7 L (A2,A9,A9,L)
NGC 7582 0.0053 21 0.75/76 Sy2 HBLR 22.7 43.3 0.42 8,13 L (A9,A9,A9,L)
NGC 7674 0.029 118 0.75/430 Sy2 HBLR >25 45.0 0.91 ∼3–5 L (A9,A9,A9,L)

NGC 1386 0.0029 11 0.31/17 Sy2 NHBLR >25.0 42.9 0.4 L 65,85 (A2,B2,L,C1)
NGC 3281 0.011 43 0.35/73 Sy2 NHBLR 24.3 44.6 0.4 L L (A4,B1,L,L)
Cen A 0.0018 3 0.65/11 Sy2 NHBLR 23.7 44.0 0.4 14.0 L (A5,B2,A9,L)
NGC 5135 0.014 59 0.70/200 Sy2 NHBLR >25.0 44.4 0.7 L L (A2,B2,L,L)
NGC 5643 0.004 16 0.35/29 Sy2 NHBLR 23.8 42.7 0.9 L L (A6,B5,L,L)
NGC 5728 0.0094 40 0.35/69 Sy2 NHBLR 23.6 44.5 0.6 L L (A7,B6,L,L)
NGC 7172 0.0087 35 0.36/61 Sy2 NHBLR 22.9 43.8 0.46 L L (A2,A9,L,L)

Note. Sample properties. The sample is divided into three subgroups with type-1/HBLR/NHBLR respectively from top to bottom. (1) Object name; (2) redshift; (3)
luminosity distance (Mpc) gathered from literature for the case of nearby sources. Within the sample of González-Martín et al. (2013), for NGC 1365, NGC 1386,
NGC 1808, NGC 3081, NGC 3281, and Cen A, the values of distance to the galaxies have been taken from Ramos Almeida et al. (2009). For NGC 5643, the distance
has been taken from Guainazzi et al. (2004). For the sample of Alonso-Herrero et al. (2011), we gathered them from Alonso-Herrero et al. (2011). For the other
sources, we calculated the distances by using cosmological parameter H0 = 75 km s−1 Mpc−1; (4) slit width (arcsec)/physical size (pc); (5) Seyfert class of AGNs. (6)
Sub-group of AGNs. Type-1 represents type-1 AGNs (Sy 1–Sy 1.9) based on optical spectroscopy. HBLR represents type-2 (Sy2) AGNs with hidden broad line
region signs, and NHBLR represents type-2 AGNs without any published hidden broad line regions signs. (7) Hydrogen column density; (8) logarithm of bolometric
luminosity (erg s−1) which is taken from González-Martín et al. (2013) and Alonso-Herrero et al. (2011). We use a typical bolometric correction of 20 (Elvis
et al. 1994). (9) The axial ratio; the ratio of the minor to major axis of the host galaxies. All information is taken from González-Martín et al. (2013). (10) Foreground
extinction in units of mag; (11) inclination angle of the torus. Levenson et al. (2006) derives the viewing angle of accretion disk of NGC 1386 and we here assume
that the accretion disk and the torus are located in the same plane; (12) references of columns (6), (7), (10), and (11). “L” denotes no reference.
References. (A1) Alonso-Herrero et al. (2012a), (A2) Tran (2001), (A3) Moran et al. (2000), (A4) Nicastro et al. (2003), (A5) Alexander et al. (1999), (A6) Gu
et al. (2001), (A7) Tran (2003), (A8) Wang & Zhang (2007), (A9) Alonso-Herrero et al. (2011), (A10) Véron-Cetty & Véron (2006), (A11) Imanishi (2002), (B1)
Tueller et al. (2008), (B2) Marinucci et al. (2012), (B3) Brightman & Nandra (2011), (B4) Itoh et al. (2008), (B5) Guainazzi et al. (2004), (B6) Goulding et al.
(2012), (C1) Levenson et al. (2006)
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• AGNs with high resolution IR measurements (to avoid the contamination 
from the hosts)


• HBLR or NHBLR → Totally depends on the quality of spectropolarimetry



Method: CLUMPY torus model

• To fit torus model to photometric/spectroscopic data 
- e.g., IR color, silicate absorption


• 5M models are now recorded in the CLUMPY database (https://
www.clumpy.org)


• Bayesian approach is adopted (uniform prior)

The sample contains four type-1, 10 HBLR, and seven
NHBLR AGNs.

3. APPLICATION OF TORUS MODEL

3.1. Clumpy Torus Model

We fit the clumpy torus models of Nenkova et al. (2008a),
known as CLUMPY, to the data using a Bayesian approach
(BAYESCLUMPY; Asensio Ramos & Ramos Almeida 2009).
Here we describe the six free CLUMPY model parameters used
for the SED fitting and the model set up; they are listed in
Table 3. The torus clumps are distributed in a smooth, rather
than sharp, toroidal-shaped boundary of angular width σ. The
inner radius (rin) of the torus is set by the location of the dust at
the sublimation temperature ( ~T 1500sub K). This is computed
using the AGN bolometric luminosity L (AGN)bol

=
æ

è
çççç
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ø
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pc. (1)in

bol

45 1
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The torus has a radial extent (Y) defined by =Y r rout in, where
rout is the outer radius of the torus. The average number of
clouds along the line of sight (NLOS) at a viewing angle i is set
as

s
=
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ú
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i
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(90 )
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2

2

where N0 is the average number of clouds along the radial
equatorial ray. NLOS allows us to derive the escape probability
of photons from the AGN central engines (Pesc). In the
CLUMPY dust distribution, the classification of type-1 or type-
2 AGN depends on whether or not there is a clump along the
line of sight, which is a function of the viewing angle of the
torus, the number of clumps, and the torus width. This is
different from smooth torus models, for which the classification
of an AGN as either type-1 or type-2 is solely determined by
the viewing angle. The escape probability of photons passing
through the torus at a given viewing angle (i) can be calculated
as

~ -P e . (3)N
esc

LOS

In the CLUMPY model, the radiative transfer equations are
solved for each clump and thus the calculations depend on the
clump distribution within the torus, the optical depth of each
clump, and also its dust composition. Here we assume each
clump has the same optical depth (tV ), which is defined at the
optical V band. The CLUMPY model applies a standard cold

oxygen-rich interstellar medium dust, called OHMc dust
(Ossenkopf et al. 1992). The torus clumps are distributed as
a power law with index q as a function of radius, µ -N r r( ) q.
In addition to these six physical parameters, we add two

additional parameters to be fitted or fixed. The first parameter is
the foreground extinction (AV), unrelated to the torus. Some
authors demonstrated that some AGNs have an extremely deep
9.7 μm silicate absorption feature that cannot be reproduced
solely by the torus obscuration (Alonso-Herrero et al. 2003,
2011; Polletta et al. 2008; Goulding et al. 2012; González-
Martín et al. 2013). They suggested that dust in inclined host
galaxies can contribute significantly to the observed SED and
silicate feature absorption. Out of the 21 sources 10 are inclined
galaxies with low minor-to-major axis ratios ( ⩽b a 0.5; see
Table 1). Therefore, some portion of the observed SED is
accounted for by the cool foreground dust extinction. Alonso-
Herrero et al. (2011) discussed this issue and concluded that for

⩾A 5V , the effects of foreground extinction cannot be ignored
when reproducing the silicate 9.7 μm feature. We gathered
available values of foreground AV from the literature and
compiled them in column 10 in Table 1. The other additional
parameter accounts for the multiplicative factor that has to be
applied to match the fluxes of a given model to an observed
SED. Deriving this factor enables us to calculate the model
AGN bolometric luminosity Lbol

(mod ) (Nenkova et al. 2008b).
As shown by Alonso-Herrero et al. (2011), Lbol

(mod ) reproduces
well the values of Lbol

(lit) for Seyfert galaxies, and therefore, in
the following we will refer to Lbol

(mod ) as the bolometric
luminosities of the sample studied here.
By combining the derived output parameters of the

CLUMPY model, we can derive other important torus
morphological parameters as the torus outer radius rout, defined
as:

=r r Y pc. (4)out in

We can also calculate the torus scale height H as:

s=H r sin pc. (5)out

Finally, we define the “geometrical” torus covering factor,
which is unaffected by the viewing angle, and it is defined by
integrating the AGN escape probability over all angles
(Nenkova et al. 2008a). This can be written as

ò b b b= -C P d1 ( ) cos ( ) , (6)
π

T
0

2
esc

where b = -π i2 . Considering that our motivation is to
characterize the intrinsic torus morphology, the “geometrical”
torus covering factor is more relevant here than the apparent
covering factor.

