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Leonard Burtscher: Where is the torus?

The Seyfert dichotomy
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The „torus“: originally invented to explain type 1/2 dichotomy



Leonard Burtscher: Where is the torus?

The AGN (clumpy) "torus"
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e.g. Nenkova+ 2002, Hönig+ 2006, 
Schartmann+ 2008, Stalevski+ 2008, 

Hönig+ 2017

The AGN paradigm

22

Urry, Padovani 1995logarithmic scale!

Ingredients

• Super-Massive BH

• Accretion disk

• Broad-Line Region

• Narrow-Line Region

• Torus

• Jet (at least in some 
cases)

Antonucci 1993 +
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Leonard Burtscher: Where is the torus?

Connecting physical torus models to observables
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– outflow 
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torus structure

Nuclear star 
formation rate 
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structure

The Astrophysical Journal, 758:66 (10pp), 2012 October 10 Wada

Figure 4. Gas density in the quasi-steady state of two models: (top) LAGN/LE = 0.1 at t = 4.55 Myr and (bottom) LAGN/LE = 0.01 at t = 4.59 Myr. The vertical
slices indicate the x–z planes.
(A color version of this figure is available in the online journal.)

∂(ρv)/∂t + (v · ∇)v + ∇p = − ρ
(
∇Φ + f r

rad

)
, (2)

∂(ρE)/∂t + ∇ · [(ρE + p)v] − ρv · ∇Φ = ρΓUV(G0)
+ ρΓX − ρ2Λ(Tgas, fH2 ,G0), (3)

∇2Φsg = 4πGρ, (4)

where Φ(x) ≡ Φext(r) + ΦBH(r) + Φsg(x); ρ, p, and v denote
the density, pressure, and velocity of the gas, and the specific
total energy E ≡ |v|2/2 + p/(γ − 1)ρ, with γ = 5/3.
We assume a time-independent external potential Φext(r) ≡
−(27/4)1/2[v2

1/(r2+a2
1)1/2+v2

2/(r2+a2
2)1/2], where a1 = 100 pc,

a2 = 2.5 kpc, v1 = 147 km s−1, v2 = 147 km s−1, and
ΦBH(r) ≡ −GMBH/(r2 + b2)1/2, where MBH = 1.3 × 107 M⊙
(see Figure 1 in Wada et al. 2009 for the rotation curve). The
potential caused by the BH is smoothed within r ∼ b = 4δ,
where δ denotes the minimum grid size (= 0.25 pc), in order
to avoid too small time steps around the BH. In the central grid
cells at r < 2δ, physical quantities remain constant.

We solve the hydrodynamic part of the basic equations using
the advection upstream splitting method (Liou & Steffen 1993).
We use 2563 grid points. The uniform Cartesian grid covers
a 643 pc 3 region around the galactic center (i.e., the spatial

resolution is 0.25 pc). The Poisson equation, Equation (4), is
solved to calculate the self-gravity of the gas using the fast
Fourier transform and the convolution method with 5123 grid
points along with a periodic Green’s function. We solve the
non-equilibrium chemistry of hydrogen molecules along with
the hydrodynamic equations (Wada et al. 2009).

We consider the radial component of the radiation pressure:

f r
rad =

∫
χν Fr

ν

c
dν, (5)

where χν denotes the total mass extinction coefficient due to
dust absorption and Thomson scattering, i.e., χν ≡ χdust,ν + χT .
The radial component of the flux at the radius r, Fr

ν is

Fr
ν ≡ Lν(θ )e−τν

4πr2
er , (6)

where τν =
∫

χνρds.
The only explicit radiation source used here is an accretion

disk whose size is five orders of magnitude smaller than the
grid size in the present calculations. Therefore, we assumed
that radiation is emitted from a point source. However, the ra-
diation flux originating from the accretion disk is not neces-
sarily spherically symmetric (e.g., Netzer 1987). In our study,

4

10% Eddington rate

1% Eddington rate

More 3D (radiation) hydrodynamical 
simulations of the central regions of AGNs:  
e.g. Schartmann et al. 2009, 2010, 2014, 2018, 
Williamson et al., 2019, 2020
More radiative transfer calculations: see Marko 
Stalevski's talk



Leonard Burtscher: Where is the torus?

AGN tori in the mid-IR
Spatial resolution matters
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Leonard Burtscher: Where is the torus?

SED models for AGN tori
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Figure 7. High spatial resolution SEDs of the Sy2 galaxies. Solid lines correspond to the model described by the combination of parameters that maximizes their
probability distributions. Dashed lines represent the model computed with the median value of the probability distribution of each parameter. Shaded regions indicate
the range of models compatible with the 68% confidence interval for each parameter around the median. Green dots correspond to seeing-limited near-IR data.
(A color version of this figure is available in the online journal.)

choosing median values instead of modes is that the median
gives a less biased information about the result, since it takes
into account degeneracies, while the mode does not.

4.3.2. Intermediate-type Seyfert Individual Fits

We fit the Sy1.8 and Sy1.9 nuclei the same way we fit the Sy2
SEDs, namely considering only the reprocessed torus emission.
The optically broad lines and the relatively strong near-IR
fluxes of the Sy1.5, however, suggest that some direct AGN

contribution is also present in these cases. Thus, we include
the intrinsic AGN emission as a broken power law in these
models. The AGN scales self-consistently with the torus flux,
and additional extinction (separate from the clumpy torus) is a
free parameter. The resulting fits are plotted in Figure 8. The
Sy1 NGC 1566 is not included in the following because of the
lack of near-IR nuclear fluxes in the literature for it.

From the individual fits of the intermediate-type Seyfert
galaxies with the clumpy models, we find similarities and

On the other hand, the torus dominates the emission at short
wavelengths; at 2 !m, more than 80% of the flux measured
with apertures!100 comes from the torus even though its image
size is less than 0.04 00 (Weigelt et al. 2004).

These difficulties highlight a problem that afflicts all IR stud-
ies of AGNs. The torus emission can be expected to dominate the
AGN observed flux at near-IR because such emission requires
hot dust that exists only close to the center. But longer wave-
lengths originate from cooler dust, and the torus contribution can
be overwhelmed by the surrounding regions. Unfortunately, there
are not toomany sources like NGC 1068. No other AGN has been
observed as extensively and almost no other observations have
the angular resolution necessary to identify the torus component,
making it impossible to determine in any given source which are
the wavelengths dominated by torus emission. There are no easy
solutions to this problem. One possible workaround is to forgo
fitting of the spectral energy distribution (SED) in individual
sources and examine instead the observations of many sources
to identify characteristics that can be attributed to the torus sig-
nature. One example for the removal of the starburst component
is the Netzer et al. (2007) composite SED analysis of the Spitzer
observations of PG quasars. Netzer et al. identify two subgroups
of ‘‘weak FIR’’ and ‘‘strong FIR’’ QSOs and a third group of far-
IR (FIR) nondetections. Assuming a starburst origin for the FIR,
they subtract a starburst template from the mean SED of each
group. The residual SEDs are remarkably similar for all three
groups, and thus can be reasonably attributed to the intrinsic
AGN contribution, in spite of the many uncertainties. However,
while presumably intrinsic to the AGN, it is not clear what frac-
tion of this emission originates from the torus as opposed to the
ionization cones. An example of a sample analysis that may have
identified the torus component is the Hao et al. (2007) compi-
lation of Spitzer IR observations. In spite of the large aperture of
these measurements, Seyfert 1 and 2 galaxies show a markedly
different behavior for the 10 !m feature, both in their mean IR
SEDs and in their distributions of feature strength. Furthermore,
ultraluminous IR galaxies (ULIRGs) that are not associated with
AGNs show yet another, entirely different behavior, indicating
that the observed mean behavior of Seyfert galaxies is intrinsic
to the AGN. Accepting the framework of the unification scheme,
the differencesHao et al. find between the appearances of Seyfert 1
and 2 galaxies can be reasonably attributed to the torus contribu-

tion; the ionization cones’ dust is optically thin, and therefore its
IR emission is isotropic and cannot generate the observed differ-
ences between types 1 and 2.

Here we invoke both approaches in comparing our model pre-
dictions with observations. We start by assembling dusty clouds
into complete models of the torus, as described in x 2. Our model
predictions for torus emission and the implications for IR obser-
vations are presented in xx 3Y5, while in x 6 we discuss aspects
of clumpiness that are unrelated to the IR emission, such as the
torus mass and unification statistics. In x 7 we conclude with a
summary and discussion.

2. MODEL OF A CLUMPY TORUS

Consider an AGN with bolometric luminosity L surrounded
by a toroidal distribution of dusty clouds (Fig. 1). The ‘‘naked’’
AGN flux at distance D is FAGN ¼ L/4"D2 at any direction, but
because of absorption and reemission by the torus clouds the ac-
tual flux distribution is anisotropic, with the level of anisotropy
strongly dependent on wavelength. The grain mix has standard
interstellar properties (see x 3.1.1 of Paper I for details), and the
optical depth of each cloud is #V at visual.

