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Footer 2

To put it in perspective…

ELT Nasmyth platform



M
id

 In
fra

re
d 

EL
T 

Im
ag

er
 a

nd
 S

pe
ct

ro
gr

ap
h

Footer 3

N band Imaging
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L/M band Imaging
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METIS in a nutshell

A&A 576, A77 (2015)
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Fig. 1. Synthetic absorption spectrum of the sky between 0.3 and 30 µm calculated with LBLRTM (resolution R ⇠ 10 000) using the annual mean
profile for Cerro Paranal (Noll et al. 2012). The eight main molecules O2, O3, H2O, CO, CO2, CH4, OCS, and N2O contribute more than 5% to the
absorption in some wavelength regimes. The red regions mark the ranges where they mainly a↵ect the transmission, minor contributions of these
molecules are not shown. The green regions denote minor contributions (see Table 1) from the following molecules: (1) NO; (2) HNO3; (3) COF2;
(4) H2O2; (5) HCN; (6) NH3; (7) NO2; (8) N2; (9) C2H2; (10) C2H6; and (11) SO2.

A77, page 4 of 17

N

L M

Diffraction-limited imaging and spectroscopy in L,M,N (Q) bands 
High spectral resolution IFU (R ~ 100,000) in L and M bands 

Angular resolution: 23 mas (3.5 µm) / 65 mas (10 µm)

Diffraction-limited imaging (10"x10" @ 25 mas) 
Long-slit spectroscopy (R ~ few hundred) 

High-Resolution IFU (50 nm / 0.5"x1" @ R=100,000)

Diffraction-limited imaging (10"x10" @ 70 mas) 
Long-slit spectroscopy (R ~ few hundred)

Smette+ 2015
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Footer 5

The AGN torus region – mission accomplished?
4 S. F. Hönig

near-IR emission
from sublimation region

mid-infrared  
“polar” cone

big blue bump

mid-IR disk

Figure 1. Schematic view of the pc-scale AGN infrared
emission consisting of a geometrically-thin disk in the equa-
torial plane (light brown) and a hollow dusty cone towards
the polar region (dark brown). The inner part of the disk
(pink) emits the near-IR emission dominating the 3 � 5µm
bump.

axis of the accretion disk and the axis of the hollow cone.
Alternatively, partial obscuration of one rim by the host
galaxy due to a misalignment of AGN and galaxy rota-
tion axis may contribute. A physical interpretation of
the two-component structure will be discussed in Sect. 4.

3. THE MOLECULAR VIEW: DISKS

3.1. CO lines observed with ALMA

While sub-mm observations of AGN have been pre-
viously performed (e.g. Sanders et al. 1989; Barvainis
& Antonucci 1989; Planesas et al. 1991; Jackson et al.
1993; Tacconi et al. 1994, 1999; Schinnerer et al. 1999,
2000b; Davies et al. 2004; Krips et al. 2005; Casasola et
al. 2008), ALMA revolutionised spatial resolution, uv-
plane, and frequency coverage. Several authors have
presented results for nearby (D < 50Mpc) Seyfert and
low-luminosity AGN with spatial resolution of the or-
der of a few to 10 pc, i.e. only slightly lower than the
VLT interferometer in the IR (e.g. Combes et al. 2013,
2014; Garćıa-Burillo et al. 2014; Imanishi et al. 2016;
Gallimore et al. 2016; Garćıa-Burillo et al. 2016; Audib-
ert et al. 2017; Imanishi et al. 2018; Alonso-Herrero et al.
2018; Combes et al. 2019; Alonso-Herrero et al. 2019).
Most of these observations specifically target various ro-
tational bands of CO, HCN, and HCO+, tracing gas
densities of a few ⇥104 cm�3 to 106 cm�3.
The kinematics observed in the molecular emission

lines can be complex, with influences from the host
galaxy on larger scales (&100 pc, e.g. via bars or other
dynamic resonances) and rotation and outflows dom-

inating smaller scales (e.g. Imanishi et al. 2016; Gal-
limore et al. 2016; Garćıa-Burillo et al. 2016; Aalto et
al. 2016; Audibert et al. 2017; Aalto et al. 2017; Alonso-
Herrero et al. 2018; Combes et al. 2019; Alonso-Herrero
et al. 2019). The central 30�50 pc in Seyfert nuclei re-
cently observed with ALMA do have in common that
they show a clear rotational pattern for the bulk of the
CO gas1. An overview of extracted nuclear disk prop-
erties of Seyfert-type AGN are listed in Table 1. The
rotational velocities, vrot, and gas velocity dispersion, �,
have either been directly given in the referenced papers
or extracted from the moment maps and pv-diagrams.
Excluded are objects where the ALMA data has reso-
lution & 50 pc, where the publication does not convey
su�cient kinematic information to determine the scale
height, that do not unequivocally show AGN activity in
optical (Véron-Cetty, & Véron 2010) and X-ray observa-
tions (Baumgartner et al. 2013), or that have an implied
level of activity that would not typically identify them
as “normal” Seyfert AGN.
Assuming a disk in hydrostatic equilibrium (see

Sect. 4.2.1), it is possible to estimate the scale height
as H/R ⇡ �/vrot. The corresponding values for the
CO emission in local Seyfert galaxies are also shown in
Table 1. Interestingly, none of these molecular disks are
geometrically thick. The typical scale heights of the CO
gas in those ALMA observations is H/R ⇠ 0.15� 0.3.
The required scale height of a single obscurer in

terms of the torus picture can be inferred from num-
ber ratios of X-ray obscured (=type 2) and unobscured
(=type 1) sources assuming that the X-ray obscuring
gas is located within the “torus” region. Using the
X-ray background analysis from Ueda et al. (2014),
the ratio between type 1 (NH < 1022 cm�2) and type
2 (NH � 1022 cm�2) sources can be inferred in the
range of 1:1-2.3 for AGN with Seyfert luminosities of
⇠ 1042 � 1045 erg/s. This corresponds to an X-ray cov-
ering factor of ⇠ 0.3 � 0.72. From simple geometric
considerations, C = (H/R)/

p
1 + (H/R)2), which im-

plies that the observed CO gas has a covering factor of
only CCO ⇠ 0.2� 0.3.

