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Modeling on a WHIM 

� Elvis (2000) developed a 
phenomenologically based model  
◦  Foundation is emission and absorption features 

in AGN spectra 
◦ Assumes a simple outflowing structure 

� Model invokes a flow of warm highly 
ionized matter (WHIM) launched by the 
accretion disc  
◦ This approach was used by many, including 

Elitzur & Schlosman (2006) to account for the 
dusty torus 



Cartoon of a WHIM 

�   Taken from Marin & Goosmann 2013 
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Figure 1. Schematic view of the structure proposed by Elvis (2000) and implemented in the STOKES model. The outflow arises vertically from the accreting
disc and is bent outward by radiation pressure along a 60◦ direction relative to the model symmetry axis. The half-opening angle of the wind extension is 3◦.
The radial optical depths of the wind base and of the outflowing material are set to be τ 1 and τ 2, respectively.

absorption line (NAL) objects. The wind structure surrounds the
irradiating accretion disc and gives rise to a reprocessing spectrum
that varies with the disc luminosity and the viewing angle of the
observer. Time-resolved spectroscopy therefore is a powerful tool
to test the model against the observations, but this technique may
not be sufficiently sensitive to the outflow geometry and dynamics.

To extend the comparison of the outflow model to the obser-
vations somewhat further, spectropolarimetric data of AGN can
be explored. In the optical/ultraviolet (UV) band, the polariza-
tion of radio-quiet AGN is mostly determined by reprocessing and
strongly depends on the scattering geometry. We expect BAL ob-
jects to be generally more highly polarized than non-BAL Quasi
Stellar Objects (QSOs; Ogle et al. 1999) and NAL Seyfert-like
galaxies to show polarization parallel to the axis of the torus as-
sociated with polarization degrees inferior to unity (Smith et al.
2002). Spectropolarimetric observations of nearby Seyfert galaxies
showed that there is an observational dichotomy between type-1
and type-2 AGN: a large fraction of AGN seen by the pole (type-1)
show a polarization position angle oriented parallel to the system
axis, while edge-on objects (type-2) exhibit a perpendicular po-
larization position angle (Antonucci 1983). When a polarization
model is provided, one of its goals is to reproduce the observed
dichotomy, where parallel polarization is thought to originate close
to the SMBH, while perpendicular polarization emerges from the
circumnuclear matter or the ionized winds (see references and
modelling in Goosmann & Gaskell 2007; Marin et al. 2012b). Di-
rect Hubble Space Telescope (HST) polarization imaging of NGC
1068 and Markarian 477 showed that perpendicular polarization
can also emerge from scattering clumps situated 10–100 pc away
from the innermost regions (Capetti et al. 1995; Kishimoto 1999;
Kishimoto et al. 2002); in these cases, the necessity to reproduce

type-2 perpendicular polarization is less critical. However, the pro-
duction of parallel polarization in type-1 AGN is a rather important
challenge, as it might give us an insight of the intrinsic spectral shape
of the central engine. The detection of a Balmer absorption edge
in a few quasars (Kishimoto, Antonucci & Blaes 2003; Kishimoto
et al. 2004), thought to originate interior to the BLR, strengthens the
role of parallel polarization as a tool to constrain the geometry and
the composition of reprocessing and scattering media close to the
SMBH (Kishimoto et al. 2008). This continues to be very relevant
in AGN research where geometry is a key parameter for unification
theories (Antonucci & Miller 1985; Antonucci 1993; Elvis 2000).

In this work, we model the polarization properties produced by
radiative reprocessing inside the structure of quasars as suggested by
Elvis (2000). We focus on the continuum polarization at optical and
UV wavelengths, and we test if the outflow model can reproduce
the observed dichotomy with respect to the polarization position
angle (Antonucci 1983, 1984; Smith et al. 2002). The remainder
of this paper is organized as follows: in Section 2, we present and
analyse spectropolarimetric simulations of disc-born outflows for
different model parameters. In Section 3, we discuss our results
and relate them to the observational constraints before drawing our
conclusions in Section 4.

2 EX P L O R I N G T H E ST RU C T U R E F O R
QUA S A R S B Y S P E C T RO P O L A R I M E T RY

2.1 Radiative transfer code and model geometry

To study the model of Elvis (2000), we apply the version 1.2 of
Monte Carlo radiative transfer code STOKES presented in Goosmann
& Gaskell (2007) and upgraded by Marin et al. (2012b). This
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Polarization Maps 

� Assuming an electron filled 
scattering outflow at UV/
Optical, maps of polarized 
flux and degree of 
polarization 

�  Such simple models 
underestimate the observed 
polarization and the PA is 
wrong for Type-2 sources 

Structure for quasars and polarization – I 2525

Figure 3. Modelled images of the PF/F∗ for an electron-filled, scattering
outflow as presented in Fig. 1. The polarized flux, PF/F∗, is colour coded
and integrated over the wavelength band. Top: image at i ∼ 9◦; middle:
i ∼ 61◦; bottom: i ∼ 89◦.

Inspection of the polarization images is helpful to understand the
net polarization properties as a function of the viewing angle: at a
polar viewing direction (Fig. 3, top), the central source irradiates the
outflow funnel, which causes a weak polarized flux in the vicinity
of the model centre. However, the spatial distribution of polariza-
tion position angles remains close to being symmetric with respect
to the centre and therefore the resulting net polarization at a low
viewing angle is weak. Furthermore, the polarization is strongly
diminished by the diluting flux coming from the continuum source
that is directly visible at low inclinations. The resulting polarization
position angle at ψ = 90◦ is determined by the geometry as the
wind is rather flat (θ = 60◦) and therefore favours scattering close
to the equatorial plane. Equatorial scattering produces parallel po-
larization and was suggested early on to play an important role in
producing the polarization properties of type-1 AGN (Antonucci
1984).