2.1. Dust Sublimation

The distribution inner radius Rd is set by dust sublimation at
temperature Tsub. From x 3.1.2 in Paper I,

Rd ’ 0:4
L

1045 erg#1

! "1=2 1500 K

Tsub

! "2:6

pc: ð1Þ

Barvainis (1987) derived an almost identical relation for Rd. His
equation (5) has the same normalization and only a slight dif-
ference in the power of Tsub (2.8 instead of 2.6); this difference
reflects the more detailed radiative transfer calculations we per-
form. Here the distance Rd is determined from the temperature
on the illuminated face of an optically thick cloud of composite
dust representing the grain mixture. The sharp boundary we em-
ploy is an approximation. In reality, the transition between the
dusty and dust-free environments is gradual because individual
components of the mix sublimate at slightly different radii, with
the largest grains surviving closest to the AGN (Schartmann et al.
2005). From near-IR reverberation measurements, Minezaki et al.

Fig. 1.—Model geometry. Dusty clouds, each with an optical depth #V at visual, occupy a toroidal volume from inner radius Rd, determined by dust sublimation
(eq. [1]), to outer radius Ro ¼ YRd. The radial distribution is a power law r#q, and the total number of clouds along a radial equatorial ray is N 0. Various angular
distributions, characterized by a width parameter $, were considered. The angular distribution has a sharp edge on the left and a smooth boundary (e.g., a Gaussian) on
the right.
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Figure 10. σ vs. N0 for the individual galaxies. Either median values or upper/lower limits are taken from the fits presented here. Dots correspond to Type-1 Seyferts,
triangles to Sy1.8 and Sy1.9, and squares to Sy2. Error bars indicate 68% confidence level around the median. Note the segregation between Seyfert types, indicating
the intrinsic difference between their tori in terms of covering factor (indicated in contours). The big dot and square correspond to the average σ and N0 values for Sy1
and Sy2 from Table 10.
(A color version of this figure is available in the online journal.)

Figure 11. Joint posterior distributions of the torus covering factor (left panels) and escape probability (right panels) for Sy1 (top) and Sy2 galaxies (bottom). The
values of the Kullback–Leibler divergence obtained from the comparison between Sy1 and Sy2 are KLD = 28 for CT and KLD = 29 for Pesc.

for lower values of these parameters (especially N0 and σ ) in
Type-1 Seyferts increases the likelihood of unimpeded views of
some directly illuminated cloud faces (i.e., those on the “back”
side of the torus) and direct AGN emission, resulting in an
increase of the NIR flux. The latter can be represented in terms
of the escape probability Pesc (see Equation (4) in Nenkova et al.
2008a). For a total number of clouds NLOS along a path, Pesc ≃
exp(−NLOS) when the clouds are optically thick (τλ > 1).

In Figure 12, we show the dependence of the H/N ratio on
the escape probability. All the Sy2 are in the bottom left corner

of the diagram, whereas the Sy1 have higher values of the H/N
ratio and Pesc = [1%, 92%]. Sy1.8 and Sy1.9 galaxies present
intermediate values between those of Sy1 and Sy2. The derived
joint posterior distributions of the escape probabilities for Sy1
and Sy2 (KLD = 29 between them) are shown in Figure 11, and
the median values of the histograms are Pesc(Sy1) = 18% ± 3%
and Pesc(Sy2) = 0.05% ± 0.08

0.03%.
Thus, while for tori with high values of i, N0, and σ the

probability of having a direct view of the AGN is very little,
which increases for objects with narrower and less inclined

14



Resolving AGN tori

Resolution θmin of a single dish 
telescope:

θmin ~ λ/D (D: diameter of primary mirror)  

(10µ @ 8m: 300 milli-arcsec)

Interferometry

8



Resolving AGN tori

Resolution θmin in interferomery:

θmin ~ λ/2D (D: separation of telescopes)  
 
10µ @ 130m: 10 milli-arcsec (vs. 
300 mas for a single-dish 
observation)

Interferometry

8



Infrared Interferometry of AGNs

• Lopez-Gonzaga, 2017, MIDI, 1, no change in mid-IR torus 
structure in NGC 1068 despite X-ray variability


• Leftley+ 2018, MIDI, 1, polar elongation in ESO 323-G77


• Gravity Collab. 2018, GRAVITY, 1, spatially resolved 
rotation of the BLR of 3C 273


• Leftley+ 2019, MIDI, 33, a relation between extended 
emission and Eddington ratio of AGN


• Gravity Collab. 2019, GRAVITY, 8, size-luminosity relation 
and a possible deviation thereof in nearby Seyfert galaxies


• Gravity Collab. 2019, GRAVITY, 1, An image of the dust 
sublimation region in NGC 1068

Figure 2: Histogram of the total 12 µm fluxes of AGNs successfully observed with MIDI. Compared to the two
moderately bright sources, NGC 1068 and the Circinus galaxy, all other sources are about a factor of ten fainter.

2. INTERFEROMETRIC AGN OBSERVATIONS

Since the first interferometric observation of AGNs in the infrared25 with the Keck Interferometer,49 such obser-
vations have also been successfully performed with three interferometers at the VLTI: VINCI,50,51 MIDI52 and
AMBER.53 These interferometers have in common that they are sensitive at near- or mid-infrared wavelengths,
are assisted by AO systems and that they are fed by large, 8-10m class telescopes.

Observing AGNs by means of infrared interferometry is “hard” because AGNs are not very bright compared
to more typical targets of stellar interferometers. For example, NGC 1068 and the Circinus galaxy, the brightest
AGNs in the southern sky, o↵er a flux density of about 10 Jy at 12 µm, comparable to the faint end of objects
usually studied with this method.54,55 All other targets are at least about ten times fainter. The situation is
even more severe in the near-infrared where the atmosphere changes much more rapidly, requiring much shorter
fringe exposures and fast AO performances. In addition, it turned out that the angular size of the structure
in the near-infrared was found to be quite small at least for type 1 AGNs where AO works well with the
optically bright nucleus. Thus, with the currently available baseline lengths, the near-infrared structure is only
marginally resolved, except for NGC 1068 which is the only type 2 AGN successfully observed with near-infrared
interferometry so far.

Most AGNs were therefore studied in the mid-infrared with MIDI at the VLTI, which was the only mid-IR
interferometer so far that was sensitive enough to observe AGNs. There are, however, a number of technical
challenges for studying such faint sources in the thermal infrared, i.e. in the atmospheric window at 8–13 µm.
One of the di�culties in these observations was the fact that the standard visibility calibration is a very noisy
quantity for faint mid-infrared sources since it involves comparing the correlated with the uncorrelated flux of the
target. The latter is very di�cult to measure due to the intense and fast varying background in the mid-infrared,
aggravated by the fact that MIDI observes the sky after about 20 reflections on warm mirrors along the VLTI
beam train. This can be circumvented by comparing directly the correlated fluxes, which are less sensitive to
this noise since the noise is largely uncorrelated. But when comparing fluxes directly, it is necessary to know the
stability of the atmospheric transfer function as well as the total flux of the target from a separate, but ideally
close-in-time, observation. An additional challenge for the group-delay fringe tracking mechanism of MIDI is
that coherence losses start to become a significant problem for a signal-to-noise-ratio (SNR) lower than about
10. This problem was mitigated by measuring the coherence loss on “fake weak” sources (i.e. bright sources
mixed with noise) and deriving a correction function to apply to science data. Both of these calibration steps

Reference Interferometer # summary of result
Swain et al. 200325 KI 1 Marginally resolved emission in NGC 4151

Wittkowski et al. 200426 VINCI 1
Low near-IR visibility for NGC 1068 argues for two-component
model

Ja↵e et al. 200427 MIDI 1 Resolved two components of warm and hot dust in NGC 1068
Poncelet et al. 200628 MIDI 1 Re-analysis of the Ja↵e et al. 2004 MIDI data, find no hot dust
Meisenheimer et al. 200729 MIDI 1 Nucleus of Centaurus A: a dusty disk and synchrotron emission

Tristram et al. 200730 MIDI 1
Two-component structure of nuclear dust in Circinus, disk
component is warm and co-aligned with maser disk

Beckert et al. 200831 MIDI 1 Nuclear dust in NGC 3783 consistent with clumpy torus model
Kishimoto et al. 2009a32 MIDI & KI 4 Evidence for a common radial structure in AGN tori

Raban et al. 200933 MIDI 1
Two-component structure of nuclear dust in NGC 1068, disk
component is hot and co-aligned with maser disk

Tristram et al. 200934 MIDI 8
Mid-IR sizes roughly scale with

p
L, no clear distinction

between type 1 and type 2 sources

Burtscher et al. 200935 MIDI 1
The nuclear dust in the Seyfert 1 galaxy NGC 4151 has similar
properties as in Seyfert 2 galaxies

Kishimoto et al. 2009b36 KI 4
Interferometrically derived near-IR radii are slightly larger than
reverberation-based radii and therefore likely probing the
sublimation radius

Pott et al. 201037 KI 1
No change in near-IR size of circum-nuclear dust in NGC 4151
despite variable luminosity

Burtscher et al. 201038 MIDI 1 New mid-IR visibilities of Cen A do not fit well to a dust disk
Kishimoto et al. 2011a39 KI 8 Sublimation radius scales with

p
L

Tristram &
Schartmann 2011

40 MIDI 10
Di↵erences in mid-IR sizes between type 1 and type 2 sources,
expected from models, are not seen observationally.

