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3.3.5 Study of di!erent volume filling factors

Within this parameter study, the volume filling factor is changed. Starting from the standard model

with a volume filling factor of 30% and 400 clumps within the whole model space, we halved it

once by distributing only 160 clumps within the calculation domain and doubled it, for which 1500

clumps were needed due to the applied procedure of randomly distributing clumps.

The resulting surface brightness distributions at ! = 12.0 µm are shown in Fig. 3.10 with the three
models given in di!erent rows and for four di!erent inclination angles: i = 0!, 30!, 60!, 90!. In

the case of the lowest volume filling factor, individual clouds are visible. The distribution of sur-

face brightness of these individual clouds clearly resembles the temperature structure within single

clumps. The directly illuminated clumps are hotter and, therefore, appear brighter. When adding

more and more clumps (increasing the volume filling factor), the chance to directly illuminate

clumps further out decreases and at higher filling factors it is only possible for clumps close to the

funnel. This is clearly visible at higher inclination angles: the higher the volume filling factor, the

clearer the x-shaped feature appears, as only clumps within or close to the funnel can be directly

illuminated. At a volume filling factor of 60%, the surface brightness distribution looks very similar

to the one of the corresponding homogeneous model (compare to Fig. 3.14). At large factors and

close to edge-on, substructure is only visible from clouds in viewing direction towards the cones.

Figure 3.10: Di!erent volume filling factors: 15% (upper row), 30% (middle row), 60% (lower row) for

! = 12.0µm. From left to right, the inclination angle changes: i = 0!, 30!, 60!, 90!. The scaling is

logarithmic with a range between the maximum value of all images and the 10"5th fraction of it. Length

scales are given in pc.
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NGC 1068 (Hubble)

Active Galactic 
Nuclei

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 +

component physical size angular size in NGC 
1068 (14 MPc)

Central SMBH
10-5 pc * MBH/108 
MSun

Accretion disk ~ 10-3 pc

Broad Line Region ~ 0.01 pc 0.15 mas

Torus ~ 2x3 pc 40 mas

Narrow Line 
Region

~ 300 pc

The starburst ~ 1 kpc

Closest Sy 2 galaxy: Circinus (4 MPc, 1 pc ~ 50 mas)

31. AGN
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Astrophysics Introductory Course                                SS04/WS04/05

Interferometry

ESO Very Large
Telescope -
Interferometer

basic principle:

‘two holes in screen 
get replaced by two 
8 m telescopes!’

Astrophysics Introductory Course                                SS04/WS04/05

VLT interferometer

Interferometry
• Resolution of a single dish 

telescope θmin ~ λ/D
(8m @ 10µ: 300 mas)

• Interferometry: D ~ spacing 
between telescopes!
(130m @ 10µ: ~ 15 mas)

• I(u,v) = T(u,v) * O(u,v)
Intensity = F.T.(Transfer 
function) * F.T.(image)
➔ Know your 

interferometer (the 
transfer function)!
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VLTI / MIDI

• MIDI: The Mid InfrareD Interferometric Instrument

• N band (8-13 µ), R = 30, 230, max. angular resolution ~ 15 mas

• Two beams (UTs/ATs)
A. Glindemann et. al. - The VLT Interferometer SPIE Conf. 4006, March 2000

The VLT Interferometer

• Four 8-m Unit Telescopes
Max. Baseline 130m ! 1.5 – 30 milli arcsec

• Three 1.8-m Auxiliary Telescopes
Base lines between 8 and 200m
 ! max. resolution 1 – 20 milli arcsec

• Excellent uv coverage

1

2

3

4

23

- Unit Telescopes (1-4)

- Auxiliary Telescope
  Stations

AT Rail Track

Beam Combination
Laboratory

Delay Line Tunnel

North

Circle with
200m diameter

• Min. 46 m (U2-U3), 
Max. 130m (U1-U4)

52. VLTI / MIDI
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Observations
Observational strategy / data reduction

• Large background (sky / 
mirrors) ➔ ‘chopping‘

• Short atmospheric 
coherence time (~ ms) ➔ 
take many short frames

• Data reduction using MIA
+EWS IDL scripts

Tristram 2007

63. Observations / Results

final acquisition image of calibrator
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Circinus

u-v plot

• 21 ’uv points‘ 
obtained during 
2002-2006

• various baselines 
and position angles

73. Observations / Results
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Fig. 1. Coverage of the uv plane obtained for the Circinus galaxy with MIDI, the MID-infrared Interferometric instrument at the
VLTI. The left panel shows the position of the observed fringe tracks in the uv plane for the two shorter baselines, UT2 – UT3 and
UT3 – UT4. The points are coded according to the epoch of observation. The right panel shows all the 21 observed fringe tracks as
well as the uv tracks of the baselines for the three combinations of unit telescopes that were used.

2.4. uv coverage

The interferometric data collected on Circinus constitute the
most extensive interferometric data in the infrared or at shorter
wavelengths of any extragalactic source to date. The coverage of
the uv plane achieved by all of the MIDI observations is shown
in Fig. 1. Each point represents the position of a fringe track
leading to a visibility point. Because we measure the interfer-
ometric signal of a real function (namely the brightness distri-
bution) which has a symmetric Fourier transform, there are two
points for each measurement, symmetrical to the centre. The dif-
ferent colours denote the di!erent epochs of observation. We ob-
served 21 fringe tracks and 31 usable photometries (note this is
not the double of the fringe track number as it should optimally
be; there are only 15 usable A photometries and 16 usable B pho-
tometries) for Circinus as well as 12 fringe tracks plus 24 pho-
tometries for HD 120404, the calibrator star. From these data, we
were able to reconstruct a total of 21 visibility points.