At i = 61◦ (Fig. 3, middle) the line of sight passes through the
extended winds. The net polarized flux now comprises a strong
component seen in transmission. While the wind base is optically
thin, the scattering optical depth along the line of sight is significant
and the latter thus contributes strongly to the net polarization. The
interface between the inner funnel of the torus and the extended
winds is traced by a sharp gradient in the polarized flux. The inner
(outer) surfaces of the upper (lower) part of the outflow are visible in
reflection, but due to their low optical depth in the poloidal direction,
the scattering is inefficient and does not produce much polarized
flux.

Finally, the equatorial view of the model at i = 89◦ (Fig. 3, bot-
tom) allows us to recover the edge-on morphology of the system.
The polarized flux emerging from the wind base and its extensions
are significantly higher than at the intermediate view. The bound-
aries of the extended winds trace out an X-shaped structure that
extends far out and produces strong polarization. These regions
have a higher polarization efficiency because they present a signif-
icant optical depth along the line of sight and favour a scattering
angle around 90◦ with respect to the continuum source.

The polarization position angle ψ is equal to 90◦ for all viewing
angles, indicating that the polarization angle is oriented parallel to
the symmetry axis of the system.

We remark that adopting the exact geometry suggested in Elvis
(2000) for a pure electron-scattering medium underestimates the ob-
served optical polarization percentage of type-1 and type-2 AGN.
The wavelength-independent continuum polarization induced by
the WHIM produces a polarization position angle ψ = 90◦ at all
viewing angles, whereas in type-2 AGN the resulting polarization
should be perpendicular. It is then necessary to look at more real-
izations of the model for slightly different parametrizations.

2.2.2 Exploring different bending and opening angles of the wind

We continue our investigation by exploring different angles θ and δθ

of the wind. To obtain a more narrow cone with respect to the default
parametrization used in Section 2.2.1, it is necessary to lower the
bending angle θ , while the wind extensions become thicker when
increasing the half-opening angle δθ . We systematically explore the
response in polarization for a range of both angles and summarize
the results in Fig. 4. Since the polarization of electron scattering
is wavelength independent, we now plot the wavelength-integrated
polarization degree as a function of the viewing angle. Note that
we apply a sign convention for P that expresses the orientation
of the polarization position angle: for positive P, the E-vector is
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An Improved Model 

� Two phased media, dust is enshrouded by 
the WHIM 

2528 F. Marin and R. W. Goosmann

to scatter into the line of sight; P drops from 0.2 to 0.02 per cent in
the blue part of the spectrum and then rises back to 0.2 per cent in
the red. This peculiar dip is connected to a switch of the polarization
position angle, from 0◦ to 90◦, as the Mie scattering phase function
becomes more forward dominated and the overall scattering geom-
etry thus changes towards shorter wavelengths. In this regard, the
wavelength-dependent impact of dust scattering on to the polariza-
tion position angle may serve as a tracer of the optical thickness of
the obscuring region along the outflowing direction. At all other in-
clinations and wavelengths of the system, the polarization position
angle is parallel to the system axis.

Thus, adding dust to the distant parts of the wind helps P to
remain globally low, below 0.3 per cent [which is in agreement with
the observations of non-BAL radio-quiet AGN (Berriman et al.
1990), where a mean P value of 0.5 per cent was found] but does
not help to produce the dichotomy of the polarization position angle
in the optical.

2.4 A two-phase medium

An important test of the structure for quasars is to reproduce the po-
larization position angle dichotomy observed in AGN (Antonucci
1983, 1984); our results in Section 2.2.2 have proven that a pure
WHIM is yet inadequate to explain the switch in polarization posi-
tion angle between type-1 and type-2 AGN. In the context of Seyfert-
2 AGN, the additional presence of dust close to the equatorial plane
is suggested as a physical possibility (Czerny & Hryniewicz 2012).
Shielded from the full continuum by the WHIM, dust can rise from
the disc and survive long enough to impact the radiation across a
significant solid angle around the equatorial plane. Such an absorb-
ing medium would be less ionized than the high-ionization broad
emission line (BEL) region, giving rise to low-ionization line emis-
sion, such as in NGC 5548 where the Mg II lines are thought to arise

from several light-months away from the irradiating source (Elvis
2000). However, the equatorial dust should also suppress the parallel
polarization signal at intermediate and equatorial viewing angles.

In the following, we investigate the polarization properties of
a two-phase structure, where the highly ionized inner flow self-
shields radially a cold absorbing flow arising farther away from the
continuum source. Such a medium should be optically thin at some
viewing angle in order to allow for the detection of NAL signatures
above the equatorial dust lane, but not too optically thin to prevent
the production of parallel polarization at other inclinations.

2.4.1 Modelling two-phase outflows

We adopt the morphology proposed by Elvis (2000) for NGC 5548
to explain the high/low-ionization BEL regions. Of course, dust
would not survive in the BLR, so the dusty wind we define here
actually needs to be farther away from the centre or remain cold by
efficient shielding in the WHIM and BLR. The model geometry is
presented in Fig. 7 and we fix τ 1 ∼ 0.02, τ 2 ∼ 2, τ 3 ∼ 40 and τ 4 ∼
4000 (τ being integrated over the 2000–8000 Å band). The bending
angle of the WHIM, θ = θ1, is equal to 60◦ and θ2 = θ1 + 2δθ .
Similarly to our previous modelling, δθ = 3◦. According to Elvis
(2000), r1 = 0.003 2, r2 = 0.000 32, r3 = 0.032 and r4 = 0.006 08 pc
(1.88 × 1016 cm = 12700 RG = 0.15 Tτ,K = 1.74 RBLR).

To consider a more physical emission geometry, we replace the
radiating disc by a point-like source. With the flux intensity de-
creasing like r−3 from the centre, most of the radiation comes from
the inner part of the emitting disc. When comparing different re-
alizations of the modelling, we find, however, that the size of the
emission region does not have a major impact on the spectropolari-
metric results. We now also include the fact that the inner accretion
flow allows for Thomson scattering and we define a geometrically
flat, flared-disc region, with optical depth τ ∼ 1 along the equator.