Kishimoto et al. 2011b41 MIDI 6 Half-light radius in the mid-IR independent of luminosity
Weigelt et al. 201242 AMBER 1 Marginally resolved near-IR emission in NGC 3783

Hönig et al. 201243 MIDI 1
Majority of mid-IR emission originates from optically thin dust
in the polar region in NGC 424 and is part of the outflow

Hönig et al. 201344 MIDI 1 Detection of dust in the polar region of NGC 3783

Burtscher et al. 201345 MIDI 23
MIDI AGN Large Programme results: half-light radius in the
mid-IR scales with luminosity, but with large scatter;
tori show a large diversity in intrinsic structure

Kishimoto et al. 201346 KI 7 Evidence for a receding dust sublimation region in NGC 4151

Tristram et al. 201447 MIDI 1

Updated model for the Circinus galaxy including data from
shorter AT baselines; two-component structure confirmed with
larger structure in the polar direction; SED model predicts
sub-mm flux precisely as measured with ALMA;
no evidence for large amounts of cold gas

Lopez-Gonzaga et al. 201448 MIDI 1
Updated model for NGC 1068 including data from shorter
AT baselines; two component structure confirmed with
larger structure in the polar direction

Lopez-Gonzaga et al. 201618 MIDI 23
Modeling shows that the observed (u, v) coverages only allow
to detect elongations in 7/23 sources.
5/7 are found to be significantly elongated, all in polar direction.

Table 1: Summary of all publications using long-baseline interferometry for studying AGNs (either data publi-
cation or new analysis). The third column gives the number of sources involved in the particular study.

Burtscher+ 2016
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MIDI observations of the Circinus galaxy
The best extragalactic case for infrared interferometry
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Fig. 4. Correlated fluxes of the Circinus galaxy
at 12 µm for all uv points containing useful in-
terferometric data. The points are colour-coded
according to their correlated flux, Fcor(12 µm),
using a square root colour scaling as indicated
in the colour bar on the right. The uv point at
the origin represents the averaged total flux of
the source, which is outside the plotted range of
colours: Ftot(12 µm) = 10.7 Jy.

3. Results

In total we obtained 152 useful measurements of the correlated
flux spectra and differential phases and 74 useful measurements
of the total flux spectra. This includes 20 correlated flux mea-
surements already published in Tristram et al. (2007).

The new reduction of the previously published data in gen-
eral increases the data quality. The positive bias of the corre-
lated fluxes and visibilities in the ozone feature between 9.5
and 10.0 µm and at the edges of the N-band is reduced, espe-
cially for the data observed in 2004 and 2005. The more accurate
group delay estimation leads to a slight increase in the correlated
fluxes at the long wavelength end, but the overall spectral shape
and flux levels remain unchanged. With correlated flux levels of
more than 0.4 Jy at 12.0 µm in most cases, the result is robust
with respect to the data reduction, and we obtain no contradic-
tions to the values published in 2007. Due to the improved mask-
ing and sky residual estimation, the scatter of the total flux spec-
tra is reduced significantly. The wavelength calibration of the
MIDI spectra in EWS was also corrected slightly, resulting in a
shift of the spectra to shorter wavelengths by about 0.1 µm. All
spectra were corrected for the peculiar redshift of the Circinus
galaxy of z = 0.00145 (vsys = 434 ± 3 km s−1, Koribalski et al.
2004).

All 74 useful measurements of the total flux spectra were
combined by a weighted average to obtain a single estimate for
the total flux spectrum of the Circinus nucleus: F tot. The spec-
trum agrees with the one published in 2007. It is shown as part
of Fig. 10. The spectrum rises from ∼6 Jy at 8 µm to ∼16 Jy
at 13 µm, which is quite “red” (Ftot(8 µm) < F tot(13 µm)) and in-
dicative of emission from warm (T ∼ 290 K) dust. The spectrum
is dominated by a deep silicate absorption feature over almost
the entire N-band. For the following, we will consider the total

flux spectrum as a measurement with a projected baseline length
of BL = 0 m.

We use all measurements of the correlated fluxes and phases
individually and do not average measurements close in uv space.
All useful correlated fluxes at 12 µm are listed in Table A.1
and plotted in Fig. 4. With correlated fluxes at 12 µm ranging
from ∼8 Jy (corresponding to V ∼ 0.8) on the shortest baselines
to ∼0.4 Jy (V ∼ 0.04) on certain long baselines, we clearly re-
solve the mid-infrared emission in the nucleus of the Circinus
galaxy. The uv plane also shows that along certain position an-
gles, the correlated flux is higher than along others. A very
prominent example is the increase at the end of the baseline
UT2-UT4, leading to cyan and green colours (corresponding to
Fcor(12 µm) > 1.5 Jy) in Fig. 4. This increase will be discussed
in Sect. 3.2.

Many of the correlated flux spectra (see Fig. A.1 in the
appendix) have a shape similar to the total flux spectrum.
Especially on short baselines, the correlated flux spectra are sim-
ilar to the total flux spectrum when the spectral change due to the
resolution effect at different wavelengths is taken into account.

On longer baselines, however, this is not always the case.
Most noticeably, the short wavelength emission often either dis-
appears completely or there is a downturn in the correlated flux
shortward of 8.7 µm without any significant signal in the differ-
ential phases (see e.g. C6 in Fig. 2). Interestingly, a similar de-
crease, albeit mainly in the visibilities and for λ < 9.0 µm, might
also be present in certain uv points for NGC 424 (Hönig et al.
2012) and NGC 3783 (Hönig et al. 2013). Contamination of the
total flux by the wings of a spatially extended polycyclic aro-
matic hydrocarbon (PAH) feature at 7.7 µm was discussed as a
possible reason in Hönig et al. (2012). This would, however, only
affect the visibilities and not the correlated fluxes we are consid-
ering here. Furthermore, the 8.6 and 11.3 µm PAH features are

A82, page 8 of 30

Carried out over 
10 years at the 
VLTI using both 

8m (UT) and 1.8m 
(AT) telescopes

Fcor = V * Ftot

Tristram et al. 2014
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3 component model of the dust emission in the Circinus galaxy
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Dusty warped discs 9

(a) (b)

(c)

Figure 9. Overview over the results based on the warped dust distribution (our standard model) which fit best the observations by Tristram et al. (2014)
(compare to their Fig. 7). In (a) we show a rotated image at 12 µm for ✓ = 70� and � = 60�. In (b) we plot the optical depth at 12µm for the same orientation.
Finally, in (c) we draw the SED for this line of sight in solid black. The observed high-spatial resolution SED compiled by Prieto et al. (2010) is shown by
filled dots. In addition, we show the best-fit model to the MIDI data described in Tristram et al. (2014) which consists of two components (disc, large scale
component with point source). The disc together with the point source is drawn dashed blue while the total model including the large scale component is drawn
dashed dotted green. In dotted red we show the MIDI correlated flux spectrum of a long baseline concentrating on the disc-like component. Within the region
shaded in grey lie all SEDs with lines of sight described by ✓ = 70� and � taking all values in the range [0�, 180�] with a step size of 10 degrees. The SEDs
are normalised to a distance of 4.2 Mpc.

resolution of roughly 8 mas. However, one should keep in mind that
our model does not include the large scale component along the
ionisation cone, which might contribute significantly.

To emphasise that our model shows a large variety of SEDs and
feature shapes even for small changes in the line of sight, we show
in Fig. 11 a close on view on the wavelength range containing the
characteristic silicate features for observers at a location around the
best fit angles. As we see in this plot the shape of the feature at 9.7 µm
changes noticeably even for small variations of the � angle (the
same is true for changes in the ✓ angle). We see that the features for
� = 50� (dotted-dashed green) and � = 70� (dotted blue) show both
a di�erent shape and a di�erent strength as compared to the best fit
angles. This strong dependence on the line of sight is associated with
the complex geometry of our warped disc for viewing angles close to
grazing lines of sight. Only a small change in viewing direction can
significantly decrease the column density or increase the amount
of directly illuminated dust observed. This has the e�ect that an

absorption feature is filled up from the long wavelength end (by
adding emission components), resulting in a change of slope of the
feature towards longer wavelengths. The latter e�ect is independent
of the geometrical distribution, but the shift of the minimum (or
maximum in the case of an emission feature) happens when the
optical depth of the dust in-between the source and the observer
changes. Interestingly, for our model geometry, this happens for
grazing lines of sight at inclinations for which we also reach the
best agreement with the observations of the Circinus galaxy. This is
not easily the case for a doughnut-like structure. A similar di�erence
of the silicate feature shape w. r. t. the absorption profile for a typical
galactic dust mixture has been seen in the nearby Seyfert 2 galaxy
NGC 1068 (Raban et al. 2009). They found that an absorption profile
with a shallower slope towards longer wavelengths compared to
the standard galactic one is needed in order to be able to explain
their MIDI observations (see Fig. 5 in Raban et al. 2009). Our
study shows that a significant change can already be obtained in a
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FIG. 1a