The distribution of the measurements in the uv plane shown
in Fig. 1 has concentrations at several locations, that is, two or
three points at almost the same location. This was caused by con-
secutive measurements of the interferometric signal. The di!er-
ences between such measurements can be considered as indica-
tions for the accuracy of the measurements themselves. Several
measurements also share the same photometry or calibrator data.
In a strict sense, the true number of absolutely independent mea-
surements is thus only on the order of 12, which is the number
of independently measured calibrator data sets.

The observations were performed with only three baseline
configurations: UT2 – UT3, UT2 – UT4 and UT3 – UT4. This
causes the visibility points to lie on arcs in the uv plane, which
correspond to the classical uv tracks known from radio interfer-
ometry. The uv tracks for these three baseline configurations are
plotted as continuous lines in the right panel of Fig. 1. The uv

coverage is far from optimal, as there are several regions lacking
measurements: at a position angle of !20", no measurements
were obtained at all and at a position angle of +20" only one
baseline length (BL = 40 m) was observed. The void regions
therefore need to be filled in by future observations. In fact, the
current coverage is unsuitable to attempt any image reconstruc-
tion as commonly done with radio interferometry data. There, a
flux distribution can be directly determined from the data by an
inverse Fourier transform and a prescription, such as the “clean
algorithm”. We tried applying such an algorithm to our data.
However, the form of the PSF (the “beam”) corresponding to
our uv coverage is very bad and shows strong periodic patterns,
thereby dominating the outcome of the reconstruction process.
The results of such an attempt are poor and hard to interpret,
reflecting only general properties of the source. These general
properties are much better constrained by models (see Sect. 4).

The di!erential phase (see Sect. 2.3) is less than 20" for al-
most all baselines. At the shortest baselines, we find some ev-
idence for a phase shift and there is also weak evidence for
phase shifts at positions where the visibilities show unexpected
behaviour (especially for sudden downturns at the edge of the
spectal range covered). Nevertheless, we find no evidence for a
major asymmetry in the source. We therefore postpone a detailed
analysis of the di!erential phase information and concentrate in
this paper on the interpretation of the visibility amplitude only.

3. Results

3.1. Total flux

Figure 2 shows the spectrum of the calibrated total flux, Ftot(!),
of the Circinus nucleus. In several of the individual measure-
ments (light grey lines), enhanced noisiness is apparent between
9.5 and 10.0 µm, which is due to ozone absorption in the Earth’s

Tristram et al. 2007
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Circinus

(Correlated) 
Spectrum

• Visibility
V = (Imax-Imin)/(Imax+Imin)

• Visibility: needs good 
photometry!

• If not available, use 
Correlated Flux instead

Tristram et al. 2007
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Fig. 3. Top panel: Spectra of the correlated fluxes, as observed during the night of 2005 Mar 01. Bottom panel: Visibilities for the
same observations. During the course of these observations, the position angle (PA) changed by ! 90", while the projected baseline
length (BL) stayed roughly the same. From the angular dependence of the correlated fluxes, direct implications on the morphology
can be derived: the source observed is considerably more extended in the direction of PA ! 50" than in the direction of PA ! 130".
Areas a!ected by atmospheric absorption are hatched in grey.

bility quantifies the degree of “resolvedness” of the source, that
is, it contains geometrical information on the source. The corre-
lated flux reflects only the emission from the unresolved part of
the source, which per se does not contain any geometrical infor-
mation. It only receives a geometrical meaning in comparison to
the total flux or to correlated fluxes at di!erent baselines. From
our observations we know that the photometry is the most un-
certain part of the measurement and we have fewer independent
measurements of photometries than fringe tracks. As described
in Sect. 2.3, the correlated fluxes are independent of errors in
the photometry; the visibility, however, always contains the pho-
tometry including its uncertainties. For the analysis and the mod-
elling, we consider both the visibilities and the correlated fluxes
as comparably useful and we will use both for our modelling of
the data. Furthermore, we find that the essential inferences de-
duced from either the visibilities or the correlated fluxes are the
same; this is reassuring.

4. Modelling

To interpret the visibilities in terms of a flux distribution and
to deduce physical properties of the source, the data need to
be fitted by models, because the uv coverage is incomplete (see
Sect. 2.4) and we lack absolute phase information. Our approach
to model the data consists of several steps of increasing complex-
ity, minimising any preconceptions about the source. The goal is
to extract properties of the mid-infrared emission, such as size,
elongation, depth of the silicate feature, etc., to sketch a picture
of the nuclear dust distribution in the Circinus galaxy.