3.2. BAYESCLUMPY and Modeling Details

The CLUMPY database currently contains more than
´5 106 models. Therefore, when fitting the models to the

observations, inherent degeneracies have to be taken into
account. We then use the BAYESCLUMPY fitting tool (Asensio
Ramos & Ramos Almeida 2009), as it performs a fast synthesis
of the CLUMPY SEDs. In the last version of BAYESCLUMPY the
inference over the model parameters can be done either using
neural network interpolation or multilinear interpolation in the
full database. After running several tests, Ramos Almeida et al.
(2014) concluded that the latter interpolation produces more

Table 3
Free Parameters of the BAYESCLUMPY

Parameters Parameter Range

Torus radial thickness (Y) [5, 30]
Torus angular width (σ) [15°, 70°]
Number of clouds along an equatorial ray (N0) [1, 15]
Index of the radial density profile (q) [0, 3]
Viewing angle (i) [0°, 90°]
Optical depth of each cloud (tV ) [5, 150]

Note. Torus radial thickness Y is defined as Y = rout/rin, where rout is the outer
radius and rin is the inner radius. The cloud distribution between rout and rin is
parameterized as r−q.
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(Comments: to solve the degeneracy)

• We need to constrain some parameters!


• ALMA can now constrain the outer radius of the torus 
- Garcia-Burillo+16

2 Garćıa-Burillo et al.

Figure 1. (a) The dust continuum emission at 694 GHz (432 µm) mapped by ALMA in the CND of NGC 1068. The NA-weighted map
is shown in color scale (in Jy beam�1-units) and (black) contour levels (3�, 5�, 7�, 9�, 12�, and 16� where 1� = 0.5 mJy beam�1).
The red-color filled ellipse at the bottom left corner represents the beam size at 694 GHz (0.0007 ⇥ 0.0005 at PA = 60�). Grey contours
(10%, 20%, 30% to 90% in steps of 20% of the peak value: 49 mJy beam�1) identify the dust emission obtained in GB14 using ALMA
with a lower resolution: 0.004 ⇥ 0.002 at PA = 50� (black ellipse). The dashed lines highlight the location of the AGN at (↵

2000

, �

2000

) =
(02h42m40.709s,�00�00047.9500). (b) A zoomed view of the dust continuum emission shown in left panel. (c) Same as middle panel but
using a uniform (UN)-weighted set of data with a spatial resolution: 0.0006⇥ 0.0004 at PA = 82�. Contour levels are 3�, 4�, 5�, 6�, and 8�
where 1� = 0.7 mJy beam�1. The white ellipse identifies the disk solution found by the task UV_FIT.

submillimeter using interferometers like ALMA, whose
large number of antennas and baselines assures a much
more complete coverage of the (u,v)-plane.
We used ALMA in Cycle 0 to image the dust contin-

uum and CO(J = 6�5) line emissions at 689 GHz in the
circumnuclear disk (CND) of NGC 1068 with a spatial
resolution of ⇠ 20 pc (Garćıa-Burillo et al. 2014, here-
after GB14). The CND appeared as a 300 pc⇥200 pc-
sized o↵-centered ellipsoidal ring with two prominent
knots located east and west of the AGN. Although sig-
nificant continuum and line emissions were also detected
at the position of the AGN, the insu�cient spatial reso-
lution of these observations prevented us from isolating
the torus. The new ALMA Cycle 2 observations of the
CND of NGC 1068 presented in this Letter have a spa-
tial resolution of ⇠ 4 pc. This factor of �20 smaller
beam area compared to GB14, has allowed us to resolve
the CND and image, for the first time, the dust emis-
sion and the distribution and kinematics of molecular
gas from the torus of NGC 1068 in the submillimeter
wavelength range.

2. ALMA OBSERVATIONS AND DATA REDUCTION

We observed the CO(J = 6 � 5) line and its under-
lying continuum emission (at 432 µm) in NGC 1068
with ALMA during Cycle 2 using the Band 9 receiver
(project-ID: #2013.1.00055.S). The data were calibrated
using the ALMA reduction package CASA (McMullin
et al. 2007) while the calibrated uv-tables were subse-
quently exported to GILDAS22 for mapping and CLEAN-
ing. One single track was observed with 35 antennas
during September 2015 using the extended configuration
of the array, which allowed us to reach a spatial resolu-
tion of 0.0007 ⇥ 0.0005 using natural (NA) weighting, and
a field-of-view of 900, adapted to cover the entire CND
of the galaxy. Four spectral windows with a spectral
bandwidth of 1.875 GHz were placed at sky frequen-
cies of 687.970 GHz, 688.888 GHz, 691.701 GHz, and

22 http://www.iram.fr/IRAMFR/GILDAS

706.221 GHz. The second sub-band was centered at the
redshifted frequency of the CO line. To optimize the
deconvolution and cleaning process we have used poly-
gons to restrict the regions where cleaning components
are identified. The polygons were defined for the CO
line image for each channel based on the detection of
significant (� 5�) emission identified in our previous Cy-
cle 0 project (GB14). The single polygon used in the
cleaning of the continuum image was based on a similar
detection criterion using the Cycle 0 data set. The point
source sensitivity in the line data cube is 4 mJy beam�1

in channels of 12.8 km s�1 width. Images of the con-
tinuum emission were obtained by averaging in each of
the sub-bands only those channels free of any possible
line emission. The resulting maps were combined to pro-
duce an image of the continuum emission of the galaxy at
694 GHz. The corresponding point source sensitivity for
the continuum is 0.5 mJy beam�1. Given the coverage of
the (u,v)-plane, we expect to filter a significant amount
of flux on scales � 200 for continuum emission. We expect
that a comparatively lower fraction of the flux is filtered
out in the CO line, due to the velocity structure of the
emission.
The phase tracking center of the central

field is the same as in GB14 (↵2000, �2000) =
(02h42m40.771s,�00�00047.8400) and the reference
velocity is vo(HEL) = 1136 km s�1.

3. CONTINUUM AND LINE EMISSION MAPS

—The CND and the torus: Figure 1 shows the con-
tinuum emission of the CND imaged by the new ALMA
observations. While ⇠ 90% of the total continuum flux
is spread into a large number of faint emission clumps
dispersed throughout the CND, the strongest emission
peak corresponds, within 0.0002 (⇠ 1 � 2 pc), to the po-
sition of the AGN (see Figs. 1ab). The latter is iden-
tified as the source S1 in the radio continuum VLBI
maps of Gallimore et al. (1996) and Gallimore, Baum &
O’Dea (2004). We have used the GILDAS task UV_FIT
to find the best-fit solution to the visibilities inside a ra-



Examples

• Typically, type-2 AGN can be characterised by the deep silicate 
absorption and cooler IR color.

clearly different. In order to quantify these differences, we
follow the same approach as in Ramos Almeida et al. (2011a).
They used the Kullback–Leibler divergence (KLD; Kullback &
Leibler 1951) to show that the joint posterior distributions of
type-1 and type-2 AGNs were quantitatively different. The

KLD takes into account the full shape of two posterior
distributions to compare them. When the two distributions are
identical, the value is KLD = 0 and the larger the KLD value,
the more different the two distributions. Ramos Almeida et al.
(2011a) concluded that if KLD > 1.0, the two posteriors can be

Figure 1. Clumpy torus model fits. The filled dots are the photometric data and the black line is the MIR spectrum. The upper limit points are shown as arrows. The
solid blue lines are the models computed with the median value of the probability distribution of each parameter. The blue shaded areas indicate the range of models
compatible with a 68% confidence interval. For the details on the calculation of the median values, see Section 3.
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Results

• Now, the authors are focusing on the difference in σ and CT 
(covering factor) between HBLR and NHBLR 
→ statistically confirmed (right??)

considered significantly different. We calculate the KLD values
for the global distributions of each torus parameter among the
three groups. The values are reported in Table 6.