FIG. 1b
FIG. 1.È(a) Four images from the present data are given for wavelengths 7.9 km (top row), 10.3 km (second row), 12.5 km (third row), and 24.5 km (bottom

row). The Ðrst two columns show the raw images of the appropriate PSF and of NGC 1068. The two right-hand columns show the deconvolved images of the
appropriate PSF and of NGC 1068. Note that the size scales are di†erent between the raw and deconvolved images. North is up and east is to the left in all
the images. The maximum contour shown is of pixels with a Ñux density surface brightness of 0.9 times maximum Ñux density surface brightness per pixel.
The minimum contour shown is down by a factor of 140 from the peak surface brightness in the 7.9, 10.3, and 12.5 km images and by a factor of 70 in the 24.5
km image. Contour levels are spaced by multiplicative factors of 2. (b) Deconvolved image at 12.5 km, which has the highest spatial resolution and the highest
signal-to-noise ratio, i.e., the highest dynamic range, is duplicated at a larger scale than in (a). The contour spacing in the NGC 1068 image is the otherJ2 ;
parameters of the contour levels are as in (a). The contour for the PSF is drawn at half of the maximum Ñux pixel~1. The dashed horizontal line marks the
arbitrary demarcation between the coreÈto the southÈand the tongueÈto the north.

Bo
ck

+
 2

00
0 

(M
IR

LI
N

 @
 K

ec
k 

2)



NGC 1068
C

am
er

on
+

 1
99

3 
(M

IR
A

C
LE

 @
 U

K
IR

T
)

FIG. 1a

FIG. 1b
FIG. 1.È(a) Four images from the present data are given for wavelengths 7.9 km (top row), 10.3 km (second row), 12.5 km (third row), and 24.5 km (bottom

row). The Ðrst two columns show the raw images of the appropriate PSF and of NGC 1068. The two right-hand columns show the deconvolved images of the
appropriate PSF and of NGC 1068. Note that the size scales are di†erent between the raw and deconvolved images. North is up and east is to the left in all
the images. The maximum contour shown is of pixels with a Ñux density surface brightness of 0.9 times maximum Ñux density surface brightness per pixel.
The minimum contour shown is down by a factor of 140 from the peak surface brightness in the 7.9, 10.3, and 12.5 km images and by a factor of 70 in the 24.5
km image. Contour levels are spaced by multiplicative factors of 2. (b) Deconvolved image at 12.5 km, which has the highest spatial resolution and the highest
signal-to-noise ratio, i.e., the highest dynamic range, is duplicated at a larger scale than in (a). The contour spacing in the NGC 1068 image is the otherJ2 ;
parameters of the contour levels are as in (a). The contour for the PSF is drawn at half of the maximum Ñux pixel~1. The dashed horizontal line marks the
arbitrary demarcation between the coreÈto the southÈand the tongueÈto the north.
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Fig. 7. Images of the three component models for the mid-infrared emission at 12.0 µm of the nuclear region of NGC 1068 corresponding to
model 1 (left) and model 2 (right). The image was scaled using the square root of the brightness. Center: comparison between our first best model
and the 12.5 µm image of Bock et al. (2000), taken with the 10 m Keck Telescope. The dashed circles represent the FWHM of the field of view for
MIDI using the UTs (blue) or the ATs (orange). The letters indicate the positions of the [OIII] clouds according to Evans et al. (1991).

Fig. 8. Total flux of the three best-fit model components as a function of
wavelength.

from NE1, do our observations place useful constraints on the
morphology of NE1?

We have investigated whether positions of component 3 near
NE1 are consistent with our AT data. There are such solutions,
but we have discarded them as unphysical because (1) the third
component then requires very high temperatures (>800 K) to
fit the short baseline spectra and (2) the total flux of the third
component exceeds the values reported by Galliano et al. (2005)
and also the ones reported by Poncelet et al. (2008) at the two
closest northern quadrants (3.4 Jy, 4.8 Jy, and 7.5 Jy at 9.0 µm,
10.8 µm, and 12.8 µm for their 1NO region and 1.2 Jy, 1.8 Jy, and
3.1 Jy at the same wavelengths for the 2NO region). Evidence in
favor of the existence of a near-in third component is that the
first two interferometric components do not provide the large

flux (25 Jy) measured by these authors inside the 0.6′′ diameter
central aperture.

We conclude that a third component <100 mas from the core
is necessary to fit the spectra at the shortest projected baselines.
We now investigate whether a new extra component at the po-
sition of the Tongue could improve the fits. To avoid adding an
excessive number of degrees of freedom to our model we have
fixed a priori several Gaussian parameters of the fourth compo-
nent. From the flux values reported by Poncelet et al. (2008) we
think it is reasonable to fix the temperature of this component to
300 K with a very small optical depth and place it 400 mas to
the north of the hot core. From the mid-infrared images reported
by Bock et al. (2000) we fix the PA of the emission region to
∼−40◦. We allow the modeling routines to fit the major and mi-
nor axes, and adjust the scale factor of this component to fit the
single-dish fluxes. We found that including this fourth compo-
nent with these characteristics does not improve the fits. A com-
ponent with a large offset (more than 100 mas) and with similar
or smaller size than our component 3 would produce phase steps
in the 8−13 µm region that are not observed in the data. The exis-
tence of this component is consistent with the short baseline data
only if it is so large as to be essentially resolved out by the inter-
ferometer. This places lower limits of ∼160 mas and ∼200 mas
for the minor and major axes, respectively.

6.3. Cross-identification of the components

Previous single-dish observations (Bock et al. 2000) have clearly
revealed an elongated region of the mid-infrared emission which
extends up to 1′′ to the north, but their resolution was not suffi-
cient to resolve the central emission of the core. From our inter-
ferometric observations we inferred that the emission of the core
can be divided into two distinct regions: one consistent with a
hot emission surrounded by warm dust (first and second compo-
nents) and a large warm diffuse region approximately 100 mas
(∼7 pc) away from the other. We do not have absolute astromet-
ric information about these components and cannot identify one
with the nucleus without further assumptions.

We identify the first, most compact component with the nu-
cleus for the following reasons: the hot temperature obtained
for the small component is consistent with the temperatures
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FIG. 1a

FIG. 1b
FIG. 1.È(a) Four images from the present data are given for wavelengths 7.9 km (top row), 10.3 km (second row), 12.5 km (third row), and 24.5 km (bottom

row). The Ðrst two columns show the raw images of the appropriate PSF and of NGC 1068. The two right-hand columns show the deconvolved images of the
appropriate PSF and of NGC 1068. Note that the size scales are di†erent between the raw and deconvolved images. North is up and east is to the left in all
the images. The maximum contour shown is of pixels with a Ñux density surface brightness of 0.9 times maximum Ñux density surface brightness per pixel.
The minimum contour shown is down by a factor of 140 from the peak surface brightness in the 7.9, 10.3, and 12.5 km images and by a factor of 70 in the 24.5
km image. Contour levels are spaced by multiplicative factors of 2. (b) Deconvolved image at 12.5 km, which has the highest spatial resolution and the highest
signal-to-noise ratio, i.e., the highest dynamic range, is duplicated at a larger scale than in (a). The contour spacing in the NGC 1068 image is the otherJ2 ;
parameters of the contour levels are as in (a). The contour for the PSF is drawn at half of the maximum Ñux pixel~1. The dashed horizontal line marks the
arbitrary demarcation between the coreÈto the southÈand the tongueÈto the north.
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Fig. 7. Images of the three component models for the mid-infrared emission at 12.0 µm of the nuclear region of NGC 1068 corresponding to
model 1 (left) and model 2 (right). The image was scaled using the square root of the brightness. Center: comparison between our first best model
and the 12.5 µm image of Bock et al. (2000), taken with the 10 m Keck Telescope. The dashed circles represent the FWHM of the field of view for
MIDI using the UTs (blue) or the ATs (orange). The letters indicate the positions of the [OIII] clouds according to Evans et al. (1991).

Fig. 8. Total flux of the three best-fit model components as a function of
wavelength.

from NE1, do our observations place useful constraints on the
morphology of NE1?

We have investigated whether positions of component 3 near
NE1 are consistent with our AT data. There are such solutions,
but we have discarded them as unphysical because (1) the third
component then requires very high temperatures (>800 K) to
fit the short baseline spectra and (2) the total flux of the third
component exceeds the values reported by Galliano et al. (2005)
and also the ones reported by Poncelet et al. (2008) at the two
closest northern quadrants (3.4 Jy, 4.8 Jy, and 7.5 Jy at 9.0 µm,
10.8 µm, and 12.8 µm for their 1NO region and 1.2 Jy, 1.8 Jy, and
3.1 Jy at the same wavelengths for the 2NO region). Evidence in
favor of the existence of a near-in third component is that the
first two interferometric components do not provide the large

flux (25 Jy) measured by these authors inside the 0.6′′ diameter
central aperture.