1 At the time this was written, the various rotational levels
of CO had the best observational coverage across local Seyfert
galaxies. When comparing CO to other molecular lines, e.g HCN,
in some of the publications, the overall kinematic properties are
similar, though the spatial distribution may vary (see Sects. 4.2.2
& 5.1). Hence CO is used as a proxy here.

2 Ricci et al. (2017) showed that the X-ray covering factor in
hard X-ray-selected AGN is Eddington-ratio dependent. For Ed-
dington ratios consistent with Seyfert-type AGN in the range of
`Edd ⇠ 0.01 � 0.2 the observed covering factor is ⇠0.3�0.8, con-
sistent with the Ueda et al. (2014) result once the Eddington ratio
distribution is factored in.

Hönig 2019

What is the physical 
size and structure of 

the AGN-heated dust?

What is the kinematics of the 
ionised (and molecular?) gas in 
the nuclei of active galaxies?

How is energy fed back from 
the AGN to the host galaxy?

Is the „polar dust“ part of the 
outflow or just illuminated dust? 

Has it been re-processed?

Why are some galactic nuclei 
active, and others not?

~ 1-10 pc



low to properly detect dust emission from the polar region of
this intrinsically weak AGN, in particular since the system axis
is again close to our line of sight.

3.5. Reasons for a Mismatch of System Axis and MIR PA

The discussion of the individual objects above shows that an
apparent mismatch of the MIR and system axis PA can exist for

various reasons. On the one hand, most of the extended MIR
emission can originate from the edges of the ionization cones
(as in Circinus and NGC 1068), which is expected if the
emitting material is mostly located in the walls of a hollow
cone. On the other hand, the nuclear MIR emission can be
dominated by prominent host features around/in front of the
nucleus such as dust lanes (NGC 2992) and intense

Figure 1. Nuclear MIR emission images of the MIR-extended Seyferts from
Asmus et al. (2014), except Cygnus A, which is from Whysong & Antonucci
(2004). Filters are around 12 μm, except for NGC 3081 (∼18 μm). A square-
root color scale is used, with black corresponding to 20 times the standard
deviation of the background and white to the median background or lower. The
green lines denote the system axis PA and each is 100 pc long.

Figure 2. Distribution of the angular difference between the system axis and
MIR PAs for the MIR-extended Seyferts. Top: angular plot showing individual
objects as lines with Seyfert 1.x (2) in blue (red). The thick black line shows the
mean of all extended Seyferts with the black arcs indicating the standard
deviation. Gray dashed lines mark the angular difference between host and
MIR PAs for the same objects. Bottom: additive histogram of absolute
difference with the contribution of the Seyfert 1.x (2) objects marked in blue
(red). The distribution of the angular difference between the host and MIR PAs
for all MIR-extended Seyferts is shown as gray bars.
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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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Footer 7

The pc-scale dusty torus: a VLTI target

VLTI/MATISSE image of NGC 1068: Gámez Rosas et al. 2021 
(Nature — published yesterday!)



Most AGN „tori“ are oriented along 
the polar axis

Fig. 5: Best fit models for the elongated objects. For every ob-
ject we show the 12 µm image obtained from our best fit model
using a squared root scale. We add as a reference for the polar
axis of the system, when available, the PA obtained from optical
polarimetry (green dashed line) and from the symmetry axis of
the ionization cone (red dotted line).

gies (e.g. Schartmann et al. 2005) also show polar extension to
the zero-th order. Slightly asymmetries in the density distribu-
tion produced by filaments or clouds could then explain the lack
of asymmetry around the polar axis system. Additional informa-
tion, such as kinematics, would be needed to distinguish such a
scenario from, e.g. a disk wind scenario which would also pro-
duce polar-elongated emission (e.g. Wada 2012; Gallagher et al.
2013; Schartmann et al. 2014).

Fig. 6: Top) Comparison between the position angle of the mid-
infrared emission from the parsec-scale structure (PAMIR) and
the inferred position angle of the system polar axis (PApolar)
for the elongated objects. For completeness we also include the
marginally elongated object NGC4507 (blue triangle), no error-
bars are determined for this object. The dashed line represents a
one to one relation for the position angles. Bottom) Histogram
of the di↵erence between the inferred system polar axis and the
mid-infrared position angle obtained using interferometry. The
histogram including the marginally elongated object NGC4507
is shown in blue bars, while elongated objects are given with
black bars. Only objects with elongations obtained from inter-
ferometric data have been used here.

While with infrared “images” alone we cannot provide a
complete panorama about the structure of the torus, our result
of the polar extended emission should serve as a constraint for
dusty models that attempt to provide a description of the dusty
environment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be done to see if
derived torus properties, such as covering factors, torus sizes,
cloud numbers from torus models that reproduce the polar-like
extended emission are consistent with the current models used
by the community.
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one to one relation for the position angles. Bottom) Histogram
of the di↵erence between the inferred system polar axis and the
mid-infrared position angle obtained using interferometry. The
histogram including the marginally elongated object NGC4507
is shown in blue bars, while elongated objects are given with
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ferometric data have been used here.