Figure 7. A two-phased medium where the cool WHIM outflow is composed of dust.
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Models & Observations 
� Model well matches previously observed 

data 
� Best fit whereθ = 45◦ and δθ = 3◦–10◦, 

and moderate optical depths of the dust 
with 1 < τ dust ≤ 4 

� Elitzur & Schlosman 2006 suggests that 
outflow will shut down at some level of 
accretion 
◦ Used M87 as a test case 
◦  Seems likely that morphology will depend 

significantly on the luminosity/accretion rate 



On Clumpy Models 



Clumpy Torus Model 

�  Clumpy torus model of Nenkova et al. (2002) 
◦  Clouds follow power law distribution  
◦  Clouds concentrated in equatorial plane 
◦  Distributed with scale height σ	

◦  τv of each cloud = 40-100+ Av 
◦  Type 2 number of clouds along pencil-beam line of sight ~8 



Key Advantages of Clumpy Torus 
�  Clumpy distribution puts cooler dust (on protected 

side) closer to nucleus than continuous dust 
distribution 
◦  Far more compact torus 
◦  Very different spectral shapes 

Pole-on Edge-on 



Major Limitations of (some) of the 
Clumpy Models 
� Physical dimension of the clumps very 

poorly constrained 
◦  Eclipse monitoring at x-ray could be key 

� Degenerate parameters 
� No inter-clump material 

� Large numbers of quality data points need 
to advance the field 



Clumpy Torus Polarization Modeling 

� Marin et al. 2015 recently modeled 
radiative transfer models of the torus at 
UV/optical 
◦ Clumps are assumed to be of constant density 

�  Scattering probability changes with the 
filling factor and hence the polarization will 
be affected 

F. Marin et al.: Modeling optical and UV polarization of AGNs
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Fig. 2. Sketches of the di↵erent models investigated in this paper. Tori, either extended or compact, are explored in Sect. 2.3, polar winds in
Sect. 2.4, and flared disks in Sect. 2.5. Partially and fully fragmented AGN models are presented in Sect. 3.

Fig. 1. Schematic view of a fragmented region. Clumps are shielding
each other from the central source, but gaps between the spheres allow
part of radiation to escape from the model, even along equatorial direc-
tions where obscuration is most e�cient (in the case of circumnuclear
dust).

For the remainder of this paper, several thousand of clump
are modeled as constant density spheres of equal radii. Three
filling factors are investigated: 0.06 (highly fragmented re-
gion), 0.13 and 0.25 (moderate fragmentation). In compari-
son, Nenkova et al. (2002) used a filling factor of 0.1 for
their fragmented models. The total optical depth along the ob-
server’s viewing angle strongly depends on F : for a model with
F ⇠ 0.06, 1 to 3 clumps can (partially) obscure a line of sight
crossing the cloud distribution, and up to 8 to 10 clumps can hide
the irradiating source in the case of F ⇠ 0.25. The optical depth
of one individual clump will be fixed according to the required
model.

In the following sections, we investigate the spectropolari-
metric signature of fragmented dusty tori, polar outflows and
hot accretion flows. The results of each clumpy model will be
compared with the polarization and flux (normalized to the flux
of the central source) of the same, but uniform-density model.
The parametrization of those models is based on the set of con-
straints derived from Paper I and II. For all our models, we define
an isotropic, point-like source at the center of the model emitting
an unpolarized spectrum with a power-law SED2

F⇤ / ⌫�↵ and
↵ = 1.

2 The shape of the SED is of no importance for what we are consid-
ering here

2.3. Clumpy torus models

2.3.1. Extended tori

Our first model features an obscuring dusty torus that is cen-
tered on the source, symmetric to the equatorial plane, and ex-
tends up to a hundred parsecs: the inner and outer radii of the
torus are set to 0.25 pc and 100 pc, respectively. In Paper II, we
concluded that “a wide half-opening angle (⇠ 60�) for the torus
helps to produce parallel polarization, whereas narrow tori [...]
produce polar-scattering-dominated AGNs”. In this paper, we
still model circumnuclear dust distributions with half-opening
angles 30�  ✓0  60� to check if clumping can have a positive
impact on our previous conclusions about uniform-density tori.
Similarly to Paper II, our models have an optical depth in the
V-band of ⌧dust = 750 along the radial direction. In the case of
fragmented models, the radius of the spherical gas clouds de-
pends on the half-opening angle, in order to preserve F : for
✓0 = 30�, Rsphere = 2.35 pc; for ✓0 = 45�, Rsphere = 1.92 pc; and
for ✓0 = 60�, Rsphere = 1.59 pc. All the clouds, independently
of the model, have an optical thickness ⌧dust = 200, which is in
agreement with the value (� 60) used by Nenkova et al. (2008a).
All the models are considered as optically and Compton3 thick
(Kartje 1995). The clumps and the uniform-density tori are filled
with dust grains based upon the Milky Way mixture (Draine &
Lee 1984).

The fractions F/F⇤ of the central flux, F⇤, are presented in
Fig. 3, Fig. 4 and Fig. 5 (top panels), for ✓0 = 30�, 45� and
60� respectively. In comparison with a uniform-density torus, the
model with F ⇠ 0.06 shows, after renormalization, a similar de-
pendence on inclination. The flux is maximum for unobstructed
viewing angles, i.e. close to the polar directions. With the onset
of partial obscuration at intermediate inclinations, F/F⇤ shows
lower fluxes. Maximum attenuation is observed at an equato-
rial viewing angle (i ⇠ 81�), independently of the half-opening
angle, but models with F ⇠ 0.06 are found to be unable to e�-
ciently block photons escaping from the central source. The net
type-2 flux are high in comparison with the flux of the uniform-
density model. We also note that the spectral shape is less curved
(grayer), since radiation can escape in between the clumps, lead-
ing to a lower absorption e�ciency. With higher F , the partial
covering of the source becomes more important for intermediate
and edge-on views. The dependence of opacity with respect to
inclination results in lower fluxes at type-2 inclinations but even

3 Around 10 – 18 µm, an apparent optical depth of 0.4 corresponds
to an hydrogen column density of nH = 2⇥1022 cm�2 (Levenson 2014).
A torus is considered as Compton thick when nH � 1024 cm�2.