We conclude that a third component <100 mas from the core
is necessary to fit the spectra at the shortest projected baselines.
We now investigate whether a new extra component at the po-
sition of the Tongue could improve the fits. To avoid adding an
excessive number of degrees of freedom to our model we have
fixed a priori several Gaussian parameters of the fourth compo-
nent. From the flux values reported by Poncelet et al. (2008) we
think it is reasonable to fix the temperature of this component to
300 K with a very small optical depth and place it 400 mas to
the north of the hot core. From the mid-infrared images reported
by Bock et al. (2000) we fix the PA of the emission region to
∼−40◦. We allow the modeling routines to fit the major and mi-
nor axes, and adjust the scale factor of this component to fit the
single-dish fluxes. We found that including this fourth compo-
nent with these characteristics does not improve the fits. A com-
ponent with a large offset (more than 100 mas) and with similar
or smaller size than our component 3 would produce phase steps
in the 8−13 µm region that are not observed in the data. The exis-
tence of this component is consistent with the short baseline data
only if it is so large as to be essentially resolved out by the inter-
ferometer. This places lower limits of ∼160 mas and ∼200 mas
for the minor and major axes, respectively.

6.3. Cross-identification of the components

Previous single-dish observations (Bock et al. 2000) have clearly
revealed an elongated region of the mid-infrared emission which
extends up to 1′′ to the north, but their resolution was not suffi-
cient to resolve the central emission of the core. From our inter-
ferometric observations we inferred that the emission of the core
can be divided into two distinct regions: one consistent with a
hot emission surrounded by warm dust (first and second compo-
nents) and a large warm diffuse region approximately 100 mas
(∼7 pc) away from the other. We do not have absolute astromet-
ric information about these components and cannot identify one
with the nucleus without further assumptions.

We identify the first, most compact component with the nu-
cleus for the following reasons: the hot temperature obtained
for the small component is consistent with the temperatures
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FIG. 1a

FIG. 1b
FIG. 1.È(a) Four images from the present data are given for wavelengths 7.9 km (top row), 10.3 km (second row), 12.5 km (third row), and 24.5 km (bottom

row). The Ðrst two columns show the raw images of the appropriate PSF and of NGC 1068. The two right-hand columns show the deconvolved images of the
appropriate PSF and of NGC 1068. Note that the size scales are di†erent between the raw and deconvolved images. North is up and east is to the left in all
the images. The maximum contour shown is of pixels with a Ñux density surface brightness of 0.9 times maximum Ñux density surface brightness per pixel.
The minimum contour shown is down by a factor of 140 from the peak surface brightness in the 7.9, 10.3, and 12.5 km images and by a factor of 70 in the 24.5
km image. Contour levels are spaced by multiplicative factors of 2. (b) Deconvolved image at 12.5 km, which has the highest spatial resolution and the highest
signal-to-noise ratio, i.e., the highest dynamic range, is duplicated at a larger scale than in (a). The contour spacing in the NGC 1068 image is the otherJ2 ;
parameters of the contour levels are as in (a). The contour for the PSF is drawn at half of the maximum Ñux pixel~1. The dashed horizontal line marks the
arbitrary demarcation between the coreÈto the southÈand the tongueÈto the north.
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Fig. 7. Images of the three component models for the mid-infrared emission at 12.0 µm of the nuclear region of NGC 1068 corresponding to
model 1 (left) and model 2 (right). The image was scaled using the square root of the brightness. Center: comparison between our first best model
and the 12.5 µm image of Bock et al. (2000), taken with the 10 m Keck Telescope. The dashed circles represent the FWHM of the field of view for
MIDI using the UTs (blue) or the ATs (orange). The letters indicate the positions of the [OIII] clouds according to Evans et al. (1991).

Fig. 8. Total flux of the three best-fit model components as a function of
wavelength.

from NE1, do our observations place useful constraints on the
morphology of NE1?

We have investigated whether positions of component 3 near
NE1 are consistent with our AT data. There are such solutions,
but we have discarded them as unphysical because (1) the third
component then requires very high temperatures (>800 K) to
fit the short baseline spectra and (2) the total flux of the third
component exceeds the values reported by Galliano et al. (2005)
and also the ones reported by Poncelet et al. (2008) at the two
closest northern quadrants (3.4 Jy, 4.8 Jy, and 7.5 Jy at 9.0 µm,
10.8 µm, and 12.8 µm for their 1NO region and 1.2 Jy, 1.8 Jy, and
3.1 Jy at the same wavelengths for the 2NO region). Evidence in
favor of the existence of a near-in third component is that the
first two interferometric components do not provide the large

flux (25 Jy) measured by these authors inside the 0.6′′ diameter
central aperture.

We conclude that a third component <100 mas from the core
is necessary to fit the spectra at the shortest projected baselines.
We now investigate whether a new extra component at the po-
sition of the Tongue could improve the fits. To avoid adding an
excessive number of degrees of freedom to our model we have
fixed a priori several Gaussian parameters of the fourth compo-
nent. From the flux values reported by Poncelet et al. (2008) we
think it is reasonable to fix the temperature of this component to
300 K with a very small optical depth and place it 400 mas to
the north of the hot core. From the mid-infrared images reported
by Bock et al. (2000) we fix the PA of the emission region to
∼−40◦. We allow the modeling routines to fit the major and mi-
nor axes, and adjust the scale factor of this component to fit the
single-dish fluxes. We found that including this fourth compo-
nent with these characteristics does not improve the fits. A com-
ponent with a large offset (more than 100 mas) and with similar
or smaller size than our component 3 would produce phase steps
in the 8−13 µm region that are not observed in the data. The exis-
tence of this component is consistent with the short baseline data
only if it is so large as to be essentially resolved out by the inter-
ferometer. This places lower limits of ∼160 mas and ∼200 mas
for the minor and major axes, respectively.

6.3. Cross-identification of the components

Previous single-dish observations (Bock et al. 2000) have clearly
revealed an elongated region of the mid-infrared emission which
extends up to 1′′ to the north, but their resolution was not suffi-
cient to resolve the central emission of the core. From our inter-
ferometric observations we inferred that the emission of the core
can be divided into two distinct regions: one consistent with a
hot emission surrounded by warm dust (first and second compo-
nents) and a large warm diffuse region approximately 100 mas
(∼7 pc) away from the other. We do not have absolute astromet-
ric information about these components and cannot identify one
with the nucleus without further assumptions.

We identify the first, most compact component with the nu-
cleus for the following reasons: the hot temperature obtained
for the small component is consistent with the temperatures
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FIG. 1a

FIG. 1b
FIG. 1.È(a) Four images from the present data are given for wavelengths 7.9 km (top row), 10.3 km (second row), 12.5 km (third row), and 24.5 km (bottom

row). The Ðrst two columns show the raw images of the appropriate PSF and of NGC 1068. The two right-hand columns show the deconvolved images of the
appropriate PSF and of NGC 1068. Note that the size scales are di†erent between the raw and deconvolved images. North is up and east is to the left in all
the images. The maximum contour shown is of pixels with a Ñux density surface brightness of 0.9 times maximum Ñux density surface brightness per pixel.
The minimum contour shown is down by a factor of 140 from the peak surface brightness in the 7.9, 10.3, and 12.5 km images and by a factor of 70 in the 24.5
km image. Contour levels are spaced by multiplicative factors of 2. (b) Deconvolved image at 12.5 km, which has the highest spatial resolution and the highest
signal-to-noise ratio, i.e., the highest dynamic range, is duplicated at a larger scale than in (a). The contour spacing in the NGC 1068 image is the otherJ2 ;
parameters of the contour levels are as in (a). The contour for the PSF is drawn at half of the maximum Ñux pixel~1. The dashed horizontal line marks the
arbitrary demarcation between the coreÈto the southÈand the tongueÈto the north.

Bo
ck

+
 2

00
0 

(M
IR

LI
N

 @
 K

ec
k 

2)

A&A 565, A71 (2014)

Fig. 7. Images of the three component models for the mid-infrared emission at 12.0 µm of the nuclear region of NGC 1068 corresponding to
model 1 (left) and model 2 (right). The image was scaled using the square root of the brightness. Center: comparison between our first best model
and the 12.5 µm image of Bock et al. (2000), taken with the 10 m Keck Telescope. The dashed circles represent the FWHM of the field of view for
MIDI using the UTs (blue) or the ATs (orange). The letters indicate the positions of the [OIII] clouds according to Evans et al. (1991).

Fig. 8. Total flux of the three best-fit model components as a function of
wavelength.

from NE1, do our observations place useful constraints on the
morphology of NE1?