While with infrared “images” alone we cannot provide a
complete panorama about the structure of the torus, our result
of the polar extended emission should serve as a constraint for
dusty models that attempt to provide a description of the dusty
environment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be done to see if
derived torus properties, such as covering factors, torus sizes,
cloud numbers from torus models that reproduce the polar-like
extended emission are consistent with the current models used
by the community.
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Lopez-Gonzaga et al. 2016; see also Hönig+ 2012, 2013, Tristram+ 2014, Lopez-Gonzaga+ 2014, Leftley+ 2018



A correlation between extended 
extended flux and Eddington ratio?

the correlation found in Sy2s, the Sy1s cover a smaller range of
Eddington Ratios. If we take the Sy2 data without errors we get a
z (standard score) value of 2.8 when testing the null hypothesis
which, in this case, is that the data are uncorrelated. Equivalently
this is a p-value of 0.005 where p is the two sided Spearman rank
null hypothesis probability. As a more rigorous test of this
correlation we Bootstrap, with replacement, the Spearman rank so
as to include the errors on the measurements and to reduce the
effect of outliers on any correlation.

Instead of just taking the 1σ errors on the objects in this
paper and the upper limit of NGC 2110 we can directly use
their probability distributions from the MCMC Bayesian fitting

which is a better representation of their true probability
distributions. When we do this for all our objects the z value
becomes 2.4 (p-value of 0.016). The Spearman rank correlation
coefficient (rho) using the errors is 0.65.
In these results we do not include NGC 1052 from Fernández-

Ontiveros et al. (2019) due to their conclusion that the mid-IR
photons do not arise from thermal emission. This would make it
unsuitable for our study of radiation pressure. However, the
presence of silicate emission and nuclear obscuration suggests
thermally emitting dust which could mean a very compact dust
core is responsible for significant parts of the mid-IR emission.
Therefore, we provide results with and without this object. With
this object the z value without errors becomes 3.3 and with
bootstrapped errors 3.0 (p-value of 0.001 and 0.002 respectively)
using an unresolved fraction of 0.96 from their Figure 3. The rho,
with errors included, becomes 0.71.
These results are highly suggestive of a positive correlation

between the extended source flux fraction and the Eddington ratio.
This correlation could, for example, be influenced by the
resolution effect. Farther sources would, in theory, be less
resolved because these sources would have more of their would-
be “extended” emission included in the unresolved emission.
Although, we would expect this effect to cause the opposite
correlation due to more distant objects generally being more
powerful, ergo bright enough to detect with MIDI, and, therefore,
likely to be higher Eddington ratio objects. Consequently, we
compare the flux ratio to the distance (Figure 5) and X-ray
luminosity (Figure 6). We find no significant correlation between
either of these quantities and the flux ratio. This therefore
reinforces the idea that the correlation is truly between flux ratio
and Eddington ratio. We discuss this further in the next section.

Figure 4. Flux ratio against Eddington ratio for all objects, including NGC 1052.

Figure 3. Ratio of extended source flux to unresolved source flux for Sy2 objects compared to their Eddington ratio. The purple points are the objects discussed in this
paper, the orange point is NGC 1052 from Fernández-Ontiveros et al. (2019). The red line overlaid is the linear best fit, with 1σ errors, to the purple points and the gray
dashed line is the same but includes the orange point.
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Footer 10

VLTI observations of nearby AGNs

63The Messenger 154 – December 2013

–  What are the elongations of the dust 
structures and how do they relate to the 
other axes in these systems? Is the 
dust chemistry of the nuclear structures 
different to that on larger scales?

–  Is there a connection between nuclear 
star clusters and the genesis of the 
torus? This more far-reaching question 
will be addressed using a combination 
of observational data (with an important 
constraint from the MIDI observations 
reported here) together with hydrody-
namical simulations (Schartmann et al., 
2010).

Observations

#TD�SN�SGD�RODBHjB�CHRSQHATSHNM�NE�,(1�
 target brightnesses (Figure 2), enlarging 
the sample was only possible by observ-
ing targets that were at least ten times 
fainter (and much more distant) than the 
two initially studied AGNs. NGC 1068 and 
the Circinus galaxy are among the clos-
est AGNs with distances of 14 and 4 Mpc 
respectively. The most distant object that 

–  What are the morphology and the size  
of the nuclear structures? Are type  
1/2 sources intrinsically different on 
parsec scales? These phenomenologi-
cal questions are directly addressable 
from the interferometric data and are  
the focus of this article (see Burtscher 
et al., 2013);
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Figure 2.�'HRSNFQ@L�NE�LHC�HMEQ@QDC�kTWDR�NE� &-R�
that have been interferometrically detected with MIDI 
�NODM�A@QR���jKKDC�A@QR�@QD�ENQ�RNTQBDR�RSTCHDC�HM�
Burtscher et al. (2013), and discussed in this article. 
In order to increase the sample beyond the two 
brightest sources, the sensitivity had to be increased 
by more than a factor of ten. 
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Figure 3. Nuclear mor-
phologies of AGNs in 
the MIR revealed by 
MIDI. Left: resolved 
source with an addi-
tional unresolved com-
ponent (visibility de -
creases with baseline 
length, but is always > 
0); middle: over-resolved 
source with an addi-
tional unresolved com-
ponent (visibility is ~ 
constant with baseline 
length and < 1); right: 
essentially unresolved 
source (visibility is ~ 1 
on all baselines with 
only a shallow decrease). 
Top row: intensity dis-
tribution in image space; 
bottom row: radial visi-
AHKHSX�OQNjKDR�NE�QDOQD-
sentatives of the three 
different nuclear MIR 
morphologies observed 
in the MIDI AGN Large 
Programme: MCG-05-
23-16, NGC 4151 and 
,QJŰ����

Burtscher+ 2013
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SimMETIS simulations

Radiation driven AGN feedback as seen by METIS

hydrodynamical model: Schartmann + 2014 
SimMETIS simulation by Violeta Gamez-Rosas

Eddington ratio 
λ = 1% λ = 10% λ = 20%

N band Imaging L/M band Imaging



The mid-IR spectroscopic 
menu

recombination lines: Br ⍺ 4.05 µm, 
Pf β 4.65 µm

coronal lines [Ar VI] 3.67 µm, [Si IX] 3.94 
µm, [Ca VII] 4.09 µm, [Ca V] 4.16 µm

Silicate absorption feature (+ more 
dust species): 9.7 µm

more NLR lines: [Ne II] 
12.8 µm, [S IV] 10.5 µm, ]Ar 

III] 8.99 µm

Geballe+ 2009
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molecular transitions: hydrocarbons, 
CO fundamental ro-vibrational band 

(+isotopes?) 4.6 - 5 µm, warm H2, 
PAHs: 3.3, 8.6, 11.3 µm
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Footer 13

What is the nature of the polar dust?

4 S. F. Hönig

near-IR emission
from sublimation region

mid-infrared  
“polar” cone

big blue bump

mid-IR disk

Figure 1. Schematic view of the pc-scale AGN infrared
emission consisting of a geometrically-thin disk in the equa-
torial plane (light brown) and a hollow dusty cone towards
the polar region (dark brown). The inner part of the disk
(pink) emits the near-IR emission dominating the 3 � 5µm
bump.

axis of the accretion disk and the axis of the hollow cone.
Alternatively, partial obscuration of one rim by the host
galaxy due to a misalignment of AGN and galaxy rota-
tion axis may contribute. A physical interpretation of
the two-component structure will be discussed in Sect. 4.

3. THE MOLECULAR VIEW: DISKS

3.1. CO lines observed with ALMA

While sub-mm observations of AGN have been pre-
viously performed (e.g. Sanders et al. 1989; Barvainis
& Antonucci 1989; Planesas et al. 1991; Jackson et al.
1993; Tacconi et al. 1994, 1999; Schinnerer et al. 1999,
2000b; Davies et al. 2004; Krips et al. 2005; Casasola et
al. 2008), ALMA revolutionised spatial resolution, uv-
plane, and frequency coverage. Several authors have
presented results for nearby (D < 50Mpc) Seyfert and
low-luminosity AGN with spatial resolution of the or-
der of a few to 10 pc, i.e. only slightly lower than the
VLT interferometer in the IR (e.g. Combes et al. 2013,
2014; Garćıa-Burillo et al. 2014; Imanishi et al. 2016;
Gallimore et al. 2016; Garćıa-Burillo et al. 2016; Audib-
ert et al. 2017; Imanishi et al. 2018; Alonso-Herrero et al.
2018; Combes et al. 2019; Alonso-Herrero et al. 2019).
Most of these observations specifically target various ro-
tational bands of CO, HCN, and HCO+, tracing gas
densities of a few ⇥104 cm�3 to 106 cm�3.
The kinematics observed in the molecular emission

lines can be complex, with influences from the host
galaxy on larger scales (&100 pc, e.g. via bars or other
dynamic resonances) and rotation and outflows dom-

inating smaller scales (e.g. Imanishi et al. 2016; Gal-
limore et al. 2016; Garćıa-Burillo et al. 2016; Aalto et
al. 2016; Audibert et al. 2017; Aalto et al. 2017; Alonso-
Herrero et al. 2018; Combes et al. 2019; Alonso-Herrero
et al. 2019). The central 30�50 pc in Seyfert nuclei re-
cently observed with ALMA do have in common that
they show a clear rotational pattern for the bulk of the
CO gas1. An overview of extracted nuclear disk prop-
erties of Seyfert-type AGN are listed in Table 1. The
rotational velocities, vrot, and gas velocity dispersion, �,
have either been directly given in the referenced papers
or extracted from the moment maps and pv-diagrams.
Excluded are objects where the ALMA data has reso-
lution & 50 pc, where the publication does not convey
su�cient kinematic information to determine the scale
height, that do not unequivocally show AGN activity in
optical (Véron-Cetty, & Véron 2010) and X-ray observa-
tions (Baumgartner et al. 2013), or that have an implied
level of activity that would not typically identify them
as “normal” Seyfert AGN.
Assuming a disk in hydrostatic equilibrium (see

Sect. 4.2.1), it is possible to estimate the scale height
as H/R ⇡ �/vrot. The corresponding values for the
CO emission in local Seyfert galaxies are also shown in
Table 1. Interestingly, none of these molecular disks are
geometrically thick. The typical scale heights of the CO
gas in those ALMA observations is H/R ⇠ 0.15� 0.3.
The required scale height of a single obscurer in

terms of the torus picture can be inferred from num-
ber ratios of X-ray obscured (=type 2) and unobscured
(=type 1) sources assuming that the X-ray obscuring
gas is located within the “torus” region. Using the
X-ray background analysis from Ueda et al. (2014),
the ratio between type 1 (NH < 1022 cm�2) and type
2 (NH � 1022 cm�2) sources can be inferred in the
range of 1:1-2.3 for AGN with Seyfert luminosities of
⇠ 1042 � 1045 erg/s. This corresponds to an X-ray cov-
ering factor of ⇠ 0.3 � 0.72. From simple geometric
considerations, C = (H/R)/

p
1 + (H/R)2), which im-

plies that the observed CO gas has a covering factor of
only CCO ⇠ 0.2� 0.3.