We find significant differences for the parameters σ, Y, and
N0 between type-1 AGNs and HBLR AGNs. The differences in
these parameters between type-1 and type-2 AGNs were
already reported in Ramos Almeida et al. (2011a) with larger
significance, but based on fits to NIR and MIR photometry
only, where spectroscopic data were not included. They also
did not consider information from spectropolarimetry data, as
we are doing here. Therefore, we confirm the results of Ramos
Almeida et al. (2011a) after including N band spectroscopy to

the IR photometry, which is crucial to constrain the six torus
parameters (Alonso-Herrero et al. 2011; Ramos Almeida
et al. 2014). We also find that the parameters σ, Y, and N0 of
HBLR and NHBLR AGNs are significantly different. Con-
sidering the average values in Table 5, the tori of NHBLR
AGNs have larger σ, larger Y, and larger N0 than those of
HBLR AGNs.
There are various possible interpretations for the difference

in σ among the subgroups. One possibility is that the smaller σ
could be due to larger AGN luminosities (receding torus
model; Lawrence 1991; Ricci et al. 2013). However, as shown
in Table 5, the differences in median bolometric AGN

Table 4
Fitted Torus Model Parameters from SED + Spectroscopy Data

Galaxy storus Y N0 q tV i CT Llog bol
(mod) rin rout H

[deg] [deg] [erg/s] [pc] [pc] [pc]