We have investigated whether positions of component 3 near
NE1 are consistent with our AT data. There are such solutions,
but we have discarded them as unphysical because (1) the third
component then requires very high temperatures (>800 K) to
fit the short baseline spectra and (2) the total flux of the third
component exceeds the values reported by Galliano et al. (2005)
and also the ones reported by Poncelet et al. (2008) at the two
closest northern quadrants (3.4 Jy, 4.8 Jy, and 7.5 Jy at 9.0 µm,
10.8 µm, and 12.8 µm for their 1NO region and 1.2 Jy, 1.8 Jy, and
3.1 Jy at the same wavelengths for the 2NO region). Evidence in
favor of the existence of a near-in third component is that the
first two interferometric components do not provide the large

flux (25 Jy) measured by these authors inside the 0.6′′ diameter
central aperture.

We conclude that a third component <100 mas from the core
is necessary to fit the spectra at the shortest projected baselines.
We now investigate whether a new extra component at the po-
sition of the Tongue could improve the fits. To avoid adding an
excessive number of degrees of freedom to our model we have
fixed a priori several Gaussian parameters of the fourth compo-
nent. From the flux values reported by Poncelet et al. (2008) we
think it is reasonable to fix the temperature of this component to
300 K with a very small optical depth and place it 400 mas to
the north of the hot core. From the mid-infrared images reported
by Bock et al. (2000) we fix the PA of the emission region to
∼−40◦. We allow the modeling routines to fit the major and mi-
nor axes, and adjust the scale factor of this component to fit the
single-dish fluxes. We found that including this fourth compo-
nent with these characteristics does not improve the fits. A com-
ponent with a large offset (more than 100 mas) and with similar
or smaller size than our component 3 would produce phase steps
in the 8−13 µm region that are not observed in the data. The exis-
tence of this component is consistent with the short baseline data
only if it is so large as to be essentially resolved out by the inter-
ferometer. This places lower limits of ∼160 mas and ∼200 mas
for the minor and major axes, respectively.

6.3. Cross-identification of the components

Previous single-dish observations (Bock et al. 2000) have clearly
revealed an elongated region of the mid-infrared emission which
extends up to 1′′ to the north, but their resolution was not suffi-
cient to resolve the central emission of the core. From our inter-
ferometric observations we inferred that the emission of the core
can be divided into two distinct regions: one consistent with a
hot emission surrounded by warm dust (first and second compo-
nents) and a large warm diffuse region approximately 100 mas
(∼7 pc) away from the other. We do not have absolute astromet-
ric information about these components and cannot identify one
with the nucleus without further assumptions.

We identify the first, most compact component with the nu-
cleus for the following reasons: the hot temperature obtained
for the small component is consistent with the temperatures
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GRAVITY Collaboration: An image of the dust sublimation region in the nucleus of NGC 1068
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Fig. 3. Reconstructed image of the central 5.1 ⇥ 5.1 pc of NGC 1068. The elliptical beam, which was used to convolve the image, is shown in the
lower left. Details of the reconstruction, which only allows positive sources, are given in Sec. 3.1. The central structures are robust to changing the
reconstruction parameters. The fainter features towards the edge of the field, with fluxes close to the noise floor of ⇠ 7 mJy beam�1 RMS (i.e. dark
cyan in this colour scale), are uncertain.

with that expected from other observations. The main di�culty
is that the high NIR luminosity requires a large covering factor.
But this can be resolved if the accretion disc is tilted with respect
to the maser disc as hinted at in point (4) of the introduction.

Model 4 is an alternative to Model 3, in which all of the
bright NIR continuum observed by GRAVITY originates from
the far side, rather than near-side, of the inner disc. Rather
than recognising the K-band ring as a physical structure as in
Model 3, this model assigns the NIR morphology to chance
alignment due to clouds along the line of sight. In particular, it
requires unrelated patchy obscuration to create an apparent ring-
like structure with a position angle, aspect ratio, and size that
match the geometry given by the maser disc and dust sublima-
tion radius.

4.1. Model 1: geometrically thick clumpy torus

We have already seen in Section 3 that the ring-like structure,
especially with the near side brighter than the far side, is hard
to reconcile with a geometrically thick clumpy torus model that
is close to edge-on. Similarly, these models require a careful
matching of the vertical density structure to remain consistent
with the presence of the thin maser disc at a radius <⇠ 1 pc.

Here we consider the photometric aspect. We compare our
infrared SED to the torus models of Stalevski et al. (2012). These
models use a two-phase medium of high density clumps and
low-density gas filling the space in between. The model assumes
standard silicate and graphite ISM-type grains and does not in-

clude a pure graphite grain component at small distances. The
models have been calculated for a primary source of 1011

L�
(Lbol = 0.4 ⇥ 1045 erg/s) with inner and outer radii of 0.5 and
15 pc, respectively. We scaled the models to the distance of
NGC 1068 and to the observed K-band flux. In Figure 5, mod-
els with three di↵erent inclinations are compared to the observed
SED. We find the best matching models to be at inclinations be-
tween 60� and 70�. Models with higher inclinations (e.g. 80�)
tend to over-predict the MIR emission. Models with lower in-
clinations, on the other hand, under-predict the MIR emission.
These scaled models would imply a bolometric luminosity be-
tween Lbol = 0.4 � 1.0 ⇥ 1045 erg/s for i = 60� � 70�, in good
agreement with earlier estimates of the bolometric luminosity
(see Sec. 2.1). However, they do not match the red slope of the
NIR continuum (with the caveat that the model is missing a pure
graphite-grain component).

This model has di�culties reproducing the ring-like dust
structure, accounting for the maser disc, and a NIR continuum
slope that is too shallow. We therefore rule out a geometrically
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4.2. Model 2: cool dust disc

MIR interferometry (Ja↵e et al. 2004; Raban et al. 2009; López-
Gonzaga et al. 2014) was used to model the central component
with 600 � 800 K dust. In the cool dust model, we try to explain
the observed K-band and MIR emission with a single source and
temperature. The observed SED can be well approximated by a
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Fig. 18. Visibilities of our continuous standard model at a wave-
length of 12 µm plotted against the projected baseline length.
Colour of the visibility distributions refers to different position
angles of the projected baseline w. r. t. the torus axis. Each panel
shows a different inclination angle, as indicated in the upper right
corner.

Seyfert galaxies. MIDI is designed as a classical Michelson in-
terferometer. Being a two-element beam combining instrument,
it measures so-called visibility amplitudes. Visibility is defined
as the ratio between the correlated flux and the total flux. Its in-
terpretation is not straightforward, since no direct image can be
reconstructed. Therefore, a model has to be assumed, which can
then be compared to the visibility data. MIDI works in dispersed
mode, which means that visibilities for the whole wavelength
range are derived. The dust emission is probed depending on the
orientation of the projected baseline. Point-like objects result in
a visibility of one, as the correlated flux equals the total flux.
The more extended the object, the lower the visibility. With the
help of a density distribution, surface brightness distributions in
the mid-infrared can be calculated by applying a radiative trans-
fer code. A Fourier transform of the brightness distribution then
yields the visibility information, depending on the baseline ori-
entation and length within the so-called U-V-plane (or Fourier-
plane).

The main goal of the following analysis is to investigate
whether MIDI can distinguish between clumpy and continuous
torus models of the kind presented above. Furthermore, we try to
derive characteristic features of the respective models and show
a comparison to data obtained for the Circinus galaxy.

6.1. Model visibilities

In Fig. 18, calculated visibilities for four inclinations of our con-
tinuous standard model at a wavelength of λ= 12 µm are shown.
Various orientations of the projected baseline are colour coded
(the given position angle is counted anti-clockwise from the pro-
jected torus axis). Due to the axisymmetric setup, all lines coin-
cide for the face-on case. For all other inclination angles, visibili-

Fig. 19. Visibilities of our clumpy standard model at a wave-
length of 12 µm plotted against the projected baseline length.
Colour of the visibility distributions refers to different position
angles of the baseline w. r. t. the torus axis. Each panel shows a
different inclination angle, as indicated in the upper right corner.

ties decrease until a position angle of 90◦ is reached and increase
symmetrically again. This means that the torus appears elon-
gated perpendicular to the torus axis at this wavelength. Fig. 19
shows the same study, but for the corresponding clumpy model.
The basic behaviour is the same, but the visibilities show fine
structure and the scatter is much greater, especially visible in
the comparison of the i = 0◦ cases. Furthermore, while all of
the curves of the continuous model monotonically decrease with
baseline length, we see rising and falling values with increasing
baseline length for the same position angle in the clumpy case.
In addition, for the continuous models, curves do not intersect,
in contrast to our clumpy models. However, to detect such fine
structure in observedMIDI data, a very high accuracy in the vis-
ibility measurements of the order of σv ≈ 0.02 and a very dense
sampling is required.

In Fig. 20, the wavelength dependence of the visibilities is
shown. The first two panels represent the case of the clumpy
standard model and the third and fourth the continuous model.
Each of the two panels of the respective model visualises a dif-
ferent position angle (counted anti-clockwise from the projected
torus axis). An inclination angle of 90◦ is used in all panels.
Three different wavelengths are colour coded: 8.2 µm at the be-
ginning of the MIDI-range (black dotted line), 9.8 µmwithin the
silicate feature (blue) and 12.6 µm at the end of the MIDI wave-
length range (yellow), outside the silicate feature.While the con-
tinuous model results in smooth curves (see also Fig. 18), much
fine structure is visible for the case of the clumpy model. The
differences between the displayed wavelengths relative to the
longest wavelength are smaller for the clumpy models than in
the continuous case.