1 At the time this was written, the various rotational levels
of CO had the best observational coverage across local Seyfert
galaxies. When comparing CO to other molecular lines, e.g HCN,
in some of the publications, the overall kinematic properties are
similar, though the spatial distribution may vary (see Sects. 4.2.2
& 5.1). Hence CO is used as a proxy here.

2 Ricci et al. (2017) showed that the X-ray covering factor in
hard X-ray-selected AGN is Eddington-ratio dependent. For Ed-
dington ratios consistent with Seyfert-type AGN in the range of
`Edd ⇠ 0.01 � 0.2 the observed covering factor is ⇠0.3�0.8, con-
sistent with the Ueda et al. (2014) result once the Eddington ratio
distribution is factored in.

scenario 1: dust flows inwards 
until the sublimation zone, gets 
lifted off the midplane by IR 
radiation pressure

4 S. F. Hönig

near-IR emission
from sublimation region

mid-infrared  
“polar” cone

big blue bump

mid-IR disk

Figure 1. Schematic view of the pc-scale AGN infrared
emission consisting of a geometrically-thin disk in the equa-
torial plane (light brown) and a hollow dusty cone towards
the polar region (dark brown). The inner part of the disk
(pink) emits the near-IR emission dominating the 3 � 5µm
bump.

axis of the accretion disk and the axis of the hollow cone.
Alternatively, partial obscuration of one rim by the host
galaxy due to a misalignment of AGN and galaxy rota-
tion axis may contribute. A physical interpretation of
the two-component structure will be discussed in Sect. 4.

3. THE MOLECULAR VIEW: DISKS

3.1. CO lines observed with ALMA

While sub-mm observations of AGN have been pre-
viously performed (e.g. Sanders et al. 1989; Barvainis
& Antonucci 1989; Planesas et al. 1991; Jackson et al.
1993; Tacconi et al. 1994, 1999; Schinnerer et al. 1999,
2000b; Davies et al. 2004; Krips et al. 2005; Casasola et
al. 2008), ALMA revolutionised spatial resolution, uv-
plane, and frequency coverage. Several authors have
presented results for nearby (D < 50Mpc) Seyfert and
low-luminosity AGN with spatial resolution of the or-
der of a few to 10 pc, i.e. only slightly lower than the
VLT interferometer in the IR (e.g. Combes et al. 2013,
2014; Garćıa-Burillo et al. 2014; Imanishi et al. 2016;
Gallimore et al. 2016; Garćıa-Burillo et al. 2016; Audib-
ert et al. 2017; Imanishi et al. 2018; Alonso-Herrero et al.
2018; Combes et al. 2019; Alonso-Herrero et al. 2019).
Most of these observations specifically target various ro-
tational bands of CO, HCN, and HCO+, tracing gas
densities of a few ⇥104 cm�3 to 106 cm�3.
The kinematics observed in the molecular emission

lines can be complex, with influences from the host
galaxy on larger scales (&100 pc, e.g. via bars or other
dynamic resonances) and rotation and outflows dom-

inating smaller scales (e.g. Imanishi et al. 2016; Gal-
limore et al. 2016; Garćıa-Burillo et al. 2016; Aalto et
al. 2016; Audibert et al. 2017; Aalto et al. 2017; Alonso-
Herrero et al. 2018; Combes et al. 2019; Alonso-Herrero
et al. 2019). The central 30�50 pc in Seyfert nuclei re-
cently observed with ALMA do have in common that
they show a clear rotational pattern for the bulk of the
CO gas1. An overview of extracted nuclear disk prop-
erties of Seyfert-type AGN are listed in Table 1. The
rotational velocities, vrot, and gas velocity dispersion, �,
have either been directly given in the referenced papers
or extracted from the moment maps and pv-diagrams.
Excluded are objects where the ALMA data has reso-
lution & 50 pc, where the publication does not convey
su�cient kinematic information to determine the scale
height, that do not unequivocally show AGN activity in
optical (Véron-Cetty, & Véron 2010) and X-ray observa-
tions (Baumgartner et al. 2013), or that have an implied
level of activity that would not typically identify them
as “normal” Seyfert AGN.
Assuming a disk in hydrostatic equilibrium (see

Sect. 4.2.1), it is possible to estimate the scale height
as H/R ⇡ �/vrot. The corresponding values for the
CO emission in local Seyfert galaxies are also shown in
Table 1. Interestingly, none of these molecular disks are
geometrically thick. The typical scale heights of the CO
gas in those ALMA observations is H/R ⇠ 0.15� 0.3.
The required scale height of a single obscurer in

terms of the torus picture can be inferred from num-
ber ratios of X-ray obscured (=type 2) and unobscured
(=type 1) sources assuming that the X-ray obscuring
gas is located within the “torus” region. Using the
X-ray background analysis from Ueda et al. (2014),
the ratio between type 1 (NH < 1022 cm�2) and type
2 (NH � 1022 cm�2) sources can be inferred in the
range of 1:1-2.3 for AGN with Seyfert luminosities of
⇠ 1042 � 1045 erg/s. This corresponds to an X-ray cov-
ering factor of ⇠ 0.3 � 0.72. From simple geometric
considerations, C = (H/R)/

p
1 + (H/R)2), which im-

plies that the observed CO gas has a covering factor of
only CCO ⇠ 0.2� 0.3.