The first step of modelling is aimed at estimating the char-
acteristic size of the emission region using a simple, one dimen-
sional model. From the discussion in Sect. 3.2 it is clear that a
one dimensional model is too simple to explain the MIR source
in the nucleus of the Circinus galaxy correctly. More complex,
two dimensional models are necessary. Our next step in mod-
elling is hence a purely geometrically description of the source
brightness distribution for each wavelength bin. This second,
two dimensional model lead to the creation of a third, physi-
cally motivated model which also attaches physical properties to
the emission region. It turns out that the latter model compre-

83. Observations / Results
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Circinus 

Observational Model: Gaussian Fit
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Fig. 6. Flux distribution of the physical model (fit 2) at 11 µm in
logarithmic scaling.

compact disk component by a dotted line. In contrast to the ob-
servations of NGC 1068 (Ja!e et al. 2004; Poncelet et al. 2006),
the correlated fluxes in the Circinus galaxy do not show a rela-
tive increase of the flux to shorter wavelengths with respect to
the flux at longer wavelengths. This shows that there is only a
moderate increase of dust temperature towards the centre.

The model used here is a parametrised global model and
does not match all aspects of the data. The reduced !2 of 37
indicates that deviations well above the 5"-level are commonly
found. The aim of our model was to extract the overall properties
of the emitting source. The general behaviour of the correlated
fluxes for the di!erent baseline orientations can be well repro-
duced, but not the details. Looking at Fig. 4, the model fluxes
only show a single dip in the range of position angles traced, due
to the symmetry of the object when rotated by 180!. The mea-
surements exhibit considerably more rapid angular variations,
rejecting a smooth axisymmetric model. The dispersed fluxes
(Fig. C.1) disagree most strongly at the edges of the spectrum,
at 8 µm, where a downturn in several of our correlated fluxes is
seen, or at 13 µm, where the model deviates in both directions
with respect to the data. As there are also small changes in the
di!erential phase in these regions, we expect a further substruc-
ture of the source to be responsible for this unusual behaviour.

To verify this possibility, we undertook an additional mod-
elling experiment: we tried to reproduce the low scaling factor
of the larger component through clumpiness: instead of multi-
plying F1 with the factor f2, an uneven surfaceC(#, $) was used.
C(#, $) can be interpreted as a screen simulating clumpiness. To
make the calculation consistent, the average value of C has to
reproduce the scaling factor: "C(#, $)# = f2 . The resulting flux
distribution for such a clumpy model is shown in Fig. 7. In such
a simple experiment, it is possible to find clump distributions
which trace the correlated flux much better (see for example
Fig. 8). The reduced !2 drops to values of !2/Nfree < 25. This
supports the assumption that such deviations are generated by a
substructure of the brightness distribution.

Fig. 7. Flux distribution of the physical model with added
clumpiness for the extended component at 11 µm in logarithmic
scaling.

5. Discussion

The modelling of our interferometric observations reveals the
presence of two components of dust emission at the very cen-
tre of the Circinus galaxy: an extended (r1 = 1.0 pc), warm
(T2 $ 300K) and fairly round emission region showing strong
silicate absorption and a much smaller (r2 = 0.2 pc), but only
slightly warmer (T1 $ 330K) component that is highly flattened
and shows a less pronounced silicate absorption feature. We in-
terpret these two components as signs for a geometrically thick
“torus” of warm dust surrounding a warmer, disk-like structure
(see Fig. 9). The smaller and denser disk is seen at a high inclina-
tion and it partly exhibits the silicate band in emission. It is sur-
rounded by the larger, less dense and most likely clumpy torus
component which gives rise to strong silicate absorption. The
silicate absorption profiles towards both the disk and the torus
component are consistent with the interstellar absorption profile
observed towards the nucleus of our own galaxy. This suggests
that the dust composition is the same. The result is interesting
compared to that found for NGC 1068, where the dust absorp-
tion towards the nucleus clearly does not agree with the standard
intergalactic absorption profile (Ja!e et al. 2004; Poncelet et al.
2006).

To understand the structure of the nuclear dust distribution
in AGN, we developed hydrodynamicalmodels of dusty tori (for
a detailed description see Schartmann 2007). These models in-
deed also show a disk-like structure in the inner region which
is surrounded by a geometrically thick “torus”. The torus is not
continuous but has a filamentary structure (rather than clumpy)
and the disk is turbulent.

In the following, we will develop a picture of the central
parsec region in Circinus which aims to explain the results of
the MIDI measurements in the context of the hydrodynamical
model. In addition, the picture needs to be consistent with the
previously known properties of this galactic nucleus.

logarithmic colour scale

Parameter Gaussian Fit

FWHM Δ1 21.1 mas (0.4 pc)

axis ratio r1 0.21

optical depth τ1 1.18

temp. T1 [K] 333.7

flux norm. f1 1.00

FWHM Δ2 96.7 mas (1.9 pc)

axis ratio r2 0.97

optical depth τ2 2.22

temp. T2 [K] 298.4

flux norm. f2 0.20

angle φ [°] 60.9

χ2 / Nfree 36.86
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Dust torus in the Circinus galaxy
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The position of the dynamical center of the disk, its inner
(observed) radius, and peak rotation speed may be esti-
mated from the innermost red- and blueshifted masers, for
which we assume a common edge-on orbit. The peak
observed rotation speed, Vmax, is 260 km s!1 in an orbit at a
position angle of 29" with radius, rin, of 5:3# 0:1 mas
(0:11# 0:02 pc, including the uncertainty in distance). The
inferred disk center lies at 17.6 and 13.1 mas east and north
of the origin in the maps in Figures 2 and 3. Taking into
account only gravity and assuming circular motion, we infer
an enclosed mass, M$r < rin%, of $1:7# 0:3% & 106 M', or
mean mass density of $3:2# 0:9% & 108 M' pc!3. We note
that because the disk does not display identifiable low-
velocity emission on the near side, it is di!cult to estimate
inclination directly (cf. NGC 4258; Miyoshi et al. 1995).
Formally, the mass and density estimates depend on the
inclination and are lower limits. However, we argue that the

disk must be close to edge-on because the masers cluster
tightly around a sharply defined disk midline.