3
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Fig. 2. Sketches of the di↵erent models investigated in this paper. Tori, either extended or compact, are explored in Sect. 2.3, polar winds in
Sect. 2.4, and flared disks in Sect. 2.5. Partially and fully fragmented AGN models are presented in Sect. 3.
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Fig. 1. Schematic view of a fragmented region. Clumps are shielding
each other from the central source, but gaps between the spheres allow
part of radiation to escape from the model, even along equatorial direc-
tions where obscuration is most e�cient (in the case of circumnuclear
dust).

For the remainder of this paper, several thousand of clump
are modeled as constant density spheres of equal radii. Three
filling factors are investigated: 0.06 (highly fragmented re-
gion), 0.13 and 0.25 (moderate fragmentation). In compari-
son, Nenkova et al. (2002) used a filling factor of 0.1 for
their fragmented models. The total optical depth along the ob-
server’s viewing angle strongly depends on F : for a model with
F ⇠ 0.06, 1 to 3 clumps can (partially) obscure a line of sight
crossing the cloud distribution, and up to 8 to 10 clumps can hide
the irradiating source in the case of F ⇠ 0.25. The optical depth
of one individual clump will be fixed according to the required
model.

In the following sections, we investigate the spectropolari-
metric signature of fragmented dusty tori, polar outflows and
hot accretion flows. The results of each clumpy model will be
compared with the polarization and flux (normalized to the flux
of the central source) of the same, but uniform-density model.
The parametrization of those models is based on the set of con-
straints derived from Paper I and II. For all our models, we define
an isotropic, point-like source at the center of the model emitting
an unpolarized spectrum with a power-law SED2

F⇤ / ⌫�↵ and
↵ = 1.

2 The shape of the SED is of no importance for what we are consid-
ering here

2.3. Clumpy torus models

2.3.1. Extended tori

Our first model features an obscuring dusty torus that is cen-
tered on the source, symmetric to the equatorial plane, and ex-
tends up to a hundred parsecs: the inner and outer radii of the
torus are set to 0.25 pc and 100 pc, respectively. In Paper II, we
concluded that “a wide half-opening angle (⇠ 60�) for the torus
helps to produce parallel polarization, whereas narrow tori [...]
produce polar-scattering-dominated AGNs”. In this paper, we
still model circumnuclear dust distributions with half-opening
angles 30�  ✓0  60� to check if clumping can have a positive
impact on our previous conclusions about uniform-density tori.
Similarly to Paper II, our models have an optical depth in the
V-band of ⌧dust = 750 along the radial direction. In the case of
fragmented models, the radius of the spherical gas clouds de-
pends on the half-opening angle, in order to preserve F : for
✓0 = 30�, Rsphere = 2.35 pc; for ✓0 = 45�, Rsphere = 1.92 pc; and
for ✓0 = 60�, Rsphere = 1.59 pc. All the clouds, independently
of the model, have an optical thickness ⌧dust = 200, which is in
agreement with the value (� 60) used by Nenkova et al. (2008a).
All the models are considered as optically and Compton3 thick
(Kartje 1995). The clumps and the uniform-density tori are filled
with dust grains based upon the Milky Way mixture (Draine &
Lee 1984).

The fractions F/F⇤ of the central flux, F⇤, are presented in
Fig. 3, Fig. 4 and Fig. 5 (top panels), for ✓0 = 30�, 45� and
60� respectively. In comparison with a uniform-density torus, the
model with F ⇠ 0.06 shows, after renormalization, a similar de-
pendence on inclination. The flux is maximum for unobstructed
viewing angles, i.e. close to the polar directions. With the onset
of partial obscuration at intermediate inclinations, F/F⇤ shows
lower fluxes. Maximum attenuation is observed at an equato-
rial viewing angle (i ⇠ 81�), independently of the half-opening
angle, but models with F ⇠ 0.06 are found to be unable to e�-
ciently block photons escaping from the central source. The net
type-2 flux are high in comparison with the flux of the uniform-
density model. We also note that the spectral shape is less curved
(grayer), since radiation can escape in between the clumps, lead-
ing to a lower absorption e�ciency. With higher F , the partial
covering of the source becomes more important for intermediate
and edge-on views. The dependence of opacity with respect to
inclination results in lower fluxes at type-2 inclinations but even

3 Around 10 – 18 µm, an apparent optical depth of 0.4 corresponds
to an hydrogen column density of nH = 2⇥1022 cm�2 (Levenson 2014).
A torus is considered as Compton thick when nH � 1024 cm�2.
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Model Polarization Maps 
�  Polarized flux with overlaid 

polarization vectors 
◦  Top is face-on, middle at 45 deg, 

bottom edge on 
�  Face-on view shows far more 

polarized flux 
◦  Individual knots of emission up to 

2.5pc from central engine 
◦  As expected, edge on view shows 

very little polarized flux 
�  Type 1 shows up to 2% 

polarization, λ invariant 
�  Type 2 shows as high as 40%, λ 

invariant 

F. Marin et al.: Modeling optical and UV polarization of AGNs

of the surface most directly facing the observer and producing
parallel polarization prevails. In the case of an extended torus,
this surface is more extended as the inner torus walls are softer,
resulting in a canceling mix of parallel and perpendicular polar-
ization, ultimately lowering P. However, in agreement with the
work of Kartje (1995) and Paper I, both uniform-density models
mainly produce a net perpendicular polarization angle.

More important changes appear for compact clumpy struc-
tures seen through the prism of polarization. While an extended,
fragmented circumnuclear region only produces parallel polar-
ization with polarization less than 1.5 % (Fig. 4, bottom panel),
a compact model produces perpendicular polarization together
with P up to 3.5 % (Fig. 6, bottom right figure). It is a purely
geometrical e↵ect: the torus being smaller in diameter while
sustaining a similar height (scaled with the half-opening angle),
the torus has a less oblate morphology. Hence, the angular de-
pendence of opacity provides higher obscuration at intermediate
inclinations and radiation does not longer scatter preferentially
along the midplane, resulting in polarization position angles or-
thogonal to the scattering plane.