1 At the time this was written, the various rotational levels
of CO had the best observational coverage across local Seyfert
galaxies. When comparing CO to other molecular lines, e.g HCN,
in some of the publications, the overall kinematic properties are
similar, though the spatial distribution may vary (see Sects. 4.2.2
& 5.1). Hence CO is used as a proxy here.

2 Ricci et al. (2017) showed that the X-ray covering factor in
hard X-ray-selected AGN is Eddington-ratio dependent. For Ed-
dington ratios consistent with Seyfert-type AGN in the range of
`Edd ⇠ 0.01 � 0.2 the observed covering factor is ⇠0.3�0.8, con-
sistent with the Ueda et al. (2014) result once the Eddington ratio
distribution is factored in.

scenario 2: dust flows inwards, 
gets destroyed, UV radiation 
illuminates host galaxy dust
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N band long-slit 
spectroscopy
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Footer 14

Hidden broad-line regions L/M band long-
slit spectroscopy

L/M band high-
resolution integral-
field spectroscopy

Br ⍺ (4.05 µm) vs. Br ɣ 
(2.166 µm): Sensitivity 
(for unresolved lines) ~ 
30x better in HARMONI 
than METIS, but ⍺ ~ 3x 
brighter than ɣ and 
extinction ~ 2-3x lowerD. Lutz et al.: Infrared spectroscopy around 4 µm of Seyfert 2 galaxies 441

Fig. 1. ISAAC 4 µm spectra of 12 Seyfert 2 galaxies. Noise increases towards the long wavelength end because of increasing atmospheric
opacity.

little suited because of di�culties to correct for their intrin-
sic hydrogen and helium absorption lines, and in some cases
emission lines. More satisfactory correction of atmospheric ab-
sorption was achieved using early G star spectra which had
first been corrected for their significant intrinsic spectral struc-
ture using the high resolution solar spectrum provided at the

ESO ISAAC web pages. This solar spectrum was convolved
to the appropriate resolution and slightly shifted and scaled, to
give optimum cancellation of G star features when dividing a
G star and solar spectrum. Since we are interested mostly in
the inner region showing dust and BLR rather than NLR emis-
sion we used optimum extraction of the spectra to get the best

D. Lutz et al.: Infrared spectroscopy around 4 µm of Seyfert 2 galaxies 441

Fig. 1. ISAAC 4 µm spectra of 12 Seyfert 2 galaxies. Noise increases towards the long wavelength end because of increasing atmospheric
opacity.

little suited because of di�culties to correct for their intrin-
sic hydrogen and helium absorption lines, and in some cases
emission lines. More satisfactory correction of atmospheric ab-
sorption was achieved using early G star spectra which had
first been corrected for their significant intrinsic spectral struc-
ture using the high resolution solar spectrum provided at the

ESO ISAAC web pages. This solar spectrum was convolved
to the appropriate resolution and slightly shifted and scaled, to
give optimum cancellation of G star features when dividing a
G star and solar spectrum. Since we are interested mostly in
the inner region showing dust and BLR rather than NLR emis-
sion we used optimum extraction of the spectra to get the best

Ratio broad/narrow Br ⍺ = 4Ratio broad/narrow Br ⍺ <~ 1

Lutz+ 2002

Combine METIS + 
HARMONI for 
better extinction + 
excitation 
measurements (as 
in e.g. Schnorr-
Müller+ 2016)

Use METIS 
LMS for 
spectro-
astrometry of 
obscured 
BLRs? 
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The METIS simulator
https://metis.strw.leidenuniv.nl/simmetis/ 
—> new version coming next week! <—
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Summary 
METIS and the AGN torus

• Using mid-IR interferometry + imaging 
we have resolved the nuclear dust 
structures in ~ 30 nearby AGNs. On the 
parsec-scale, the AGN heated dust is 
mostly elongated along the polar direction.


• With ELT/METIS we will be able to image 
the base of the dusty AGN outflow in 100s 
of local AGNs and relate the torus 
phenomenology to physical parameters of 
the AGN.


• METIS FDR: 2022; first light: ~ 2028

Fig. 5: Best fit models for the elongated objects. For every ob-
ject we show the 12 µm image obtained from our best fit model
using a squared root scale. We add as a reference for the polar
axis of the system, when available, the PA obtained from optical
polarimetry (green dashed line) and from the symmetry axis of
the ionization cone (red dotted line).

gies (e.g. Schartmann et al. 2005) also show polar extension to
the zero-th order. Slightly asymmetries in the density distribu-
tion produced by filaments or clouds could then explain the lack
of asymmetry around the polar axis system. Additional informa-
tion, such as kinematics, would be needed to distinguish such a
scenario from, e.g. a disk wind scenario which would also pro-
duce polar-elongated emission (e.g. Wada 2012; Gallagher et al.
2013; Schartmann et al. 2014).

Fig. 6: Top) Comparison between the position angle of the mid-
infrared emission from the parsec-scale structure (PAMIR) and
the inferred position angle of the system polar axis (PApolar)
for the elongated objects. For completeness we also include the
marginally elongated object NGC4507 (blue triangle), no error-
bars are determined for this object. The dashed line represents a
one to one relation for the position angles. Bottom) Histogram
of the di↵erence between the inferred system polar axis and the
mid-infrared position angle obtained using interferometry. The
histogram including the marginally elongated object NGC4507
is shown in blue bars, while elongated objects are given with
black bars. Only objects with elongations obtained from inter-
ferometric data have been used here.