The orientation of the innermost orbit on the disk is close
to perpendicular to the flow axes of the known bipolar radio
lobes (Elmouttie et al. 1998) and wide-angle CO outflow
cone (Curran et al. 1999), the rotation axes of the H i galac-
tic disk (Freeman et al. 1977) and the circumnuclear CO
disk of radius 140–600 pc (Curran et al. 1998), and the prin-
cipal axis of the most prominent [O iii] filament in the ion-
ization cone, for which the position angle is (!50"

(Veilleux & Bland-Hawthorn 1997). However, the assumed
90" inclination of the disk at the inner radius is somewhat
o"set from the 65" # 2" inclination of the galactic disk
(Freeman et al. 1977), the 78" # 1" inclination of the CO
disk (Curran et al. 1998), and the (65" inclination inferred
byWilson et al. (2000) for a 40 pc radius ring of H ii regions
centered on the central engine. Some of these alignments are

Fig. 3.—Superposition of maps for 1997 July and 1998 June. Color indicates velocity, as in Fig. 2. The black scale bar corresponds to 0.2 pc. The blue and
red curves indicate the limb or midline of the putative edge-on warped disk, where the orbital velocity is parallel to the line of sight. The red curve is a second-
order polynomial fitted to the midline. The blue curve is a reflection of the polynomial about the center of the disk. The good agreement between the reflected
curve and the blueshifted midline demonstrates how well the data fits an antisymmetric warp model. The lengths of the arcs indicate the range of radii over
which redshifted maser spots trace a smoothly declining rotation curve (see Fig. 4). The green line represents the innermost orbit, defined by the most highly
red- and blueshiftedmaser spots. The cross marks the estimated dynamical center of the disk.
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Dust torus in the Circinus galaxy

-75-50-25255075

-75

-50

-25

25

50

75

RA in mas

DEC in mas

1.9 pc
0.4 pc

The position of the dynamical center of the disk, its inner
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mated from the innermost red- and blueshifted masers, for
which we assume a common edge-on orbit. The peak
observed rotation speed, Vmax, is 260 km s!1 in an orbit at a
position angle of 29" with radius, rin, of 5:3# 0:1 mas
(0:11# 0:02 pc, including the uncertainty in distance). The
inferred disk center lies at 17.6 and 13.1 mas east and north
of the origin in the maps in Figures 2 and 3. Taking into
account only gravity and assuming circular motion, we infer
an enclosed mass, M$r < rin%, of $1:7# 0:3% & 106 M', or
mean mass density of $3:2# 0:9% & 108 M' pc!3. We note
that because the disk does not display identifiable low-
velocity emission on the near side, it is di!cult to estimate
inclination directly (cf. NGC 4258; Miyoshi et al. 1995).
Formally, the mass and density estimates depend on the
inclination and are lower limits. However, we argue that the

disk must be close to edge-on because the masers cluster
tightly around a sharply defined disk midline.

The orientation of the innermost orbit on the disk is close
to perpendicular to the flow axes of the known bipolar radio
lobes (Elmouttie et al. 1998) and wide-angle CO outflow
cone (Curran et al. 1999), the rotation axes of the H i galac-
tic disk (Freeman et al. 1977) and the circumnuclear CO
disk of radius 140–600 pc (Curran et al. 1998), and the prin-
cipal axis of the most prominent [O iii] filament in the ion-
ization cone, for which the position angle is (!50"

(Veilleux & Bland-Hawthorn 1997). However, the assumed
90" inclination of the disk at the inner radius is somewhat
o"set from the 65" # 2" inclination of the galactic disk
(Freeman et al. 1977), the 78" # 1" inclination of the CO
disk (Curran et al. 1998), and the (65" inclination inferred
byWilson et al. (2000) for a 40 pc radius ring of H ii regions
centered on the central engine. Some of these alignments are

Fig. 3.—Superposition of maps for 1997 July and 1998 June. Color indicates velocity, as in Fig. 2. The black scale bar corresponds to 0.2 pc. The blue and
red curves indicate the limb or midline of the putative edge-on warped disk, where the orbital velocity is parallel to the line of sight. The red curve is a second-
order polynomial fitted to the midline. The blue curve is a reflection of the polynomial about the center of the disk. The good agreement between the reflected
curve and the blueshifted midline demonstrates how well the data fits an antisymmetric warp model. The lengths of the arcs indicate the range of radii over
which redshifted maser spots trace a smoothly declining rotation curve (see Fig. 4). The green line represents the innermost orbit, defined by the most highly
red- and blueshiftedmaser spots. The cross marks the estimated dynamical center of the disk.
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Fig. 4. Comparison of the correlated flux predicted by the physical model (fit 2) with the observations for two distinct wavelengths:
(a) 8.5 and (b) 12.5 µm. The measured fluxes are plotted with asterisks; the continuous lines are the modelled fluxes. Note the
di!erent flux ranges for the di!erent wavelengths.