Type-1

NGC 1365 -
+19 2

5
-
+24 4

3
-
+9 3

2
-
+0.3 0.2

0.3
-
+79 35

42
-
+19 11

19
-
+0.15 0.04

0.08
-
+43.2 0.1

0.8
-
+0.053 0.005

0.005
-
+1.3 0.2

0.2
-
+0.4 0.1

0.1

NGC 4151 -
+16 1

1
-
+19 4

4
-
+13 1

1
-
+1.6 0.3

0.3
-
+89 8

8
-
+71 2

2
-
+0.13 0.02

0.03
-
+43.9 0.1

0.9
-
+0.108 0.008

0.007
-
+2.1 0.5

0.5
-
+0.6 0.1

0.2

IC 4329A -
+40 1

1
-
+8 1

1
-
+12 1

1
-
+0.5 0.1

0.1
-
+148 2

1
-
+4 3

4
-
+0.65 0.03

0.03
-
+44.4 0.1

1.8
-
+0.192 0.001

0.002
-
+1.7 0.0

0.1
-
+1.1 0.0

0.0

NGC 7469 -
+21 2

2
-
+22 4

4
-
+13 1

1
-
+1.3 0.3

0.3
-
+124 14

12
-
+59 4

3
-
+0.20 0.04

0.05
-
+44.6 0.1

0.8
-
+0.239 0.021

0.020
-
+5.3 1.2

1.1
-
+1.9 0.4

0.4

HBLR

NGC 1068 -
+56 18

8
-
+6 1

2
-
+5 1

3
-
+0.6 0.4

1.2
-
+38 7

3
-
+67 5

11
-
+0.78 0.19

0.06
-
+44.4 0.1

0.9
-
+0.198 0.006

0.015
-
+1.3 0.1

0.6
-
+1.1 0.1

0.3

NGC 2110 -
+55 8

8
-
+17 6

7
-
+9 2

2
-
+2.7 0.3

0.2
-
+146 4

2
-
+40 6

5
-
+0.87 0.11

0.06
-
+43.3 0.1

1.0
-
+0.058 0.002

0.004
-
+1.0 0.4

0.5
-
+0.8 0.3

0.4

MCG -5-
23-16

-
+58 8

5
-
+20 1

2
-
+7 1

2
-
+2.1 0.1

0.2
-
+144 6

3
-
+48 3

7
-
+0.85 0.05

0.03
-
+43.9 0.1

1.2
-
+0.114 0.003

0.004
-
+2.3 0.2

0.3
-
+2.0 0.3

0.3

NGC 3081 -
+62 5

4
-
+11 4

9
-
+12 1

1
-
+2.6 0.4

0.2
-
+98 11

12
-
+66 19

13
-
+0.96 0.04

0.02
-
+43.1 0.1

0.9
-
+0.043 0.003

0.003
-
+0.5 0.2

0.5
-
+0.4 0.2

0.4

NGC 3227 -
+57 1

1
-
+20 1

1
-
+13 1

1
-
+0.0 0.0

0.1
-
+147 2

1
-
+6 4

5
-
+0.95 0.01

0.01
-
+43.1 0.1

1.0
-
+0.043 0.003

0.002
-
+0.9 0.1

0.1
-
+0.7 0.1

0.1

Circinus -
+65 5

2
-
+20 2

4
-
+7 1

1
-
+0.6 0.3

0.3
-
+37 3

2
-
+63 2

4
-
+0.92 0.03

0.01
-
+43.5 0.1

1.1
-
+0.071 0.003

0.003
-
+1.4 0.2

0.3
-
+1.3 0.2

0.3

NGC 5506 -
+48 3

6
-
+16 2

3
-
+10 3

2
-
+0.2 0.2

0.3
-
+79 5

4
-
+32 1

4
-
+0.79 0.05

0.04
-
+44.0 0.1

1.0
-
+0.130 0.007

0.008
-
+2.1 0.5

0.5
-
+1.6 0.3

0.4

IC 5063 -
+61 6

4
-
+14 7

7
-
+12 1

1
-
+2.5 1.1

0.2
-
+101 9

7
-
+77 12

7
-
+0.96 0.04

0.02
-
+44.3 0.1

1.0
-
+0.182 0.008

0.009
-
+2.6 1.4

1.6
-
+2.3 1.3

1.4

NGC 7582 -
+53 2

3
-
+20 1

2
-
+12 2

1
-
+0.1 0.0

0.1
-
+79 9

7
-
+6 4

5
-
+0.90 0.02

0.02
-
+43.5 0.1

0.9
-
+0.070 0.004

0.005
-
+1.4 0.2

0.3
-
+1.2 0.2

0.2

NGC 7674 -
+39 9

13
-
+15 4

5
-
+8 3

3
-
+1.1 0.6

0.5
-
+133 15

9
-
+44 13

13
-
+0.56 0.20

0.17
-
+44.8 0.1

0.5
-
+0.330 0.038

0.068
-
+5.3 1.7

2.5
-
+3.3 1.0

1.4

NHBLR

NGC 1386 -
+56 9

7
-
+19 5

5
-
+8 1

2
-
+1.3 0.5

0.3
-
+37 4

4
-
+68 5

9
-
+0.87 0.10

0.05
-
+42.5 0.1

0.8
-
+0.023 0.001

0.002
-
+0.5 0.1

0.2
-
+0.4 0.1

0.1

NGC 3281 -
+68 2

1
-
+19 2

3
-
+14 1

1
-
+0.4 0.2

0.2
-
+38 4

3
-
+19 6

6
-
+0.99 0.01

0.01
-
+44.2 0.1

0.9
-
+0.151 0.008

0.010
-
+2.9 0.4

0.6
-
+2.7 0.4

0.5

Cen A -
+50 9

10
-
+17 3

3
-
+10 2

2
-
+0.3 0.2

0.3
-
+89 13

11
-
+38 9

8
-
+0.81 0.16

0.10
-
+42.5 0.1

0.8
-
+0.021 0.002

0.002
-
+0.4 0.1

0.1
-
+0.3 0.1

0.1

NGC 5135 -
+63 5

3
-
+17 2

5
-
+12 2

1
-
+0.4 0.3

0.4
-
+71 6

5
-
+17 10

10
-
+0.97 0.04

0.01
-
+43.6 0.1

0.8
-
+0.079 0.006

0.007
-
+1.4 0.3

0.5
-
+1.2 0.3

0.4

NGC 5643 -
+62 6

4
-
+14 2

4
-
+13 1

1
-
+0.8 0.5

0.5
-
+56 9

11
-
+74 12

8
-
+0.97 0.04

0.02
-
+43.0 0.1

0.8
-
+0.040 0.003

0.004
-
+0.6 0.1

0.2
-
+0.5 0.1

0.2

NGC 5728 -
+66 3

2
-
+17 1

2
-
+14 1

1
-
+0.7 0.4

0.4
-
+48 6

7
-
+80 8

5
-
+0.99 0.01

0.01
-
+43.4 0.1

0.9
-
+0.063 0.004

0.004
-
+1.1 0.1

0.2
-
+1.0 0.1

0.2

NGC 7172 -
+69 1

1
-
+29 1

1
-
+14 1

1
-
+0.0 0.0

0.1
-
+20 1

1
-
+50 3

3
-
+0.99 0.01

0.01
-
+43.4 0.1

1.2
-
+0.064 0.002

0.002
-
+1.9 0.1

0.1
-
+1.8 0.1

0.1

Note. Torus model parameters derived from the fits with BAYESCLUMPY. Median values of each posterior distribution are listed with their corresponding so1 values
around the median.

Table 5
Torus Model Parameters from the Global Posterior Distributions

AGN storus Y N0 q tV i CT Llog bol
(mod) rin rout H

Type [deg] [deg] [erg/s] [pc] [pc] [pc]

All -
+56 19

6
-
+18 6

2
-
+12 4

1
-
+0.6 0.5

0.5
-
+81 43

23
-
+48 37

12
-
+0.88 0.38

0.06
-
+43.4 0.5

0.4
-
+0.066 0.024

0.048
-
+1.2 0.8

0.4
-
+1.0 0.6

0.3

Type-1 -
+19 3

3
-
+20 11

2
-
+12 2

0
-
+0.7 0.5

0.5
-
+113 31

20
-
+50 46

10
-
+0.18 0.06

0.06
-
+43.9 0.8

0.3
-
+0.126 0.072

0.066
-
+1.6 0.4

0.4
-
+1.0 0.6

0.0

HBLR -
+56 8

4
-
+18 10

1
-
+10 3

1
-
+0.8 0.8

1.1
-
+98 57

34
-
+46 36

14
-
+0.88 0.14

0.04
-
+43.7 0.7

0.2
-
+0.072 0.030

0.048
-
+1.2 0.4

0.8
-
+1.0 0.3

0.6

NHBLR -
+64 11

2
-
+18 3

2
-
+13 3

0
-
+0.4 0.4

0.2
-
+43 11

17
-
+48 28

17
-
+0.96 0.10

0.02
-
+43.2 0.8

0.1
-
+0.060 0.042

0.006
-
+0.8 0.4

0.8
-
+1.0 0.6

0.3

Note. Torus parameters from the global posterior distributions of each subgroup.
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luminosities among the subgroups are within the uncertainties.
Therefore, we consider that the effect of the AGN luminosity is
negligible in this study. Another possible interpretation is a
selection bias in the optical type-1/type-2 AGN selection.
Ramos Almeida et al. (2011a) and Elitzur (2012) discussed
that AGN classification would depend on the distribution of the
obscuring material; type-1 AGNs would be preferentially
selected from lower-obscuration AGNs, while type-2 AGNs
(HBLR and NHBLR) from higher-obscuration AGNs. This
could be partly producing the differences in σ that we found for
type-1 and type-2 AGNs, but correcting this effect quantita-
tively is extremely difficult and beyond the scope of this paper.

4.4. Distribution of Covering Factor

As shown in Section 3.1, we can derive physical parameters
of the torus model by combining the model parameters. The
individual values of these physical parameters are reported in
Table 4, and those obtained from the global posterior
distribution for each subgroup are shown in Figure 3 and
Table 5.

An interesting comparison can be made between the
geometrical covering factor of the torus model (CT; described
in Equation (6)) of the different subgroups and the average

column densities derived from X-ray data (NH). NHBLRs have
the largest column densities, with an average value of

~Nlog 24.0H cm−2 (i.e., Compton-thick), followed by
HBLRs, with ~Nlog 23.4H cm−2, and type-1s, with

~Nlog 21.8H cm−2. Based on hard X-ray (50–200 keV)
observations of nearby AGNs obtained with INTEGRAL, Ricci
et al. (2011) reported differences between the X-ray reflection
component of type-1 and type-2 AGNs. Type-1 and “lightly
obscured” AGN with ⩽N 10H

23 cm−2 have the same X-ray
reflection component, with reflection amplitude R ∼ 0.4. On the
other hand, “mildly obscured” AGNs ( ⩾N 10H

23 cm−2) show
a clearly stronger X-ray reflection component with R ∼ 2.2,
suggesting that the central engine of “mildly obscured” AGNs
would be covered by an X-ray reflection wall. Our results are in
good agreement with Ricci et al. (2011) if we consider the CT
and NH values for each subgroup. The type-1 AGNs in our
sample fall under “lightly obscured” AGNs in their study, and
indeed they show small covering factors ( ~C 0.18T ),
suggesting a small torus X-ray reflection solid angle. The
HBLR and NHBLR AGN subgroups would fall in the “mildly
obscured” AGN category, and we found large covering factors
for them ( ~C 0.88T and 0.96 respectively), suggesting a larger
X-ray reflection component (see also Ricci et al. 2014).
Figure 4 shows a schematic illustration of the torus geometrical
differences among type-1s (top), HBLRs (middle), and
NHBLRs (bottom).

4.5. Torus Model Morphological Differences
Between HBLRs and NHBLRs

In this section we focus on the differences between the
modeled tori of HBLRs and NHBLRs. In the case of HBLRs,
we obtain σ values smaller than for NHBLRs, which is
equivalent to larger torus opening angles ( sn -90 ). This
implies that HBLR objects can have a larger scattering region.

Figure 2. Histograms of each physical parameter discussed in Section 4.3. Top panel of each figure represents the histogram of the whole sample. Blue/red/green filled
color represents the histogram of type-1/HBLR/NHBLR, respectively.

Table 6
Results of KLD Test for Each Parameter Among Each Subgroup

AGN Type storus Y N0 q tV

Type-1 vs HBLR 6.59 3.62 1.48 0.50 0.10
Type-1 vs NHBLR 4.02 0.45 0.94 0.30 8.50
HBLR vs NHBLR 2.45 4.11 0.21 0.83 1.73

Note. KLD is calculated for the global posterior distribution of each parameter
among the subgroups. Values larger than 1 are shown in bold.
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Type-1

HBLR/NHBLR

(see middle panel of Figure 4.) The scattering region (shown
schematically as a filled green bar) can be larger due to the
larger opening angle of the torus, allowing more photons to be
scattered, and hence polarized, from the BLR. We note that the
larger opening of the ionization cone, if unresolved, will
produce a slightly lower degree of polarization due to (partial)
cancellation of those polarization vectors at the edges of the
scattering region. However, in our case, the increased amount
of scattered photons will significantly increase the polarized
flux, with only a very small reduction in the degree of
polarization. To confirm this effect, we produced a toy
polarization model assuming that the scattering region is a
two-dimensional biconical structure centered on the central
engine. Then, we measure the degree of polarization and
polarized flux, and found that the measured polarized flux is
larger for HBLR than those for NHBLR, supporting our results.
Miller & Goodrich (1990) also find the same results using a
three-dimensional cone and more sophisticated modeling, and
more complex assumptions.
In the case of the NHBLR, we obtain larger σ values than for

HBLR. This means that the probability that scattered radiation
from the BLR can be blocked is higher than for HBLR objects.
This is also in agreement with the larger value of

~Nlog 24.0H cm−2 estimated from X-ray observations of the
NHBLR objects in our sample.
To summarize, as shown in the bottom panel of Figure 4, the

chance to observe scattered (polarized) flux from the BLR is
reduced by the double effect of (a) less scattering of the flux
from the BLR (due to the reduced scattering area) and (b) more
obscuration between the observer and the scattering region.
Therefore, the classification of an AGN as either HBLR or
NHBLR is probabilistic, and it would depend on the intrinsic
properties of the torus, in particular of σ. This could be a
reasonable explanation for the lack of a hidden (polarized)
BLR in some type-2 objects.17

However, we note that the classification of the galaxies as
either HBLR or NHBLR is mainly based on spectropolari-
metric observations from 3–4 m telescopes, and some of the
NHBLRs could be then misclassified. Therefore, further higher
sensitivity spectropolarimetry observations of NHBLR AGNs
with 8 m class telescopes such as Subaru/FOCAS and/or VLT/
FORS2 are highly encouraged to search for the HBLR in those
AGNs (C. Ramos Almeida et al. 2015, in preparation).