While with infrared “images” alone we cannot provide a
complete panorama about the structure of the torus, our result
of the polar extended emission should serve as a constraint for
dusty models that attempt to provide a description of the dusty
environment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be done to see if
derived torus properties, such as covering factors, torus sizes,
cloud numbers from torus models that reproduce the polar-like
extended emission are consistent with the current models used
by the community.

Article number, page 10 of 12

Fig. 5: Best fit models for the elongated objects. For every ob-
ject we show the 12 µm image obtained from our best fit model
using a squared root scale. We add as a reference for the polar
axis of the system, when available, the PA obtained from optical
polarimetry (green dashed line) and from the symmetry axis of
the ionization cone (red dotted line).

gies (e.g. Schartmann et al. 2005) also show polar extension to
the zero-th order. Slightly asymmetries in the density distribu-
tion produced by filaments or clouds could then explain the lack
of asymmetry around the polar axis system. Additional informa-
tion, such as kinematics, would be needed to distinguish such a
scenario from, e.g. a disk wind scenario which would also pro-
duce polar-elongated emission (e.g. Wada 2012; Gallagher et al.
2013; Schartmann et al. 2014).

Fig. 6: Top) Comparison between the position angle of the mid-
infrared emission from the parsec-scale structure (PAMIR) and
the inferred position angle of the system polar axis (PApolar)
for the elongated objects. For completeness we also include the
marginally elongated object NGC4507 (blue triangle), no error-
bars are determined for this object. The dashed line represents a
one to one relation for the position angles. Bottom) Histogram
of the di↵erence between the inferred system polar axis and the
mid-infrared position angle obtained using interferometry. The
histogram including the marginally elongated object NGC4507
is shown in blue bars, while elongated objects are given with
black bars. Only objects with elongations obtained from inter-
ferometric data have been used here.

While with infrared “images” alone we cannot provide a
complete panorama about the structure of the torus, our result
of the polar extended emission should serve as a constraint for
dusty models that attempt to provide a description of the dusty
environment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be done to see if
derived torus properties, such as covering factors, torus sizes,
cloud numbers from torus models that reproduce the polar-like
extended emission are consistent with the current models used
by the community.

Article number, page 10 of 12

Fig. 5: Best fit models for the elongated objects. For every ob-
ject we show the 12 µm image obtained from our best fit model
using a squared root scale. We add as a reference for the polar
axis of the system, when available, the PA obtained from optical
polarimetry (green dashed line) and from the symmetry axis of
the ionization cone (red dotted line).

gies (e.g. Schartmann et al. 2005) also show polar extension to
the zero-th order. Slightly asymmetries in the density distribu-
tion produced by filaments or clouds could then explain the lack
of asymmetry around the polar axis system. Additional informa-
tion, such as kinematics, would be needed to distinguish such a
scenario from, e.g. a disk wind scenario which would also pro-
duce polar-elongated emission (e.g. Wada 2012; Gallagher et al.
2013; Schartmann et al. 2014).

Fig. 6: Top) Comparison between the position angle of the mid-
infrared emission from the parsec-scale structure (PAMIR) and
the inferred position angle of the system polar axis (PApolar)
for the elongated objects. For completeness we also include the
marginally elongated object NGC4507 (blue triangle), no error-
bars are determined for this object. The dashed line represents a
one to one relation for the position angles. Bottom) Histogram
of the di↵erence between the inferred system polar axis and the
mid-infrared position angle obtained using interferometry. The
histogram including the marginally elongated object NGC4507
is shown in blue bars, while elongated objects are given with
black bars. Only objects with elongations obtained from inter-
ferometric data have been used here.

While with infrared “images” alone we cannot provide a
complete panorama about the structure of the torus, our result
of the polar extended emission should serve as a constraint for
dusty models that attempt to provide a description of the dusty
environment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be done to see if
derived torus properties, such as covering factors, torus sizes,
cloud numbers from torus models that reproduce the polar-like
extended emission are consistent with the current models used
by the community.

Article number, page 10 of 12

Fig. 5: Best fit models for the elongated objects. For every ob-
ject we show the 12 µm image obtained from our best fit model
using a squared root scale. We add as a reference for the polar
axis of the system, when available, the PA obtained from optical
polarimetry (green dashed line) and from the symmetry axis of
the ionization cone (red dotted line).

gies (e.g. Schartmann et al. 2005) also show polar extension to
the zero-th order. Slightly asymmetries in the density distribu-
tion produced by filaments or clouds could then explain the lack
of asymmetry around the polar axis system. Additional informa-
tion, such as kinematics, would be needed to distinguish such a
scenario from, e.g. a disk wind scenario which would also pro-
duce polar-elongated emission (e.g. Wada 2012; Gallagher et al.
2013; Schartmann et al. 2014).

Fig. 6: Top) Comparison between the position angle of the mid-
infrared emission from the parsec-scale structure (PAMIR) and
the inferred position angle of the system polar axis (PApolar)
for the elongated objects. For completeness we also include the
marginally elongated object NGC4507 (blue triangle), no error-
bars are determined for this object. The dashed line represents a
one to one relation for the position angles. Bottom) Histogram
of the di↵erence between the inferred system polar axis and the
mid-infrared position angle obtained using interferometry. The
histogram including the marginally elongated object NGC4507
is shown in blue bars, while elongated objects are given with
black bars. Only objects with elongations obtained from inter-
ferometric data have been used here.

While with infrared “images” alone we cannot provide a
complete panorama about the structure of the torus, our result
of the polar extended emission should serve as a constraint for
dusty models that attempt to provide a description of the dusty
environment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be done to see if
derived torus properties, such as covering factors, torus sizes,
cloud numbers from torus models that reproduce the polar-like
extended emission are consistent with the current models used
by the community.