A total of 21 wavelength bins were used for the fitting, so
that fit 1 has Nfree,1 = 21 · 1! 11 = 10 degrees of freedom, while
fit 2 has Nfree,2 = 21 · 22 ! 11 = 451. The resulting total fluxes
for the two models are plotted in Fig. 2 in orange (fit 1) and red
(fit 2) on top of the measured total flux. The observed correlated
fluxes are compared to fit 2 in Fig. 4 at the two wavelengths
already previously featured: 8.5 and 12.5 µm. A comparison of
fit 2 with all of the data is given in App. C.

The two components of this model have similar properties
to those of the purely geometrical model (App. B): there is a
smaller elongated component and a larger, nearly round com-
ponent. A sketch of the result of fit 2 is depicted in Fig. 5
and the flux distribution at 11 µm can be seen in Fig. 6. The
smaller component has a FWHM of "1 = 21mas, which corre-
sponds to 0.4 pc at the distance of Circinus. It is highly flattened
(r1 = 0.21) and has a temperature of T1 = 334K. The distri-
bution is found to be an optically thick black body ( f1 = 1).
The second component is significantly larger, as a large part of
the observed flux (" 90%) is resolved with our interferomet-
ric set-up. It has a FWHM of "2 = 97mas, which corresponds
to 2.0 pc, only a very small ellipticity and a temperature of less
than 300K. The emissivity of the black body radiation from this
component is scaled by a factor of f2 = 0.20. This low scaling
factor is driven by the rather extended flux distribution, which
is necessary to explain the low visibilities, and the requirement
not to overpredict the measured total flux. Note that the scal-
ing factor is not to be interpreted as a geometrical covering fac-
tor. Together with the charactersitic temperature T2, it rather
is a formal description of a significantly more complex multi-
temperature system. This is underlined by the fact that there is a
degeneracy between the temperature and the scaling factor in the
fit. When fitting only the total flux, we see a larger temperature
di!erence between the two components than for the full fit. In
both cases, fit 1 and 2, the temperatures are the least constrained
parameters. We therefore consider the 330K for the inner com-
ponent as a lower limit for the highest dust temperature and the
300K as an upper limit for the cool component. Our data rules
out any significant contribution from a truly hot component with
temperatures T > 1000K, i.e. close to the sublimation tempera-
ture of the dust. This is consistent with Prieto et al. (2004), who
also found no evidence for hot dust. The conclusion drawn from
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-75
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Fig. 5. Sketch of the physical model (fit 2): a highly elongated
warm emission region with a temperature of " 330K (yellow)
is surrounded by an extended, almost round and slightly cooler
emission region with a temperature of " 300K (brown). In the
centre of the sketch, the location of the H2O maser emitters in a
disk from Greenhill et al. (2003) is overplotted: the blue line to
the north-east traces the receeding masers and the red line to the
south-west the approaching masers. The dashed light blue line
traces the edge of the observed ionisation cone, the dotted line is
the cone axis.

the growth of the size of the emitter with wavelength (Sect. A),
namely that the temperature of the emitter decreases with in-
creasing distance to the nucleus, is confirmed by the lower tem-
perature of our larger component. The small component only
contributes a minor fraction to the total flux. This can be seen
in the top left graph of Fig. C.1: the flux contribution by the ex-
tended component is delineated by a dashed line and that by the

Tristram et al. 2007
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The position of the dynamical center of the disk, its inner
(observed) radius, and peak rotation speed may be esti-
mated from the innermost red- and blueshifted masers, for
which we assume a common edge-on orbit. The peak
observed rotation speed, Vmax, is 260 km s!1 in an orbit at a
position angle of 29" with radius, rin, of 5:3# 0:1 mas
(0:11# 0:02 pc, including the uncertainty in distance). The
inferred disk center lies at 17.6 and 13.1 mas east and north
of the origin in the maps in Figures 2 and 3. Taking into
account only gravity and assuming circular motion, we infer
an enclosed mass, M$r < rin%, of $1:7# 0:3% & 106 M', or
mean mass density of $3:2# 0:9% & 108 M' pc!3. We note
that because the disk does not display identifiable low-
velocity emission on the near side, it is di!cult to estimate
inclination directly (cf. NGC 4258; Miyoshi et al. 1995).
Formally, the mass and density estimates depend on the
inclination and are lower limits. However, we argue that the

disk must be close to edge-on because the masers cluster
tightly around a sharply defined disk midline.

The orientation of the innermost orbit on the disk is close
to perpendicular to the flow axes of the known bipolar radio
lobes (Elmouttie et al. 1998) and wide-angle CO outflow
cone (Curran et al. 1999), the rotation axes of the H i galac-
tic disk (Freeman et al. 1977) and the circumnuclear CO
disk of radius 140–600 pc (Curran et al. 1998), and the prin-
cipal axis of the most prominent [O iii] filament in the ion-
ization cone, for which the position angle is (!50"

(Veilleux & Bland-Hawthorn 1997). However, the assumed
90" inclination of the disk at the inner radius is somewhat
o"set from the 65" # 2" inclination of the galactic disk
(Freeman et al. 1977), the 78" # 1" inclination of the CO
disk (Curran et al. 1998), and the (65" inclination inferred
byWilson et al. (2000) for a 40 pc radius ring of H ii regions
centered on the central engine. Some of these alignments are