Thus, we find that while compact and extended clumpy
tori produce similar flux levels, their polarization properties are
rather di↵erent: in the case of an extended torus, P is about three
times smaller and its polarization angle is orthogonal to the one
produced by a clumpy compact torus. We thus expect a di↵er-
ent net polarization signature of AGNs depending on the torus
model used. A detailed comparison of di↵erent fragmented tori
and their impact onto polarization will be explored in Sect. 3.

2.3.3. Polarization imaging

Using the imaging capabilities of the latest version of stokes
(Paper II), we compute the polarization maps of a compact torus
model such as presented in Sect. 2.3.2. We sampled 109 photons
distributed in 104 spatial bins (100 ⇥ 100 pixels). Each pixel
stores the spectra of the four Stokes parameters across a wave-
length range of 2000 to 8000 Å. Integrating over this range, the
images simultaneously show PF/F⇤, P, and �. The polarization
position angle � is represented by black vectors drawn in the cen-
ter of each pixel; the length of the vector being proportional to
P. The black vectors rotate from a vertical (parallel polarization)
to a horizontal position (perpendicular polarization).

Fig. 7 presents imaging results at three di↵erent inclinations:
18�, 45� and 81�, representative of a type-1 view, a line of sight
grazing the torus height, and a type-2 inclination respectively.
The pole-on view of our model (Fig. 7 top figure) allows use to
probe the inner funnel of the circumnuclear matter, where most
of the polarized flux is concentrated. Due to the clumpy struc-
ture of the model, the inner radius of the torus has no smooth,
continuous walls; radiation seeps between the cloudlet distribu-
tion and reaches farther portions of the medium. The polariza-
tion map clearly shows individual polarized flux knots at radial
distances up to 2.5 pc from the full continuum. In comparison
with a uniform-density torus model (see Fig. 4 in Paper II) where
most of the polarized photons are absorbed at distances inferior
to 0.5 pc, a clumpy structure allows the radiation to penetrate
farther into the inner structure of the torus. The photon flux de-
creases at large distances from the central engine, producing po-
larized signatures up to 5 pc. In Fig. 7 (middle), the inner fun-
nel disappears behind the torus horizon, even if the structure is
fragmented. The optical thickness of the clouds prevents a di-
rect view of the inner parts of the AGN, but allows photons to
escape at large distances from the source after cumulative scat-
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Fig. 7. Modeled images of the polarized flux, PF/F⇤, for a clumpy,
compact dusty torus of half-opening angle 45� measured relative to the
axis of symmetry; PF/F⇤ is color-coded and integrated over 2000 to
8000 Å. Top: face-on image; middle: image at i v 45�; bottom: edge-on
image.
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Differences Between  
Homogenous & Clumpy Models 
�  Extended clumpy tori (>10’s of PC) 

polarization is low (≤2%)  
◦ When the observer’s line of sight passes through 

the central part of the torus, polarization increases 
up to a level of 40% and switches PA 

�  This behavior is similar to homogenous torus 
models, with one exception 
◦  Homogenous torus models produce significantly 

lower polarization at intermediate and edge-on 
orientations 

�  The torus is very much better modeled with 
compact yet fragmented tori with an opening 
angle θ≥ 45◦ 



Dust in AGN 

� Many assume (including me) that dust 
MIR emission is mostly from the torus 

� Reemission from the torus peaking at MIR 
wavelengths 
◦ A standard approach for years 

�  So can we see the torus with the TMT? 



Torus of Cen A 
� Models using Nenkova clumpy torus of 

Cen A (Radomski et al 2006) shown below) 
at 8 and 18um (top, bottom respectively) 

� Near resolution of TMT 
� Models 

need to be 
updated 

Gemini Observations of Mid-Infrared Emission from the Nucleus of
Centaurus A
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Figure CaptionsFigure Captions
Figure 1:Figure 1: This shows measurements of the FWHM of Cen A (dark circles) in intervals of time (3 nodsets at 8.8Pm; 5 nodsets
at 18.3Pm) equal to that of the PSF star (clear circles). The data show clear improvement in atmospheric seeing as Cen A 
attained lower airmass at 8.8Pm. The box surrounds data taken at poor airmass that was not used to calculate the 3V variation 
in the PSF.

Figure 2: Figure 2: This figure shows azimuthally averaged radial profiles of Cen A in comparison to the PSF. Solid lines represent the 
galaxy while dotted lines represent the 3V upper and lower limit on the PSF based on the total standard deviation of the PSFs
at each wavelength. Images represent a comparison of the fully stacked galaxy data (33.3 minutes on-source at 8.8Pm ; 25.8 
min on-source for 18.3Pm) compared to a stack of all PSFs that were taken between galaxy observations. The overall 
consensus is that the nuclear FWHM of Cen A is unresolved.

Unresolved NucleusUnresolved NucleusUnresolved Nucleus
Figure 1Figure 1

Figure 2Figure 2

Figure CaptionsFigure Captions
Figure 4 (TOP LEFT):Figure 4 (TOP LEFT): Grey contours represents our heavily smoothed (10 pixel Gaussian = 0.89”) mid-IR data at 8.8Pm. The color image is PaD
emission from HST (Marconi et al. 2000, ApJ, 528, 276). Letters represent the bright PaD emission regions detected by Schreier et al. (1998, ApJ, 
499, L143), the dotted line shows the PA of the radio jet. 

(BOTTOM LEFT): (BOTTOM LEFT): Same as above but grey contours represent our heavily smoothed (10 pixel Gaussian = 0.89”) mid-IR data at 18.3Pm

(TOP RIGHT): (TOP RIGHT): Contours represent data at N-Band (10.4Pm) retrieved from the GSA archive. The image shows the contours overlayed on the PaD
map from Marconi et al. (2000, ApJ, 528, 276) as in previous figures. Notice the similar structure (i.e. correspondence with PaD and NW ridge of 
emission) as seen in the 8.8Pm image.

(BOTTOM RIGHT): (BOTTOM RIGHT): This image shows the N-band contours overlayed on the greyscale radio map of Hardcastle et al. (2003, ApJ, 593, 169). Notice 
mid-IR source RPL 1 located near some of the brightest radio emission. This source was detected on all three nights of N-band observations and may 
possibly represent and area of heated dust in the outflow of Cen A.