Article number, page 10 of 12
Fig. 5: Best fit models for the elongated objects. For every ob-
ject we show the 12 µm image obtained from our best fit model
using a squared root scale. We add as a reference for the polar
axis of the system, when available, the PA obtained from optical
polarimetry (green dashed line) and from the symmetry axis of
the ionization cone (red dotted line).

gies (e.g. Schartmann et al. 2005) also show polar extension to
the zero-th order. Slightly asymmetries in the density distribu-
tion produced by filaments or clouds could then explain the lack
of asymmetry around the polar axis system. Additional informa-
tion, such as kinematics, would be needed to distinguish such a
scenario from, e.g. a disk wind scenario which would also pro-
duce polar-elongated emission (e.g. Wada 2012; Gallagher et al.
2013; Schartmann et al. 2014).

Fig. 6: Top) Comparison between the position angle of the mid-
infrared emission from the parsec-scale structure (PAMIR) and
the inferred position angle of the system polar axis (PApolar)
for the elongated objects. For completeness we also include the
marginally elongated object NGC4507 (blue triangle), no error-
bars are determined for this object. The dashed line represents a
one to one relation for the position angles. Bottom) Histogram
of the di↵erence between the inferred system polar axis and the
mid-infrared position angle obtained using interferometry. The
histogram including the marginally elongated object NGC4507
is shown in blue bars, while elongated objects are given with
black bars. Only objects with elongations obtained from inter-
ferometric data have been used here.

While with infrared “images” alone we cannot provide a
complete panorama about the structure of the torus, our result
of the polar extended emission should serve as a constraint for
dusty models that attempt to provide a description of the dusty
environment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be done to see if
derived torus properties, such as covering factors, torus sizes,
cloud numbers from torus models that reproduce the polar-like
extended emission are consistent with the current models used
by the community.

Article number, page 10 of 12

Fig. 5: Best fit models for the elongated objects. For every ob-
ject we show the 12 µm image obtained from our best fit model
using a squared root scale. We add as a reference for the polar
axis of the system, when available, the PA obtained from optical
polarimetry (green dashed line) and from the symmetry axis of
the ionization cone (red dotted line).

gies (e.g. Schartmann et al. 2005) also show polar extension to
the zero-th order. Slightly asymmetries in the density distribu-
tion produced by filaments or clouds could then explain the lack
of asymmetry around the polar axis system. Additional informa-
tion, such as kinematics, would be needed to distinguish such a
scenario from, e.g. a disk wind scenario which would also pro-
duce polar-elongated emission (e.g. Wada 2012; Gallagher et al.
2013; Schartmann et al. 2014).

Fig. 6: Top) Comparison between the position angle of the mid-
infrared emission from the parsec-scale structure (PAMIR) and
the inferred position angle of the system polar axis (PApolar)
for the elongated objects. For completeness we also include the
marginally elongated object NGC4507 (blue triangle), no error-
bars are determined for this object. The dashed line represents a
one to one relation for the position angles. Bottom) Histogram
of the di↵erence between the inferred system polar axis and the
mid-infrared position angle obtained using interferometry. The
histogram including the marginally elongated object NGC4507
is shown in blue bars, while elongated objects are given with
black bars. Only objects with elongations obtained from inter-
ferometric data have been used here.

While with infrared “images” alone we cannot provide a
complete panorama about the structure of the torus, our result
of the polar extended emission should serve as a constraint for
dusty models that attempt to provide a description of the dusty
environment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be done to see if
derived torus properties, such as covering factors, torus sizes,
cloud numbers from torus models that reproduce the polar-like
extended emission are consistent with the current models used
by the community.

Article number, page 10 of 12

Fig. 5: Best fit models for the elongated objects. For every ob-
ject we show the 12 µm image obtained from our best fit model
using a squared root scale. We add as a reference for the polar
axis of the system, when available, the PA obtained from optical
polarimetry (green dashed line) and from the symmetry axis of
the ionization cone (red dotted line).

gies (e.g. Schartmann et al. 2005) also show polar extension to
the zero-th order. Slightly asymmetries in the density distribu-
tion produced by filaments or clouds could then explain the lack
of asymmetry around the polar axis system. Additional informa-
tion, such as kinematics, would be needed to distinguish such a
scenario from, e.g. a disk wind scenario which would also pro-
duce polar-elongated emission (e.g. Wada 2012; Gallagher et al.
2013; Schartmann et al. 2014).

Fig. 6: Top) Comparison between the position angle of the mid-
infrared emission from the parsec-scale structure (PAMIR) and
the inferred position angle of the system polar axis (PApolar)
for the elongated objects. For completeness we also include the
marginally elongated object NGC4507 (blue triangle), no error-
bars are determined for this object. The dashed line represents a
one to one relation for the position angles. Bottom) Histogram
of the di↵erence between the inferred system polar axis and the
mid-infrared position angle obtained using interferometry. The
histogram including the marginally elongated object NGC4507
is shown in blue bars, while elongated objects are given with
black bars. Only objects with elongations obtained from inter-
ferometric data have been used here.

While with infrared “images” alone we cannot provide a
complete panorama about the structure of the torus, our result
of the polar extended emission should serve as a constraint for
dusty models that attempt to provide a description of the dusty
environment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be done to see if
derived torus properties, such as covering factors, torus sizes,
cloud numbers from torus models that reproduce the polar-like
extended emission are consistent with the current models used
by the community.

Article number, page 10 of 12

M
oc

k 
M

ET
IS

 o
bs

er
va

tio
n