Fig. 3.—Superposition of maps for 1997 July and 1998 June. Color indicates velocity, as in Fig. 2. The black scale bar corresponds to 0.2 pc. The blue and
red curves indicate the limb or midline of the putative edge-on warped disk, where the orbital velocity is parallel to the line of sight. The red curve is a second-
order polynomial fitted to the midline. The blue curve is a reflection of the polynomial about the center of the disk. The good agreement between the reflected
curve and the blueshifted midline demonstrates how well the data fits an antisymmetric warp model. The lengths of the arcs indicate the range of radii over
which redshifted maser spots trace a smoothly declining rotation curve (see Fig. 4). The green line represents the innermost orbit, defined by the most highly
red- and blueshiftedmaser spots. The cross marks the estimated dynamical center of the disk.
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Fig. 4. Comparison of the correlated flux predicted by the physical model (fit 2) with the observations for two distinct wavelengths:
(a) 8.5 and (b) 12.5 µm. The measured fluxes are plotted with asterisks; the continuous lines are the modelled fluxes. Note the
di!erent flux ranges for the di!erent wavelengths.

A total of 21 wavelength bins were used for the fitting, so
that fit 1 has Nfree,1 = 21 · 1! 11 = 10 degrees of freedom, while
fit 2 has Nfree,2 = 21 · 22 ! 11 = 451. The resulting total fluxes
for the two models are plotted in Fig. 2 in orange (fit 1) and red
(fit 2) on top of the measured total flux. The observed correlated
fluxes are compared to fit 2 in Fig. 4 at the two wavelengths
already previously featured: 8.5 and 12.5 µm. A comparison of
fit 2 with all of the data is given in App. C.

The two components of this model have similar properties
to those of the purely geometrical model (App. B): there is a
smaller elongated component and a larger, nearly round com-
ponent. A sketch of the result of fit 2 is depicted in Fig. 5
and the flux distribution at 11 µm can be seen in Fig. 6. The
smaller component has a FWHM of "1 = 21mas, which corre-
sponds to 0.4 pc at the distance of Circinus. It is highly flattened
(r1 = 0.21) and has a temperature of T1 = 334K. The distri-
bution is found to be an optically thick black body ( f1 = 1).
The second component is significantly larger, as a large part of
the observed flux (" 90%) is resolved with our interferomet-
ric set-up. It has a FWHM of "2 = 97mas, which corresponds
to 2.0 pc, only a very small ellipticity and a temperature of less
than 300K. The emissivity of the black body radiation from this
component is scaled by a factor of f2 = 0.20. This low scaling
factor is driven by the rather extended flux distribution, which
is necessary to explain the low visibilities, and the requirement
not to overpredict the measured total flux. Note that the scal-
ing factor is not to be interpreted as a geometrical covering fac-
tor. Together with the charactersitic temperature T2, it rather
is a formal description of a significantly more complex multi-
temperature system. This is underlined by the fact that there is a
degeneracy between the temperature and the scaling factor in the
fit. When fitting only the total flux, we see a larger temperature
di!erence between the two components than for the full fit. In
both cases, fit 1 and 2, the temperatures are the least constrained
parameters. We therefore consider the 330K for the inner com-
ponent as a lower limit for the highest dust temperature and the
300K as an upper limit for the cool component. Our data rules
out any significant contribution from a truly hot component with
temperatures T > 1000K, i.e. close to the sublimation tempera-
ture of the dust. This is consistent with Prieto et al. (2004), who
also found no evidence for hot dust. The conclusion drawn from

-75-50-25255075

RA in�mas

-75

-50

-25

25

50

75 DEC�in�mas

1.9 pc
0.4 pc

Fig. 5. Sketch of the physical model (fit 2): a highly elongated
warm emission region with a temperature of " 330K (yellow)
is surrounded by an extended, almost round and slightly cooler
emission region with a temperature of " 300K (brown). In the
centre of the sketch, the location of the H2O maser emitters in a
disk from Greenhill et al. (2003) is overplotted: the blue line to
the north-east traces the receeding masers and the red line to the
south-west the approaching masers. The dashed light blue line
traces the edge of the observed ionisation cone, the dotted line is
the cone axis.

the growth of the size of the emitter with wavelength (Sect. A),
namely that the temperature of the emitter decreases with in-
creasing distance to the nucleus, is confirmed by the lower tem-
perature of our larger component. The small component only
contributes a minor fraction to the total flux. This can be seen
in the top left graph of Fig. C.1: the flux contribution by the ex-
tended component is delineated by a dashed line and that by the

Tristram et al. 2007
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radius profile does not 
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models: observed T 
too high

• Clumpiness provides 
direct lines of sight 
also for large radii, 
increasing T

4.5. Discussion 75

Figure 4.18: Comparison between the radial temperature distribution of our simple “physical” model
(thick black continuous lines) and the temperature distributions for a clumpy (hatched area) and
continuous torus (light blue) as well as for dust directly illuminated by the central energy source
(green). The point where the sublimation temperature of the dust, TB(r) = 1500 K, is reached is
marked by a circle. The lower part of the graph shows the intensity of the Gaussian components
(depending on the covering factor f). The HWHM of the Gaussian components are marked by circles.
The scales probed by our interferometric set-up lie within the dotted vertical lines.