Introduction
Centaurus A (NGC 5128, hereafter Cen A) is a nearby (D ~ 3.5Mpc; 1” = 17pc) elliptical galaxy classified as a 
prototypical Faranoff-Riley Class I source with spectacular twin radio lobes extending out to ~ 4º (250 kpc) from the 
nucleus (see Israel 1998 A&A Rev., 8, 237 for an excellent review). The optical morphology as well as a bimodal 
metallicity distribution of the globular cluster population indicate the galaxy has experienced a major merger event in the 
past (possibly as recent as 1.6 x 108 yr ago; Quillen et al. 1993, ApJ, 412, 550). On nuclear scales evidence for a central 
black hole comes from variable x-ray and radio observations. Recent observations of the black hole by Silge et al. (2005, 
AJ, 130, 406), Marconi et al. (2006, A&A, 448, 921) and Haring-Neumayer et al. (2006, ApJ, 643, 226) estimate the mass 
at ~108 M~.

Observations of Cen A presented here were made on 2004 January 28 and 29 (UT) using the facility mid-IR 
camera/spectrograph T-ReCS (Telesco et al. 1998, SPIE, 3354, 534) on the Gemini South 8m telescope. Images were 
obtained in the Si-2 (8.8Pm) and Qa (18.3Pm) filters. Further T-ReCS observations of Cen A in the N-band (~10.4Pm) 
were taken on 2004 March 6 and 11, 12 and were retrieved from the Gemini Science Archive (GSA) (see Hardcastle et al. 
2006, MNRAS, 368, L15).
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Results
We detect a bright unresolved nucleus at both 8.8mm and 18.3mm (Figure 1 and 2) 
surrounded by very low-level extended emission (Figure 4).

Unresolved Nucleus
Multiple observations of the galaxy interspersed with a point spread function (PSF) star 
show the FWHM of the mid-IR nucleus of Cen A to be unresolved (Figures 1 and 2) in 
general agreement with the observations of Whysong & Antonucci (2004, ApJ, 602, 
116). Using multiple PSF measurements and their variation, we place an upper limit on 
the size of the mid-IR nucleus of Cen A of ~ 3.1 pc (0.185”) at 8.8mm and 3.4 pc 
(0.205”) at 18.3mm. The high luminosity surface density (~1014 L~ kpc-2) and the lack 
of PAH emission detected by Siebenmorgen et al. (2004, A&A, 414, 123) indicate that 
the AGN likely dominates the nuclear mid-IR emission. The starburst contribution to 
the mid-IR is likely to be negligible and much less than the 50% proposed by Alexander 
et al. (1999, MNRAS, 310,78) in their model of the nucleus. Our mid-IR upper size 
limit for a dusty circumnuclear torus agrees very well with previous data such as the 
polarization observations of Capetti et al. (2000, ApJ, 544, 269) which suggest 
scattering off a 2 pc disk. In addition, our observations are consistent with models based 
on a clumpy torus distribution (Nenkova et al. 2002, ApJL, 570, L9), which suggest 
mid-IR emission from a dusty torus will occur on scales < 1pc (Figure 3).

Extended Emission
Low-level extended mid-IR emission is known to exist near the nucleus of Cen A. 
Observations using the Infrared Space Observatory (ISO) by Mirabel et. al. (1999, 
A&A, 341, 667) and most recently Spitzer observations by Quillen et al. (2006, ApJL, 
641, L29) show the nucleus is surrounded by a large dusty warped disk. Observations 
presented here however represent to date the highest resolution mid-IR images that 
clearly detect this emission surrounding the nucleus. Analysis of this emission however 
is limited due to the chop throw of 15” which results in some chopping onto emission, 
compromising detailed examination of the flux and morphological parameters. 
Correspondence of structures at multiple wavelengths however confirm what we 
observe is primarily real. While the nucleus is most likely dominated by the AGN, the 
surrounding extended emission has a strong stellar component. The close 
correspondence between much of this emission at 8.8mm and N-band and the Paa data 
from Marconi et al. (2000, ApJ, 528, 276) (Figure 4) indicate much of what we are 
seeing is associated with regions of star formation. Emission near the nucleus may be 
associated with an extended dusty narrow line region (NLR) similar to what is seen in 
NGC 4151 (Radomski et al. (2003, ApJ, 587, 117) as well as some emission from the 
inner part of the synchrotron jet. In addition, at both 8.8mm and N-band there appears to 
be a ridge of emission approximately perpendicular to the radio jet axis and essentially 
devoid of Paa emission. Observations at CO (most recently by Rydbeck et al. 1993, 
A&A, 270, L13) and H2 (Marconi et al. 2001, ApJ, 549, 915) show a possible nuclear 
ring or bar that may be responsible for “feeding” the central AGN coincident with this 
emission. This structure possibly indicates that the gaseous ring/bar detected in CO and 
H2 contains a dusty component. Finally at N-band there is a source of mid-IR emission 
from within the radio jet (RPL1 Figure 4 Bottom Right). This source, though weak 
(~2mJy) is seen on all three nights of observations at N-Band. Within the jet this source 
does not seem coincident with any bright knots as would be expected if this represented 
synchrotron emission. Possible other explanations include a region of material heated by 
the impact of the jet or a region of star formation activity induced by the jet.
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Conclusions
We detect a bright unresolved mid-IR nucleus surrounded by low-level emission in the central region of
Centaurus A. We find the bright central nucleus of Cen A to be unresolved in the mid-IR at the level of the 
FWHM. Using multiple PSF measurements and their variation, we place an upper limit on the size of the mid-IR 
nucleus of Cen A of 3.1 pc (0.185”) at 8.8 mm and 3.4 pc (0.205”) at 18.3mm. This is consistent with our 
models which predict the mid-IR emission from a torus in Cen A to be unresolved with a size of 0.05” (0.85pc) 
or less. The primary source of the nuclear mid-IR emission is likely to be associated with this dusty torus and 
possibly NLR emission with minimal contributions from starburst and synchrotron emission. Extended mid-IR 
emission in Cen A is generally coincident with Pa D regions most likely due to stellar activity. A ridge of mid-IR 
emission perpendicular to the radio axis and devoid of much Pa D emission may be associated with a CO, H2
outer ring/bar. Emission associated with Pa D clumps A and B from Schreier et al. (1998) could be due to shock
heating or possibly centrally heated dust in a NLR if anisotropic beaming of radiation along the radio axis is 
taken into account. A new mid-IR source RPL 1, is detected along the radio axis at a distance of 18.4” (PA=53q) 
and is possibly due to shock heating of material impacted by the jet, jet induced star formation, or synchrotron 
emission. Overall the mid-IR emission in the nuclear region is shown to be very complex and in need of further 
study. These observations highlight the value of ground-based mid-IR observations observed from the current 8-
10m class telescopes. 
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Figure CaptionsFigure Captions
Figure 3:Figure 3: The unresolved mid-IR nucleus of Cen A is consistent with the recent clumpy torus models of Nenkova
et al. (2002, ApJL, 570, L9). While outer edge of the torus may be relatively large (~ 5 pc), in these inhomogeneous 
torus models the cloud distribution declines rapidly (v r -q, where q = 1, 2, or 3). Thus, most of the clouds are 
strongly concentrated within the inner parsec. We modeled a range of torus parameters., which include the radial 
distribution, q, the optical depth per cloud measured in the V- band,WV , and the total number of clouds through the 
equatorial plane, NC. We show the results for a model that fits the observed 10Pm nuclear spectrum of NGC 1068 
well (Mason et al. 2006, ApJ, 640, 612), with q = 2 and NC = 8, and a comparison model in which q = 1 and NC = 5. 
In both models, WV = 40, the outer radius is 30 times the dust sublimation radius, and the cloud distribution is 
Gaussian in elevation above the torus mid-plane, without a sharp cutoff. The torus is viewed edge-on, the cloud 
distribution is shown for each model in Figure 3 (left) with simulated images at 8.8Pm (middle) and 18.3Pm (far 
right). The images at both wavelengths are extremely similar because the individual clouds are optically thick. The 
exact emission profile does depend on the model parameters, but in all cases the strong extended emission is 
confined to scales of 0.025”.