Figure 3. Same as in Figure 1, but for the rout, H, and CT parameters.

Figure 4. Schematic illustration of the torus geometry for type-1 AGNs (top),
HBLRs (middle), and NHBLRs (bottom). The difference in color intensity
between the two bottom panels shows the difference in optical depth of the
clumps tV, where darker color means larger tV. The orange region represents
the BLR. The green area represents the media where some of the incoming
BLR emission is scattered and then polarized (in all diagrams we describe only
scattering from the polar scattering region and ignore the inner equatorial
scattering region, predominantly responsible for the polarized flux in Type 1
objects). The blue solid arrows represent the path of BLR photons and the blue
dashed arrows represent the path of the polarized BLR photons. The observer is
assumed to be on the left side of the torus with an inclination angle of 50°, 46°,
and 48° (see Table 5). The only photons scattered along these lines of sight are
shown.

17 A similar explanation for the lack of HBLR detection in ∼40% of type-2
objects, based on the distribution of dust within the torus and its inclination
being not as simple as predicted by the unified model, was shown in the talk by
C. Ramos Almeida at the Polarization and Active Galactic Nuclei Workshop
held on 2012 October 16–17 at the Royal Observatory of Belgium.
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Discussion①: geometry of the torus

• AGN photons are electron-scattered


• Higher σ (geometrically thick) and 
higher CT (smaller escape fraction) in 
NHBLR 
→ Block the scattered light!

(see middle panel of Figure 4.) The scattering region (shown
schematically as a filled green bar) can be larger due to the
larger opening angle of the torus, allowing more photons to be
scattered, and hence polarized, from the BLR. We note that the
larger opening of the ionization cone, if unresolved, will
produce a slightly lower degree of polarization due to (partial)
cancellation of those polarization vectors at the edges of the
scattering region. However, in our case, the increased amount
of scattered photons will significantly increase the polarized
flux, with only a very small reduction in the degree of
polarization. To confirm this effect, we produced a toy
polarization model assuming that the scattering region is a
two-dimensional biconical structure centered on the central
engine. Then, we measure the degree of polarization and
polarized flux, and found that the measured polarized flux is
larger for HBLR than those for NHBLR, supporting our results.
Miller & Goodrich (1990) also find the same results using a
three-dimensional cone and more sophisticated modeling, and
more complex assumptions.
In the case of the NHBLR, we obtain larger σ values than for

HBLR. This means that the probability that scattered radiation
from the BLR can be blocked is higher than for HBLR objects.
This is also in agreement with the larger value of

~Nlog 24.0H cm−2 estimated from X-ray observations of the
NHBLR objects in our sample.
To summarize, as shown in the bottom panel of Figure 4, the

chance to observe scattered (polarized) flux from the BLR is
reduced by the double effect of (a) less scattering of the flux
from the BLR (due to the reduced scattering area) and (b) more
obscuration between the observer and the scattering region.
Therefore, the classification of an AGN as either HBLR or
NHBLR is probabilistic, and it would depend on the intrinsic
properties of the torus, in particular of σ. This could be a
reasonable explanation for the lack of a hidden (polarized)
BLR in some type-2 objects.17

However, we note that the classification of the galaxies as
either HBLR or NHBLR is mainly based on spectropolari-
metric observations from 3–4 m telescopes, and some of the
NHBLRs could be then misclassified. Therefore, further higher
sensitivity spectropolarimetry observations of NHBLR AGNs
with 8 m class telescopes such as Subaru/FOCAS and/or VLT/
FORS2 are highly encouraged to search for the HBLR in those
AGNs (C. Ramos Almeida et al. 2015, in preparation).

Figure 3. Same as in Figure 1, but for the rout, H, and CT parameters.

Figure 4. Schematic illustration of the torus geometry for type-1 AGNs (top),
HBLRs (middle), and NHBLRs (bottom). The difference in color intensity
between the two bottom panels shows the difference in optical depth of the
clumps tV, where darker color means larger tV. The orange region represents
the BLR. The green area represents the media where some of the incoming
BLR emission is scattered and then polarized (in all diagrams we describe only
scattering from the polar scattering region and ignore the inner equatorial
scattering region, predominantly responsible for the polarized flux in Type 1
objects). The blue solid arrows represent the path of BLR photons and the blue
dashed arrows represent the path of the polarized BLR photons. The observer is
assumed to be on the left side of the torus with an inclination angle of 50°, 46°,
and 48° (see Table 5). The only photons scattered along these lines of sight are
shown.

17 A similar explanation for the lack of HBLR detection in ∼40% of type-2
objects, based on the distribution of dust within the torus and its inclination
being not as simple as predicted by the unified model, was shown in the talk by
C. Ramos Almeida at the Polarization and Active Galactic Nuclei Workshop
held on 2012 October 16–17 at the Royal Observatory of Belgium.
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The authors claim:

Do these results suggest no 
evolutionary sequence between 

HBLR and NHBLR???

TI comments:



Discussion②: obscuration by the hosts

• NHBLRs are known to have cooler 
IRAS colors 


• But, this time the authors did not find 
any systematic difference in IR color 
at (sub)arcsec scale 
→ Difference in color stems from the 
host


• Higher obscuration due to starburst in 
the hosts would contribute to obscure 
the nucleus as well! 
- e.g., Wada & Norman 2002

4.6. Inclination Angle Effect on Detectability of
HBLR in Type-2 AGNs

The dependence of HBLR detection in type-2 AGNs on
torus inclination angle is still a matter of debate. This idea
arises from the observational trend that the IRAS60 μm to
25 μm color ratio (f60/f25) of HBLR AGNs is f60/f25 < 4 on
average while that of NHBLR AGNs is f60/f25 > 4 (Heisler
et al. 1997; Lumsden et al. 2001). Several authors have
suggested that this trend is due to the inclination angle of the
torus: the cooler outer dust within the torus blocks the warm
inner hot dust for edge-on views, producing the high f60/f25,
while the warm inner dust can be seen from face-on views,
reducing the value of f60/f25. Following this idea, type-2 AGNs
with low f60/f25 would tend to be detected as HBLR AGNs due
to the more face-on view of the torus and vice versa.