unobscured lines of sight, that is, TB(r). The behaviour is reproduced by the radiative trans-
fer modelling of AGN tori: the shaded areas show the temperature ranges (from mean to
maximum temperature) of the individual cells in a continuous and a clumpy torus model (for
a detailed description of the modelling we refer to Schartmann et al., 2007). For this purpose,
the radii were rescaled so that the inner radii of the torus, where the sublimation tempera-
ture is reached, coincide with the sublimation radius predicted by TB(r). As expected, the
continuous model (filled, light blue area) has a very strong drop in the temperature behind
the inner edge of the dust distribution, while the clumpy model (dark blue, hatched area)
has a much wider temperature range, including lower temperature clouds at small distances
from the nucleus and higher temperatures at larger distances.

Finally, the thick black continuous lines trace the temperatures of the two dust compo-
nents in Circinus. The lines are drawn out to the half width at half maximum (HWHM) of
the respective component. From the figure it is obvious that the temperatures seen by MIDI
disagree with a continuous dust distribution as the temperatures lie significantly above the
distribution and no sharp temperature rise to the centre is seen. The high temperatures at

Tristram et al. 2007
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mirrors, combined by a semi-reflecting mirror, dispersed by a NaCl
prism to a spectral resolution of l/dl < 30, and finally registered on
the infrared detector. MIDI’s operation in the astronomical N band
(8–13.5 mm) is perfectly suited to estimate the dust composition
from the absorption lines of common dust minerals.
Figure 1b shows our single-telescope acquisition image of the

nuclear region at 8.7 mmwavelength. The corresponding N-band slit
spectrum of the source, as integrated over the beam width of
0.4 arcsec, is shown in Fig. 2a. Figures 2b and c show the spectra
as seen by the two-telescope interferometer operating at two
different projected baselines. We attribute the dip near 10 mm,
visible on all three panels, to absorption by dust minerals.
As our longer baseline is essentially aligned with the north–

south-oriented source axis as defined by the inner radio jet8, we

decided to model the data with a minimum set of emitting
components that are symmetric with respect to this axis—a pro-
cedure borrowed from the early days of VLBI radio astronomy. For
each component, we assume blackbody radiation at a specific
temperature and an elliptical gaussian brightness distribution. In
order to reproduce the dust absorption feature already evident in
our present (and previous9,10) single-telescope observations, we
additionally introduce silicate absorption of various strengths for
each component. We assume an absorption profile derived from
Infrared Satellite Observatory (ISO) observations of the centre of
our Galaxy11, which is consistent with, but of higher signal/noise
than, existing ISO measurements of NGC 106810.

The simplest model that accounts well for the spectra of both the
total and the interferometric flux in our measurements requires
only two gaussian components of different temperature, size and
foreground dust absorption tSiO (see parameters in Table 1 and
sketch in Fig. 1c). The first is a hot (T . 800K) compact com-
ponent. Its length along the source axis is resolved, and well
constrained to 0.7 pc. The interferometric measurement sets only
an upper limit (#1 pc) to its orthogonal width. The second is a
warm, well resolved component with best-fit temperature
T ! 320K. Its size is well constrained by our observations with
two baselines.

The silicate absorption feature around 10 mm is much more
pronounced in the interferometric spectra (Fig. 2b, c) than in the
total spectrum (Fig. 2a). In our best-fitting model, we find an
spatially averaged peak silicate absorption depth, ktSiOl, of 0.3 in
front of the extended T ! 320K component plus an additional
ktSiOl ! 1.8 in front of the hot component. Thus, the hot com-
ponent seems to be embedded within the warm one. Presumably,
much of the absorption towards the hot component actually occurs
in the inner regions of the warm extended component. A ray from
the hot dust, penetrating the full thickness of the larger, outer
component, will suffer more absorption than the radiation from
cooler dust in the outer regions of this component.

The profile of the silicate absorption towards the hot component
does not fit well to the profiles of common olivine-type silicate dust,
because those begin to drop already at ,8 mm, while the inter-
ferometric spectrum with the highest spatial resolution (Fig. 2c)
does not seem to be affected at wavelengths ,9 mm. We obtain a
much better fit by using the profile of calcium aluminium silicate
(Ca2Al2SiO7), a high-temperature dust species found in some
supergiant stars12. Although radiation transfer effects might fill in
some of the dip near 8 mm even with ‘normal’ silicates, our
modelling of this effect does not produce acceptable fits to the
data. Other non-olivine dust compositions, however, cannot cur-
rently be excluded. In any case, our observations require special dust
properties in the innermost 2 pc around the nucleus of NGC 1068.
Indications of non-standard dust properties have also been reported
for other Seyfert 2 galaxies13.

Figure 2 Observed MIDI spectra from the nucleus of NGC 1068 compared with two-

component gaussian model predictions. Spectra were obtained during runs on 15 and 16

June, and 9 and 10 November, 2003. In each plot, the thin jagged line shows the

observed flux as a function of wavelength, the blue hatched area shows its r.m.s. scatter

in independent observations, and the thicker smooth line shows the model predictions.