Simple AGN modelSimple AGN model
(credit:(credit: UrryUrry && PadovaniPadovani))

Torus ModelTorus ModelTorus Model
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The nuclei of some 
galaxies produce an amount of energy thousands 

of times more powerful than our entire Milky Way galaxy 
on scales comparable to our solar system. These galaxies with powerful
non-stellar central engines are referred to as “Active Galactic Nuclei” or 

AGN. The most likely source of this central power is the accretion of matter 
onto a supermassive (> 106 M~) black hole.  Current theory suggests this central

black hole is surrounded by a torus of dust (see figure to the right) and that the 
viewing angle wrt. this torus is responsible for many of the observational 

differences in AGN.  The mid-infrared (10-25µm) is an ideal wavelength regime 
for investigating the central dusty regions of AGN. At mid-IR wavelengths 

light suffers 25–75 times less extinction from dust than optical 
wavelengths (0.55µm) and 3-10 times less extinction than in the 
near-IR (1-2 µm). In addition, the mid-IR also traces emission 

from important mechanisms in the central kpc of 
AGN including the torus itself as well as 

star formation regions.



ALMA? 

� ALMA of course has superior resolution, 
but observes cooler dust 
◦  Likely associated with dust in the galaxy/torus 

interface? 
◦ Maybe it won’t produce the breakthrough we 

need in this area 



MIR Interferometry 

� Tristram et al (2014) suggest the MIR flux 
from Circinus arises from (a) torus dust 
and (b) dust in the funnel 

� 80% of MIR flux from 
dust in the funnel? 

� Achieved after 
model fitting of the 
interferometric 
results 

A&A 563, A82 (2014)

directly estimated from the bootstrap distribution of the respec-
tive parameter and mark the 68.3% (1σ) confidence intervals.

Our model can fit the data on the shortest baselines very
well, which means that it reproduces the low spatial frequen-
cies of the source adequately. On longer baselines, however, the
data is not well reproduced by our model. This is predominantly
due to small scale variations of the correlated fluxes and differ-
ential phases at longer baselines (cf. Fig. 4), which cannot be
reproduced by our smooth model. We interpret these variations
as signatures for small scale structures that our model obviously
cannot replicate.

Finally, a few remarks on degeneracies: several parameters
of our model are not independent. The clearest example is the
degeneracy between the temperature Ti and the surface filling
factor fi. Because we are fitting a narrow wavelength range
(8 µm < λ < 13 µm), the temperatures of our dust components
are not well constrained. A small change in temperature has a
direct influence on the brightness of the source, which can be
compensated by changing the surface filling factor. Similar de-
generacies are present between the size and the axis ratio of the
source, which all change the emitted flux density. Depending on
how well these parameters are constrained by the interferometric
measurements, these parameters can become degenerate.

5. Discussion

5.1. Morphology

The direct analysis of the data (Sect. 3) and our modelling
(Sect. 4) confirm that the mid-infrared emission in the nucleus
of the Circinus galaxy comes from at least two distinct compo-
nents: a highly elongated, compact “disk-like” component and
a moderately elongated, extended component. To some degree,
the distinction between the two components is suggested by the
two different regimes of the correlated fluxes as a function of
the projected baseline length (see Sect. 3.1). Primarily, how-
ever, the distinction is suggested by the different orientations of
the two components: the two components are elongated roughly
perpendicular to one another. Two clearly separated emission
components have also been found in NGC 1068 and NGC 3783
(Raban et al. 2009; Hönig et al. 2013), and a two-component
morphology in the infrared appears to be common to a large
number of AGN (Kishimoto et al. 2011b; Burtscher et al. 2013).