Here we can take advantage of the torus models fitted to our
SEDs, which are available for each AGN and shown in
Figure 1. The wavelength range covered by the models
allows us to calculate the f60/f25 color ratios for each source.
We have also compiled f60/f25 color ratios from IRAS for
comparison, which probe much larger scales than our torus
SEDs. Out of 21 sources, we obtained 17 IRAS f60/f25 colors
with good quality of fluxes (FQUAL = 3, which is the highest
quality).18

Figure 5 shows the relationship between the f60/f25 flux ratios
obtained from IRAS and those from the torus model SEDs. The
averages IRAS f60/f25 flux ratio for type-1, HBLR, and NHBLR
AGNs are 4.1± 2.5, 3.7± 2.0, and 6.4± 2.4, respectively,
showing the previously mentioned correlation for HBLR and
NHBLR AGNs, although with large error bars. However, when
we compare the values obtained from the torus model SEDs,
which exclude contamination from the host galaxy, we find that
they are very similar for the three groups and smaller than the
IRAS colors (f60/f25 = 0.63± 0.07, 0.80± 0.48, and

0.75± 0.18 for type-1, HBLR, and NHBLR AGNs
respectively).
These results show that the differences in the IRAS f60/f25

among the three subgroups are not produced from the torus
dust. A similar result was reported by Alexander (2001), but
using X-ray observations. Although the standard deviations of
the average values of the IRAS colors are large for the three
subgroups, one possible explanation for the cooler IRAS colors
of NHBLR in comparison with those of HBLR AGNs could be
dust emission from stronger starbursts in their host galaxies.
This is in good agreement with previous results showing that
highly obscured AGNs tend to have higher star formation
activity in their host galaxies (Goulding et al. 2012; Ichikawa
et al. 2012a, 2012b, 2014a; Castro et al. 2014). Therefore,
larger obscuration from the torus in NHBLR AGNs (as shown
in Figure 4) and higher star formation activity in the host
galaxy could be somehow coupled. For example, using three-
dimensional hydrodynamical simulations, Wada & Norman
(2002) showed that starbursts and supernovae within the
central 100 pc of host galaxies help in lifting up the torus,
suggesting that high star formation activity could influence the
scale height of the torus. Comparing the nuclear and overall
star formation activity of AGNs with the torus obscuration is
crucial to find out if they are coupled (e.g., Imanishi et al. 2011;
Esquej et al. 2014; Ichikawa et al. 2014a).

5. CONCLUSIONS

We constructed 21 IR torus-dominated SEDs including high
spatial resolution NIR and MIR photometry, MIR spectro-
scopy, and Spitzer and Herschel FIR fluxes. By performing
SED fitting using clumpy torus models and a Bayesian
approach we derived torus parameters such as the torus
covering factor (CT), the torus inner and outer radius (rin and
rout), and the torus scale height (H). We divided the sample
into subgroups based on whether or not they are optically type-
1, type-2 with observational hidden broad line region signs
(HBLR), and type-2 without any observational broad line
region signs (NHBLR). Our results are summarized as follows:

1. Under the assumption of a clumpy distribution of the
dust, we obtained a quantitative description of the torus
geometry and intrinsic properties. We found that the
median torus outer radius for the whole sample rout = 1.2
pc is consistent with the results from MIR interferometry
observations.

2. We found that the tori of Type-1 AGN have smaller σ, Y,
NH, and CT than those of HBLR and NHBLR. Moreover,
the tori of NHBLR are thicker and therefore have higher
CT than those of HBLR. These differences in the torus
properties of HBLR and NHBLR AGN would make it
more difficult to detect hidden BLR in NHBLR.

3. Combining f f60 25 colors obtained from IRAS photometry
and from torus model SEDs, we showed that the low f60/
f25 measured for HBLR using IRAS data are not due to a
more face-on inclination of the torus, but rather to star
formation activity in their host galaxies.

We are grateful for useful comments from the anonymous
referee. We also thank C. Ricci, T. Kawamuro, K. Matsuoka,
and M. Stalevski for useful comments and discussions. K.I.
thanks the Department of Physics and Astronomy at University
of Texas at San Antonio, where most of the research was

Figure 5. Plot comparing the f60/f25 colors measured from IRAS photometry
and extrapolated from the clumpy torus model fits. Blue circle/red square/green
diamond represents type-1, HBLR, and NHBLR AGN, respectively. The larger
symbol represents the average value of each subgroup. The horizontal line at
f60/f25 = 4 is the boundary between HBLR and NHBLR AGN according to
Heisler et al. (1997), where HBLR AGN have f60/f25 < 4 and NHBLR AGN
f60/f25 > 4.

18 See Beichman et al. (1988), p. 1 for the definition of FQUAL in the IRAS
catalogs. False detections may be included when FQUAL < 3.
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(a)

(b)

(c)

Figure 2. Cross sections (a) gas density [M⊙ pc−3], (b) temperature [K] and (c) H2 density [M⊙ pc−3] on x–y and x–z planes of model H10a (t = 4.38 Myr).
(A color version of this figure is available in the online journal.)

Table 1
Model Parameters

Model G0 ∆ [pc] SN rate [10−5 yr−1]

H10a 10 0.125 5.4
L10a 10 0.25 5.4
H100a 100 0.125 5.4
L100a 100 0.25 5.4
L100b 100 0.25 54.0
L100b* 100 0.25 54.0
L100c 100 0.25 540.0

Notes. “H/L” represents “High/Low” resolution (∆, size of a numerical grid
cell), “100/10” represents intensity of far ultraviolet radiation in the Habing unit
(G0), and suffix “a-c” represent the average supernova rate (SN rate). L100b*
is the same as L100b, but energy from supernovae is injected in a larger scale
height, i.e., |z| ! 10 pc.

is included in the ISM+stars model, and we intend to do so in a
future paper.

3. RESULTS

3.1. Structures of a Fiducial Model

In a quasi-steady state (t ! 3.5 Myr), as reported by
WN02, the gas forms a highly inhomogeneous, flared disk,
as seen in Figure 2, which shows gas density, temperature
and molecular hydrogen density in model H100a at t = 4.38
Myr. The temperature map shows that cold (Tg " 100 K)
gas is mainly distributed in the high-density regions. In the
central funnel-like cavity, the temperature of the gas is hot
(Tg ! 106 K). Hot gases are also patchily distributed in the
cold, flared disk. Typical size of these hot cavities is a few
parsecs. A large fraction of the volume is occupied by warm
gas (Tg ≃ 8000 K). As expected, distribution of H2 roughly
follows the cold, dense gas, and therefore it forms a high-density
circum nuclear disk whose radius is about 5 pc, surrounded
by a porous torus which extends to ∼5–10 pc above the disk
plane.

Wada et al. 2009, ApJ, 702, 63



Summary

• Constrained the torus properties of Type-1/HBLR/NHBLR with high 
resolution IR measurements


• The torus of NHBLR is thicker than that of HBLR 
→ non-detection of BLR would be due to stronger obscuration


• Probably, host galaxies are also contributing to the obscuration of the 
central AGNs
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ABSTRACT

The origin of the unification model for Active Galactic Nuclei (AGN) was the detection
of broad hydrogen recombination lines in the optical polarized spectrum of the Seyfert
2 galaxy (Sy2) NGC 1068. Since then, a search for the hidden broad-line region (HBLR)
of nearby Sy2s started, but polarized broad lines have only been detected in ∼30–40%
of the nearby Sy2s observed to date. Here we present new VLT/FORS2 optical spec-
tropolarimetry of a sample of 15 Sy2s, including Compton-thin and Compton-thick
sources. The sample includes six galaxies without previously published spectropo-
larimetry, some of them normally treated as non-hidden BLR (NHBLR) objects in
the literature, four classified as NHBLR, and five as HBLR based on previous data.
We report !4σ detections of a HBLR in 11 of these galaxies (73% of the sample) and
a tentative detection in NGC5793, which is Compton-thick according to the analysis
of X-ray data performed here. Our results confirm that at least some NHBLRs are
misclassified, bringing previous publications reporting differences between HBLR and
NHBLR objects into question. We detect broad Hα and Hβ components in polarized
light for 10 targets, and just broad Hα for NGC5793 and NGC6300, with line widths
ranging between 2100 and 9600 km s−1. High bolometric luminosities and low column
densities are associated with higher polarization degrees, but not necessarily with the
detection of the scattered broad components.

Key words: galaxies: active – galaxies: nuclei – galaxies: Seyfert – galax-
ies:polarization.