Fig. 21 shows visibilities for our clumpy standard model
at 12 µm, plotted against the position angle (counter-clockwise
from the projected torus axis). Baselines are colour coded be-
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then be compared to the visibility data. MIDI works in dispersed
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range are derived. The dust emission is probed depending on the
orientation of the projected baseline. Point-like objects result in
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ties decrease until a position angle of 90◦ is reached and increase
symmetrically again. This means that the torus appears elon-
gated perpendicular to the torus axis at this wavelength. Fig. 19
shows the same study, but for the corresponding clumpy model.
The basic behaviour is the same, but the visibilities show fine
structure and the scatter is much greater, especially visible in
the comparison of the i = 0◦ cases. Furthermore, while all of
the curves of the continuous model monotonically decrease with
baseline length, we see rising and falling values with increasing
baseline length for the same position angle in the clumpy case.
In addition, for the continuous models, curves do not intersect,
in contrast to our clumpy models. However, to detect such fine
structure in observedMIDI data, a very high accuracy in the vis-
ibility measurements of the order of σv ≈ 0.02 and a very dense
sampling is required.

In Fig. 20, the wavelength dependence of the visibilities is
shown. The first two panels represent the case of the clumpy
standard model and the third and fourth the continuous model.
Each of the two panels of the respective model visualises a dif-
ferent position angle (counted anti-clockwise from the projected
torus axis). An inclination angle of 90◦ is used in all panels.
Three different wavelengths are colour coded: 8.2 µm at the be-
ginning of the MIDI-range (black dotted line), 9.8 µmwithin the
silicate feature (blue) and 12.6 µm at the end of the MIDI wave-
length range (yellow), outside the silicate feature.While the con-
tinuous model results in smooth curves (see also Fig. 18), much
fine structure is visible for the case of the clumpy model. The
differences between the displayed wavelengths relative to the
longest wavelength are smaller for the clumpy models than in
the continuous case.

Fig. 21 shows visibilities for our clumpy standard model
at 12 µm, plotted against the position angle (counter-clockwise
from the projected torus axis). Baselines are colour coded be-
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Fig. 18. Visibilities of our continuous standard model at a wave-
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angles of the projected baseline w. r. t. the torus axis. Each panel
shows a different inclination angle, as indicated in the upper right
corner.
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it measures so-called visibility amplitudes. Visibility is defined
as the ratio between the correlated flux and the total flux. Its in-
terpretation is not straightforward, since no direct image can be
reconstructed. Therefore, a model has to be assumed, which can
then be compared to the visibility data. MIDI works in dispersed
mode, which means that visibilities for the whole wavelength
range are derived. The dust emission is probed depending on the
orientation of the projected baseline. Point-like objects result in
a visibility of one, as the correlated flux equals the total flux.
The more extended the object, the lower the visibility. With the
help of a density distribution, surface brightness distributions in
the mid-infrared can be calculated by applying a radiative trans-
fer code. A Fourier transform of the brightness distribution then
yields the visibility information, depending on the baseline ori-
entation and length within the so-called U-V-plane (or Fourier-
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derive characteristic features of the respective models and show
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ties decrease until a position angle of 90◦ is reached and increase
symmetrically again. This means that the torus appears elon-
gated perpendicular to the torus axis at this wavelength. Fig. 19
shows the same study, but for the corresponding clumpy model.
The basic behaviour is the same, but the visibilities show fine
structure and the scatter is much greater, especially visible in
the comparison of the i = 0◦ cases. Furthermore, while all of
the curves of the continuous model monotonically decrease with
baseline length, we see rising and falling values with increasing
baseline length for the same position angle in the clumpy case.
In addition, for the continuous models, curves do not intersect,
in contrast to our clumpy models. However, to detect such fine
structure in observedMIDI data, a very high accuracy in the vis-
ibility measurements of the order of σv ≈ 0.02 and a very dense
sampling is required.

In Fig. 20, the wavelength dependence of the visibilities is
shown. The first two panels represent the case of the clumpy
standard model and the third and fourth the continuous model.
Each of the two panels of the respective model visualises a dif-
ferent position angle (counted anti-clockwise from the projected
torus axis). An inclination angle of 90◦ is used in all panels.
Three different wavelengths are colour coded: 8.2 µm at the be-
ginning of the MIDI-range (black dotted line), 9.8 µmwithin the
silicate feature (blue) and 12.6 µm at the end of the MIDI wave-
length range (yellow), outside the silicate feature.While the con-
tinuous model results in smooth curves (see also Fig. 18), much
fine structure is visible for the case of the clumpy model. The
differences between the displayed wavelengths relative to the
longest wavelength are smaller for the clumpy models than in
the continuous case.

Fig. 21 shows visibilities for our clumpy standard model
at 12 µm, plotted against the position angle (counter-clockwise
from the projected torus axis). Baselines are colour coded be-
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range are derived. The dust emission is probed depending on the
orientation of the projected baseline. Point-like objects result in
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The main goal of the following analysis is to investigate
whether MIDI can distinguish between clumpy and continuous
torus models of the kind presented above. Furthermore, we try to
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ties decrease until a position angle of 90◦ is reached and increase
symmetrically again. This means that the torus appears elon-
gated perpendicular to the torus axis at this wavelength. Fig. 19
shows the same study, but for the corresponding clumpy model.
The basic behaviour is the same, but the visibilities show fine
structure and the scatter is much greater, especially visible in
the comparison of the i = 0◦ cases. Furthermore, while all of
the curves of the continuous model monotonically decrease with
baseline length, we see rising and falling values with increasing
baseline length for the same position angle in the clumpy case.
In addition, for the continuous models, curves do not intersect,
in contrast to our clumpy models. However, to detect such fine
structure in observedMIDI data, a very high accuracy in the vis-
ibility measurements of the order of σv ≈ 0.02 and a very dense
sampling is required.

In Fig. 20, the wavelength dependence of the visibilities is
shown. The first two panels represent the case of the clumpy
standard model and the third and fourth the continuous model.
Each of the two panels of the respective model visualises a dif-
ferent position angle (counted anti-clockwise from the projected
torus axis). An inclination angle of 90◦ is used in all panels.
Three different wavelengths are colour coded: 8.2 µm at the be-
ginning of the MIDI-range (black dotted line), 9.8 µmwithin the
silicate feature (blue) and 12.6 µm at the end of the MIDI wave-
length range (yellow), outside the silicate feature.While the con-
tinuous model results in smooth curves (see also Fig. 18), much
fine structure is visible for the case of the clumpy model. The
differences between the displayed wavelengths relative to the
longest wavelength are smaller for the clumpy models than in
the continuous case.

Fig. 21 shows visibilities for our clumpy standard model
at 12 µm, plotted against the position angle (counter-clockwise
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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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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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A new view of AGN-heated dust 
Thanks to mid-IR interferometry & imaging!

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.
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Ingredients

• Super-Massive BH

• Accretion disk

• Broad-Line Region

• Narrow-Line Region

• Torus

• Jet (at least in some 
cases)

Antonucci 1993 



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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More sources dearly needed! 
A complete census of all archival ISAAC L' band observations of AGNs

Isbell+ 2020 (submitted)

see Jacob's talk



MATISSE is the next big step in 
IR interferometry

2 Klaus Meisenheimer

MIDI AGN Snapshot Survey (MASS). Thus most of the distant sources could
not be resolved and future observations with longer baselines are needed to
resolve the dust emission at 10µm. Currently detailed, well resolved measure-
ments exist only for the two nearest Seyfert 2 galaxies: Circinus and NGC 1068,
and for Centaurus A (see Fig. 1 and contribution by Ja↵e et al., page ?). Since
MIDI combines only two telescopes at a time, the phase cannot be determined
and the correlated fluxes have to be interpreted by model fits. Essentially, we
have reached the state-of-the-art of radio interferometry in the mid-1950s.
The history of radio interferometry (Fig. 2) might be used to anticipate the
future of infrared interferometry: It took more than 10 years to get images by
radio interferometry and another six before in 1974, Ryle et al. presented the
first map of Cygnus A, which was so well resolved that the hot spots could be
identified – a detection which immediately let to the still valid ”twin-exhaust
model” of radio galaxies [1]. With the next generation of VLTI instruments,
images of the dust emission from AGN with a quality similar to radio maps
in the late 1960s should be possible (lower left panel in Fig. 2). So the IR
interferometry seems on track to follow the radio success, but we will need
the same devotion and patience that Ryle and others showed in their time.

 1968

 1974

 1954

MIDI @ 10 µm

MATISSE @ 3.5 µm

2006

2013

Fig. 2. The history of radio interferometry demonstrated by the example of the

classical radio galaxy Cygnus A (panels on the left). It can be expected that the

development from MIDI to MATISSE proceeds at a similar pace (right panels).