We interpret the mid-infrared emission as emission from
warm dust in the context of the hydrodynamic models of dusty
tori in AGN by Schartmann et al. (2009), Wada et al. (2009) and
Wada (2012). These models find a relatively cold, geometrically
thin and very turbulent disk in the mid-plane of the torus, sur-
rounded by a filamentary structure. The latter consists of long
radial filaments with a hot tenuous medium in between. We as-
sociate the central, highly elongated component in the Circinus
nucleus with the dense disk in these simulations, and we inter-
pret the extended mid-infrared emission in the context of the fil-
amentary torus structure seen in these models.

A false-colour image of our best fitting model (fit 3) is
shown in Fig. 7, with the model images at 13.0 µm, 10.5 µm
and 8.0 µm mapped to the red, green and blue channels of the
image, respectively.

When interpreting our observations, we have to take into ac-
count that the emission is dominated by the warmest dust at a
certain location, which normally comes from the dust clouds di-
rectly illuminated by the central UV source. There are probably
also considerable amounts of cooler dust. However, the cooler
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Fig. 7. False-colour image of the three-component model for the mid-
infrared emission of the nucleus of the Circinus galaxy (fit 3). The
colours red, green and blue correspond to the model at 13.0 µm, 10.5 µm
and 8.0 µm, respectively. The colour scaling is logarithmic in order to
show both bright and faint features. Clearly the colour gradient of the
extended component due to the increase in the silicate depth towards
the south-east is visible. This colour gradient leads to a chromatic pho-
tocentre shift towards the north-west. Despite the lower surface bright-
ness, 80% of the emission comes from the extended component. Also
plotted is the trace of the water maser disk: the blue and red parts trace
the approaching and receding sides of the maser disk respectively. Note
that the relative offset of the mid-infrared emission with respect to the
maser disk is not known (see text for details).

material only contributes insignificantly to the infrared emission
(see also Sect. 5.3).

5.1.1. The disk-like component

The disk-like component is highly elongated and has a major
axis FWHM of ∆2 ∼ 1.1 pc. Due to the strong position angle
dependency of the correlated fluxes for the longest baselines,
the position angle of the major axis is very well constrained:
ψ2 = 46 ± 3°. The strong elongation of this component with an
axis ratio of more than 6 : 1 at first suggests an interpretation
as a highly inclined disk, as in Tristram et al. (2007). This in-
terpretation is supported by the close agreement in orientation
and size of this component with the warped maser disk from
Greenhill et al. (2003). The masers were modelled by a thin disk
extending from rin ∼ 0.1 pc to rout ∼ 0.4 pc. The maser disk is
warped with the position angle changing from 29° ± 3° at rin
to 56° ± 6° at rout. With a position angle of ψ2 ∼ 46°, our disk-
like component now matches this orientation much better than
previously. The larger size of the mid-infrared disk as compared
to the maser disk could be evidence of the disk extending out
to larger radii than is probed by the maser emission. We em-
phasise that the agreement is only in orientation and size, not in
the absolute position. With MIDI alone, no absolute astrometry
is possible because the absolute phase signal is destroyed by the
atmosphere (see Sect. 2.2). By consequence, the relative position
between the maser disk and our disk-like component cannot be
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If True… 
� Are the clumpy model fits still correct? 
◦  If 80% of the MIR flux is from the funnel, what can 

we say about the AGN fits? 
◦  But does the MIR flux really trace well the dust? 

�  But if so much dust in the cones (funnel), how 
is flux still so energizing downstream? 

� We need the TMT to improve our local 
understanding of the torus at high spatial 
resolution, extending to more distant AGN, 
and then connecting to JWST high sensitivity 
observations 
◦ MATISSE on VLT (interferometry) could produce 

breakthroughs in this area, but flux limited 



One Example 

� Of surveys of torus properties 
�  Just an example, more to come based a 

GTC-based survey a few of us in this 
room are engaged in 



Polarized Broad Emission Lines 
� Why do not all Sy2 show scattered BLR? 
� Based on the objects in a survey my 

collaborators and I are involved with, we 
can divide our objects to: 
◦  Sy1 (Type 1) 
◦  Sy 2 with polarized broad emission lines 

(HBLR) 
◦  Sy 2 with no (or thus far undetectable) 

published broad emission lines (NHBLR) 
◦  Ichikawa et al 2015 



Small Survey Size (21 AGN) Results 

�  σ = torus scale height 
�  Y = torus radial thickness 

�  N0 = number of clouds along an equatorial ray 
�  q = clump distribution (compact vs. extended torus)  
�  τv = optical depth of each cloud 

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 ( Tn �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 Ttorus Y N0 q UV

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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Torus Structural  
Changes? 
�  Should be confirmed via a 

bigger survey these suggest 
that the torus size and 
structure changes between 
HBLR and NHBLR objects 

�  HBLR objects have a smaller 
covering fraction, larger 
opening angle, and material is 
more concentrated to the 
inner torus as compared to 
NHBLR objects 

�  Thus NHBLR would be less 
likely to scatter radiation into 
our LoS, and polarized flux less 
likely to be observed 

(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 UV, where darker color means larger UV. 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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TMT Observations 
�  Need more and at high spatial resolution to continue 

this work 
◦  JWST spatial resolution insufficient to make big progress 

1.  Could we progress to see evolution of torus 
structure vs. z? 

2.  What is the nature of the torus material and its 
connection with the ISM of the host galaxy? 

3.  How do the properties, such as, geometry and optical 
depth, of the torus depend on the AGN luminosity 
and/or activity class? 

4.  Do the dust properties (composition, grain size) 
change with the AGN luminosity/type? 

5.  What is the role of nuclear (< 100 pc) starbursts in 
feeding and/or obscuring AGNs? 

6.  Low luminosity AGN with no tori (naked AGN) 



TMT Synergies 

� Clear connections to ALMA and JWST 
� Connection to other science cases of 

Msigma relationship? 
�  Future of torus research could be 

‘coherence’ with outflows, if torus is an 
outflow region 
◦ Highly related to accretion rate, mass, 

Edington, etc. ? 



Instrument Needs 

� Really want 1-13um high spatial resolution 
imaging and low spectral resolution (few 
100) 