1 INTRODUCTION

The unified model for active galactic nuclei (AGN;
Antonucci 1993) stems from the detection of permitted
broad lines in the optical polarized spectrum of the Seyfert 2
galaxy NGC1068 (Antonucci & Miller 1985). According to
this model, the central engines of Seyfert 1 galaxies (here-
after Sy1s) can be seen directly, resulting in typical spectra
with both narrow and broad emission lines produced in the
kpc-scale narrow-line region (NLR) and the subparsec-scale
broad-line region (BLR), respectively. On the other hand,
the central engine and BLR of Seyfert 2 galaxies (Sy2s) are

⋆ Ramón y Cajal Fellow. E-mail: cra@iac.es

obscured by the dusty toroidal structure that surrounds the
BLR, preventing a direct view of the broad lines. Thus, the
detection of these broad components in the polarized spec-
tra of a Sy2 can be explained as scattered emission from the
hidden BLR (HBLR).

After the unified model was proposed, a search for
the HBLRs of Sy2s started, and indeed optical spectropo-
larimetry revealed broad components of Hα in a signifi-
cant fraction of them (Miller & Goodrich 1990; Inglis et al.
1993; Young et al. 1996; Heisler et al. 1997; Barth et al.
1999a,b; Alexander et al. 2000; Moran et al. 2000, 2001;
Lumsden et al. 2001, 2004; Tran 2001, 2003). However, up
to date, ∼60–70% of nearby Sy2s do not show a Sy1-
type linearly polarized spectrum (Moran et al. 2001; Tran
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A. Acosta-Pulido1,2, S. F. Hönig3, A. Alonso-Herrero4,5, C. N. Tadhunter6 O.
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ABSTRACT

The origin of the unification model for Active Galactic Nuclei (AGN) was the detection
of broad hydrogen recombination lines in the optical polarized spectrum of the Seyfert
2 galaxy (Sy2) NGC 1068. Since then, a search for the hidden broad-line region (HBLR)
of nearby Sy2s started, but polarized broad lines have only been detected in ∼30–40%
of the nearby Sy2s observed to date. Here we present new VLT/FORS2 optical spec-
tropolarimetry of a sample of 15 Sy2s, including Compton-thin and Compton-thick
sources. The sample includes six galaxies without previously published spectropo-
larimetry, some of them normally treated as non-hidden BLR (NHBLR) objects in
the literature, four classified as NHBLR, and five as HBLR based on previous data.
We report !4σ detections of a HBLR in 11 of these galaxies (73% of the sample) and
a tentative detection in NGC5793, which is Compton-thick according to the analysis
of X-ray data performed here. Our results confirm that at least some NHBLRs are
misclassified, bringing previous publications reporting differences between HBLR and
NHBLR objects into question. We detect broad Hα and Hβ components in polarized
light for 10 targets, and just broad Hα for NGC5793 and NGC6300, with line widths
ranging between 2100 and 9600 km s−1. High bolometric luminosities and low column
densities are associated with higher polarization degrees, but not necessarily with the
detection of the scattered broad components.
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ies:polarization.

1 INTRODUCTION

The unified model for active galactic nuclei (AGN;
Antonucci 1993) stems from the detection of permitted
broad lines in the optical polarized spectrum of the Seyfert 2
galaxy NGC1068 (Antonucci & Miller 1985). According to
this model, the central engines of Seyfert 1 galaxies (here-
after Sy1s) can be seen directly, resulting in typical spectra
with both narrow and broad emission lines produced in the
kpc-scale narrow-line region (NLR) and the subparsec-scale
broad-line region (BLR), respectively. On the other hand,
the central engine and BLR of Seyfert 2 galaxies (Sy2s) are
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obscured by the dusty toroidal structure that surrounds the
BLR, preventing a direct view of the broad lines. Thus, the
detection of these broad components in the polarized spec-
tra of a Sy2 can be explained as scattered emission from the
hidden BLR (HBLR).

After the unified model was proposed, a search for
the HBLRs of Sy2s started, and indeed optical spectropo-
larimetry revealed broad components of Hα in a signifi-
cant fraction of them (Miller & Goodrich 1990; Inglis et al.
1993; Young et al. 1996; Heisler et al. 1997; Barth et al.
1999a,b; Alexander et al. 2000; Moran et al. 2000, 2001;
Lumsden et al. 2001, 2004; Tran 2001, 2003). However, up
to date, ∼60–70% of nearby Sy2s do not show a Sy1-
type linearly polarized spectrum (Moran et al. 2001; Tran
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SampleSpectropolarimetry of Seyfert 2 galaxies 3

Galaxy Previous classification Axis ratio itorus Ref. σtorus Ref. log nH Compton log Lint
2−10 log Lbol Ref.

Type Data Ref. (b/a) (deg) (deg) (cm−2) thick (erg s−1) (erg s−1)

Circinus HBLR
√

a 0.44 90 m 60 s1 >24.5
√

42.6 43.8 1
IC 2560 . . . × . . . 0.63 90 n . . . . . . >24.5

√
41.8 43.1 2

IC 5063 HBLR
√

b,c 0.68 80 o 60 s2 23.4 × 42.8 44.0 1
NGC2110 HBLR

√
d,e 0.74 40∗ p 45 s3 22.5 × 42.5 43.9 3

NGC3081 HBLR
√

f 0.78 71 q 75 s4 23.9 × 42.5 43.6 1
NGC3281 NHBLR × g 0.50 62 r 50 s5 23.9 × 42.6 43.8 1
NGC3393 NHBLR × h† 0.91 90 n 67 s6 >24.5

√
41.6 42.9 2,4

NGC4388 HBLR
√

i,j 0.23 90 n 45 s7 23.5 × 42.9 44.1 1
NGC4941 NHBLR × g 0.54 76 s 50 s8 23.8 × 41.3 42.6 5
NGC5135 NHBLR

√
k,l 0.71 12 s 60 s9 >24.5

√
43.1 44.4 1

NGC5506 NHBLR‡ √
c 0.30 40 t 45 s10 22.5 × 43.0 44.3 1

NGC5643 NHBLR × g 0.87 74 q 60 s11 >24.5
√

42.1 43.4 6,7
NGC5728 NHBLR

√
i§ 0.57 90 n 60 s12 >24.5

√
43.3 44.6 1

NGC5793 . . . × . . . 0.34 90 n . . . . . . >24.5
√

42.1 43.4 8
NGC6300 NHBLR

√
c 0.66 77 u . . . . . . 23.3 × 41.8 43.1 9

Table 1. Columns 2, 3, and 4 indicate the previous classification of the galaxies as HBLR/NHBLR, the existence or not of previously pub-
lished spectropolarimetry data and corresponding references. Column 5 lists the axis ratio (b/a) of the galaxies from de Vaucouleurs et al.
(1991). Columns 6–9 are the inclination angle of the torus (itorus, with itorus=90◦ corresponding to edge-on orientations), torus width
(σ), and corresponding references. Columns 10–14 indicate the hydrogen column densities measured from X-ray data, whether or not
the source is Compton thick, the intrinsic 2-10 keV luminosities, the bolometric luminosities, and corresponding references. † HBLR
according to Kay et al. (2002), but no data reported. ‡ Classified as obscured NLSy1 by Nagar et al. (2002) and as HBLR by Tran
(2001, 2003), but no spectrum reported. § Young et al. (1996) reported a rise in polarization around Hα, but did not detect a broad
component. * Based on [O III] and radio observations of NGC2110, González-Delgado et al. (2002) and Rosario et al. (2010) reported
an orientation of the ionization cones and the radio jet ∼160-180◦, which would be more consistent with an edge-on torus orientation.
References. Spectropolarimetry: (a) Alexander et al. (2000); (b) Inglis et al. (1993); (c) Lumsden et al. (2004); (d) Moran et al. (2007);
(e) Tran (2010); (f) Moran et al. (2000); (g) Moran et al. (2001); (h) Wu et al. (2011); (i) Young et al. (1996); (j) Watanabe et al.
(2003); (k) Heisler et al. (1997); (l) Lumsden et al. (2001). Torus inclination: (m) Greenhill et al. (2003); (n) Zhang et al. (2012); (o)
Alonso-Herrero et al. (2011); (p) Weaver & Reynolds (1998); (q) Ramos Almeida et al. (2014); (r) Ramos Almeida et al. (2011); (s) this
work; (t) Guainazzi et al. (2010); (u) Leighly et al. (1999). Torus opening angle: (s1) Elmouttie et al. (1998); (s2) Schmitt et al. (2003);
(s3) Rosario et al. (2010); (s4) Ferruit et al. (2000); (s5) Storchi-Bergmann et al. (1992); (s6) Cooke et al. (2000); (s7) Pogge (1988);
(s8) this work; (s9) Ichikawa et al. (2015); (s10) Wilson et al. (1985); (s11) Simpson et al. (1997); (s12) Wilson et al. (1993). X-ray data:
(1) Marinucci et al. (2012); (2) Tilak et al. (2008); (3) Rivers et al. (2014); (4) Guainazzi et al. (2005); (5) Kawamuro et al. (2016); (6)
Matt et al. (2013); (7) Annuar et al. (2015); (8) this work (see Appendix B); (9) Matsumoto et al. (2004).