Cygnus A The Circinus galaxy
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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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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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Fig. 7. Images of the three component models for the mid-infrared emission at 12.0 µm of the nuclear region of NGC 1068 corresponding to
model 1 (left) and model 2 (right). The image was scaled using the square root of the brightness. Center: comparison between our first best model
and the 12.5 µm image of Bock et al. (2000), taken with the 10 m Keck Telescope. The dashed circles represent the FWHM of the field of view for
MIDI using the UTs (blue) or the ATs (orange). The letters indicate the positions of the [OIII] clouds according to Evans et al. (1991).

Fig. 8. Total flux of the three best-fit model components as a function of
wavelength.

from NE1, do our observations place useful constraints on the
morphology of NE1?

We have investigated whether positions of component 3 near
NE1 are consistent with our AT data. There are such solutions,
but we have discarded them as unphysical because (1) the third
component then requires very high temperatures (>800 K) to
fit the short baseline spectra and (2) the total flux of the third
component exceeds the values reported by Galliano et al. (2005)
and also the ones reported by Poncelet et al. (2008) at the two
closest northern quadrants (3.4 Jy, 4.8 Jy, and 7.5 Jy at 9.0 µm,
10.8 µm, and 12.8 µm for their 1NO region and 1.2 Jy, 1.8 Jy, and
3.1 Jy at the same wavelengths for the 2NO region). Evidence in
favor of the existence of a near-in third component is that the
first two interferometric components do not provide the large

flux (25 Jy) measured by these authors inside the 0.6′′ diameter
central aperture.

We conclude that a third component <100 mas from the core
is necessary to fit the spectra at the shortest projected baselines.
We now investigate whether a new extra component at the po-
sition of the Tongue could improve the fits. To avoid adding an
excessive number of degrees of freedom to our model we have
fixed a priori several Gaussian parameters of the fourth compo-
nent. From the flux values reported by Poncelet et al. (2008) we
think it is reasonable to fix the temperature of this component to
300 K with a very small optical depth and place it 400 mas to
the north of the hot core. From the mid-infrared images reported
by Bock et al. (2000) we fix the PA of the emission region to
∼−40◦. We allow the modeling routines to fit the major and mi-
nor axes, and adjust the scale factor of this component to fit the
single-dish fluxes. We found that including this fourth compo-
nent with these characteristics does not improve the fits. A com-
ponent with a large offset (more than 100 mas) and with similar
or smaller size than our component 3 would produce phase steps
in the 8−13 µm region that are not observed in the data. The exis-
tence of this component is consistent with the short baseline data
only if it is so large as to be essentially resolved out by the inter-
ferometer. This places lower limits of ∼160 mas and ∼200 mas
for the minor and major axes, respectively.

6.3. Cross-identification of the components

Previous single-dish observations (Bock et al. 2000) have clearly
revealed an elongated region of the mid-infrared emission which
extends up to 1′′ to the north, but their resolution was not suffi-
cient to resolve the central emission of the core. From our inter-
ferometric observations we inferred that the emission of the core
can be divided into two distinct regions: one consistent with a
hot emission surrounded by warm dust (first and second compo-
nents) and a large warm diffuse region approximately 100 mas
(∼7 pc) away from the other. We do not have absolute astromet-
ric information about these components and cannot identify one
with the nucleus without further assumptions.

We identify the first, most compact component with the nu-
cleus for the following reasons: the hot temperature obtained
for the small component is consistent with the temperatures
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Figure 1. SINFONI 2.12 µm H2 1–0 S(1) flux map of the central region of
NGC 1068 at a resolution of 0.′′1. A contour plot of the 12CO(2–1) emission
map from Schinnerer et al. (2000) is overlaid on the H2 flux map. The scale is
given in arcsec (1′′ = 70 pc). The position of the nucleus as defined by the NIR
nonstellar peak is represented by a crossed circle. In addition to the previously
known prominent gas concentrations ∼ 1′′ east and west of the nucleus, the
morphology reveals several new distinct structures. One of them is a complete
ring centered ∼ 0.′′6 SW of the nucleus. The other is a linear structure apparently
emanating from the circumnuclear ring and connecting to the AGN along a P.A.
of ∼ −14◦. This new linear streamer is the focus of the discussion in this paper.
The central square emphasizes the location of this linear structure and denotes
the field of the small-scale observations shown in Figures 2–8.
(A color version of this figure is available in the online journal.)

Figure 2. Flux map of the H2 1–0 S(1) emission in the central ± 0.′′4 of
NGC 1068 with a resolution of 0.′′075 (∼ 5 pc). The peak of the nonstellar
continuum is represented by a crossed circle. The image is binned using
Voronoi tessellations (Cappellari & Copin 2003). The line properties could
not be extracted in the very central region around the AGN due to the strong
continuum emission. The bins where the line properties could not be extracted
were masked out and correspond to the diagonal patterned regions. The open
triangles show the projected trajectory of the northern concentration of gas (the
northern tongue, Orbit NT2). The half-crosses show the past trajectory of the
gas, which is currently located in front of the AGN (the southern tongue, Orbit
ST2).
(A color version of this figure is available in the online journal.)

In addition to the nuclear component designated as the
southern tongue, we found another area of high luminosity in the
northern part of the H2 intensity map (see Figure 2). In fact, this
is the brightest region of the linear structure (∼ 1.6 × 104 L⊙),
which extends up to ∼ 0.′′7 north-northwest of the central engine
along a P.A. of −14◦ and apparently connects to a prominent
knot in the circumnuclear ring (Figure 1). We will designate

Figure 3. Integrated spectrum of the nucleus of NGC 1068 in the wavelength
range between 1.5 and 2.35 µm (H + K bands). The individual spectra were
added over a 0.′′3 × 0.′′1 rectangular aperture centered at the position of the
nucleus. The dashed line represents the best-fit curve to the continuum emission,
which corresponds to a black body radiating at 700 K. The dotted square
emphasizes the region between 2.05 and 2.20 µm, the wavelength range where
the H2 1–0 S(1) emission line can be found. This region of the electromagnetic
spectrum is plotted in the small panel in the top left. The continuum has been
subtracted in this panel. The H2 1–0 S(1) emission line is clearly seen. Other
relevant emission lines are indicated in the figure.
(A color version of this figure is available in the online journal.)

this extension of the linear structure as the northern tongue. The
region north of the AGN, where apparently the northern tongue
and the circumnuclear ring merge, is characterized by double-
peaked line profiles (Galliano & Alloin 2002). As this region
is out of the central arcsecond, we postpone its quantitative
analysis to a subsequent publication (F. Müller Sánchez et al.
2009, in preparation). The H2 line profiles of the small-scale
data studied here do not show complex morphologies, and thus
they were fitted by one Gaussian component as described in
Section 3.2.

Dust emission at 12 µm from the northern tongue is present
in previous mid-IR observations by Bock et al. (2000), Tomono
et al. (2006), and Poncelet et al. (2007). Overlays of our
two H2 flux maps at different spatial scales and the 12.5 µm
deconvolved image of Bock et al. (2000) are shown in Figure 4.
The image taken at 12.5 µm has the highest angular resolution
and the highest signal-to-noise ratio (S/N) of the mid-IR images
from Bock et al. (2000). For these reasons, we have chosen to
compare this image with our flux maps, in a similar way as
these authors did with other data sets. We want to emphasize,
however, that all mid-IR images show qualitatively the same
features. In both panels of Figure 4, we assumed that the mid-
IR peak is located at the position of the nucleus as defined
by the NIR peak. As can be seen in the two overlays, along
the northern tongue there exists good correlation between the
molecular gas emission and the 12.5 µm continuum. In the
right panel, a dashed line indicates the boundary of the northern
tongue emphasizing this correlation. Also, the alignment gives
a fair correlation between the east–west unresolved mid-IR core
and the H2 southern tongue. The two overlays show a bend
to the east, although the mid-IR bend is more pronounced.
The qualitative agreement of the two images indicates that,
in the central arcsecond, the molecular gas and the dust have
a similar spatial distribution that is predominantly a north–
south linear structure about 1′′ (70 pc) long which contains
two bright components: the southern and northern tongues. Our
observations support the interpretation given by Tomono et al.
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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%



Poll at TORUS 2018: What do you think is the single 
most fundamental missing future (~30 yr window) 

observation that would help us better understand the 
torus and its environment?

1 %

1 %
1 %

1 %
3 %

40 % 53 %
High sensitivity MIR IFU obs on sub-pc scales
High sensitivity X-ray imaging on sub-pc scales
Near-IR interferometry
I am pessimistic until we have something to falsify
Multi-wavelength concurrent observations
All of the above
N/A96 responses



Summary 
Mid-Infrared Interferometry of AGNs

• Using mid-IR interferometry we have resolved 
the nuclear dust structures in ~ 30 nearby 
AGNs. On parsec-scale, AGN "tori" structurally 
differ from each other.

• In a handful of bright sources with good (u,v) 
coverage we can constrain elongated Gaussian 
components; most of them are oriented in the 
polar direction.

• With VLTI/MATISSE and ELT/METIS we will be 
able to resolve the base of the AGN outflow 
and begin to relate the torus phenomenology 
to physical parameters of the AGN.
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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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