increasing towards the East. The agreement between the cal-
culated and tabulated θB values implies that the instrument
rotation has been chosen correctly in the data reduction,
and the instrumental polarization in the B-band is ∼0.09%.
In order to check the latter, we also observed a zero polar-
ization standard star, WD1620-391. In the B- and V-bands
we measured PB=0.09±0.02% and PV =0.08±0.01% respec-
tively, confirming the value of the instrumental polarization.

Another potential contributor to the continuum po-
larization of the galaxies is Galactic dust (Serkowski et al.
1975). In the case of our sample, the effect of interstel-
lar polarization could be significant in the case of Circinus
and NGC2110, because of their proximity to the Galactic
plane. Using the Heiles (2000) catalog, Moran et al. (2007)
reported PV =0.33% and θ=34.5◦ for two stars at ∼12’ from
NGC2110. In the case of Circinus, Oliva et al. (1998) mea-
sured PV ∼1.8% and θ ∼68◦ for a foreground star at 4′′ from
the galaxy. We used those values to construct synthetic Q
and U spectra assuming a Serkowski et al. (1975) curve, and
subtracted them from the normalized Stokes parameters of
NGC2110 and Circinus. The corrected polarization degree
and position angle spectra are shown in Figures A1 and A4
of Appendix A.

Finally, we need to quantify the amount of diluting
unpolarized starlight in the nuclear spectra of the galax-
ies. To do that, we fitted the continua of our observed

spectra with stellar population templates of different ages
(Vazdekis et al. 2010), including reddening, and a power-
law (Fλ ∝ λ−α) to account for the nonstellar nuclear con-
tinuum. We performed interactive fits until we successfully
reproduced the stellar features of the underlying galaxy, and
from the fitted templates we derived corresponding galaxy
fraction spectra (fG(λ); see Figure 1 for two examples). We
used stellar templates of ages between 1 and 14 Gyr to re-
produce the stellar features, and power-law indices ranging
from 0 to 2. We note that the α values are in agreement with
those derived from ultraviolet slope measurements of Sy2s
(Kinney et al. 1991). Details of each individual fit, together
with the galaxy fractions estimated at 4400 and 5500 Å,
are reported in Table 2. fG(λ) decreases towards the blue as
the starlight contribution becomes less important. We note
that, although it is the best we can do, this method can pro-
duce extremelly different values of fG for the same objects
(see Tran 1995 and references therein). These differences do
not only affect the derived polarization degrees, but also the
wavelength dependence of the polarization.

As can be seen from Table 2, for the majority of the
galaxies fG ∼1 at 5500 Å, and it ranges between 0.7 and
1 at 4400 Å. The exceptions are NGC5135 and NGC5506
(see Figure 1). This implies that for all the galaxies but those
two, the large amount of unpolarized starlight prevents to
study the behaviour of the true polarization in the contin-
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• Try to detect hidden BLR by spectropolarimetry


• Large telescopes are used to achieve high S/N 
→ VLT/FORS2


• Host components are subtracted from the polarised spectrum



Results & Discussion

• HBLR was detected in 11/15 Type-2 Seyfert galaxies!!! 
→ significantly higher fraction than the previous reports


• Clearly suggest the importance of high S/N measurement to accurately 
classify AGNs into sub-categories. 

6 C. Ramos Almeida et al.

Figure 3. Comparison between the polarized and total flux Hα+[N II] profiles of the four galaxies in the sample with scattered broad
components detected at ! 6σ and previously classified as NHBLRs or without previously published spectropolarimetry data. Components
of FWHMs∼300–500 km s−1 have been fitted to reproduce the narrow emission lines, and broad components of FWHMs∼2100–3400
km s−1 are necessary to reproduce the Hα profiles in polarized flux. The insets at the bottom of each panel show the residuals of
subtracting the fits from the spectra. In the case of the polarized spectra, we plot the residuals including and not including the broad
component in the fit (black and pink lines respectively).
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HBLR → HBLR NHBLR → HBLR



Results & Discussion

• These trends are consistent with previously found ones.


• These results suggest that the scatter has electron-
scattered nature…???
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Figure 5. Left panels: polarization degree measured in the Hα bin (PHα) and significance of the scattered Hα detections (|∆Q| or |∆U |)
versus intrinsic 2–10 keV luminosity. Right panels: same as in the left panels but versus the hydrogen column density measured from
X-ray data. Pink circles and yellow squares are Compton-thick and Compton-thin sources respectively.

is 5.6 (see Table 3), indicating a significant detection. This
galaxy has a low column density as measured from X-ray
data, but it is nearly edge-on (see Table 1) and it has a
prominent dust lane, which might complicate the detection
of the broad lines.

Finally, two and three narrow components were needed
to reproduce the line profiles of NGC5643 (Cresci et al.
2015) and NGC5728 (Son et al. 2009) respectively. Again,
no broad components are required to fit the permitted lines
in polarized flux, and furthermore, the detections of scat-
tered Hα emission in the Stokes spectra are not significant
(see Table 3).

4 DISCUSSION

Based on the new VLT/FORS2 spectropolarimetric obser-
vations presented here, we report the detection of a HBLR
for five Sy2 galaxies previously classified as NHBLRs and
one galaxy without any previous classification (IC 2560; see
Tables 1 and 3). This result stresses the need for revisit-
ing the current classification of NHBLRs. The VLT/FORS2
spectra studied here are not particularly deep, as the inte-
gration times employed were relatively short (see Section 2),
and yet, they allowed us to detect scattered broad Hα lines
at ! 4σ for 11/15 galaxies in the sample (73%). Moreover,

we report a tentative detection of a HBLR in the galaxy
NGC5793, although deeper observations are needed to con-
firm it.

The new data presented here might put published re-
sults based on previous HBLR/NHBLR classifications into
question, as we have proved that at least some NHBLRs
are misclassified. Detections and non-detections of HBLRs
should always be put in context with the achieved S/N of
the observations. Deep and high quality spectropolarimetry
data of complete samples of Sy2 galaxies are required be-
fore continue searching for trends that might explain the
non-detection of polarized broad lines.

We detect polarized broad components in both
Compton-thick and Compton-thin objects (see Table 1).
Several authors claimed that the detection of HBLRs might
depend on the column density of the obscuring material
(nH), with a higher percentage of HBLRs found in Compton-
thin sources (Gu et al. 2001; Lumsden et al. 2004; Shu et al.
2007). However, for the galaxies in our sample we do not find
a correlation between nH and the detectability of the polar-
ized broad lines (see bottom right panel of Figure 5). Indeed,
in the case of the three galaxies for which we do not detect
broad components two are Compton-thick (NGC5643 and
NGC5728) and NGC5506 has a low column density (see Ta-
ble 1). According to the top right panel of Figure 5, however,
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