The red and green lines shown the contribution of the hot and warm components,

respectively. a, The single-telescope, non-interferometric MIDI flux-density spectrum.
The absorption dip near 10mm is caused primarily by ‘astronomically common’, olivine-

type, silicate dust. b, The two-telescope interferometric spectrum from November 2003

with a projected baseline of B ! 42m oriented at an angle of 458 (clockwise from north),

giving an effective resolution of ,26 mas. c, The interferometric spectrum from June

2003 with a projected baseline of 78m, orientated 28 anticlockwise from north, giving a

resolution of,13 mas. Here the dip near 10 mm is probably caused by dust of alumino-

silicate or other, non-olivine, composition.

Table 1 Dust emission components in the nucleus of NGC 1068

Component T D k jet D ’ jet tSiO
(K) (mas) (pc) (mas) (pc)

.............................................................................................................................................................................

Hot .800 10 ^ 2 0.7 ^ 0.2 ,12 ,1 2.1 ^ 0.5
Warm 320 ^ 30 30 ^ 5 2.1 ^ 0.4 49 ^ 4 3.4 ^ 0.3 0.3 ^ 0.2
.............................................................................................................................................................................

Each component is taken to be a two-dimensional gaussian aligned with one axis parallel to the
radio jet. Sizes D are given as full-width at half-maximum of gaussian profiles. We have assumed
emission from each component with a blackbody spectrum of the given temperature with
constant emissivity. Emissivity decreasing rapidly with increasing wavelength (,l21 or stee-
per), as might be expected from optically thin dust emission, is not consistent with the data. In
front of this emission we impose an absorption of exp (2t(l)). t(l) varies with l to match known
silicate profiles as described in the text. The peak value of t(l) for each component is given here
as tSiO. The optical depth t in front of the hot component is in fact the sum of the contributions of
the hot and warm components, because the model assumes that the absorption in the warm
component also reduces the hot component. The errors refer to the full range of uncertainty
when varying all parameters simultaneously. We assume the standard distance21 of 14.4Mpc
(that is, 1 pc ! 14.3 mas). The temperature of the hot component is a lower bound; the
blackbody profiles from all temperatures above 800K are indistinguishable within the observed
wavelength band.
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Figure 8. Picture summarizing the multi-wavelength structures on parsec-

scales in the nucleus of NGC1068. The FWHM of the compact dust (com-

ponent 1) is sketched in red, centered around the H2O maser spots and

5GHz radio emission, both from Gallimore, Baum & O’Dea (2004). Con-

tour levels below the FWHM level have been removed to allow a better

comparison between the radio and the MIR. The ionization cones from

Das et al. (2006) are shown in yellow. The position angle of the radio jet

is also shown. The circle in the bottom right shown all the position angles

for which data was obtained.

5 CONCLUSIONS

In this paper we present interferometric observations of the nucleus

of NGC 1068, using the MIDI instrument at the VLT. Extensive u-v

coverage of sixteen baselines with a maximal resolution of 7 mas

has allowed us to analyze the MIR (8-13µm) emission from the ob-
scuring torus in great detail. We find the emission to originate from

a compact (0.45! 1.35 pc) component with a Gaussian flux distri-
bution, composed of hot (" 800!K) silicate dust with an unusual

absorption profile, which we identify as a funnel of hot dust asso-

ciated with the obscuring torus. The emission is highly clumpy and

is colinear and likely co-spatial with the well studied H2O mega-

maser disk, and therefore tilted by 45! with respect to the radio

jet. We offer a parametric data cube which accurately describes

the MIR emission in the wavelength 8-10 µm. A second, more ex-
tended (3 ! 4 pc ) component of warm (" 300!K) is detected,

which we identify as ’body’ of the torus. This second component

is mostly over resolved and it’s properties are not well constrained.

We discuss the physical origin of the emission with respect to the

torus, the masers and the radio jet. A direct image of the source

at 8 µm, obtained with maximum entropy image reconstruction is

presented as well.
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462 K. Meisenheimer et al.: The innermost parsec of Centaurus A

of about 5 mas (=0.1 pc = 3 ! 1015 m) from the VLBA core. In
this region the jet half opening angle is between 10" and 16".
This leads to an upper limit of d # 0.026 pc $ 6 Rc for the dis-
tance of the synchrotron source from the core proper.

The slope of the synchrotron powerlaw ! = %0.36 corre-
sponds to an electron spectrum n(") & "%q with q = 1.72. This is
considerably flatter than the standard value expected from Fermi
acceleration at a strong, non-relativistic shock (q = 2). However,
it has been demonstrated by various authors (Kirk & Schneider
1987; Kirk & Heavens 1989) that first order Fermi acceleration
at (oblique) relativistic shocks could produce power-law slopes
between q = 1.6 and q = 2. An alternative way to produce
such flat electron spectra could be provided by relativistic cur-
rent sheets (Kirk 2005). In this context, it is instructive to check
whether the magnetic field and relativistic particle energy den-
sity are close to equipartition (uB $ ue±) as it seems to be the
case in the terminal shocks (hot spots) of extended radio jets
(Meisenheimer et al. 1989). With the parameters in Table 3 we
find for the energy in electrons and positrons:

ue± = 1000 mec2n1000

! 8.5

0.1
g1%qdg = 2.4 ! 10%4 #%2R4!%7

c J m%3

$ 0.74 ! uB,

where g ' "/1000 and we assume "min = 100. So, unless a
lot more energy is stored in relativistic protons, the synchrotron
core does not deviate far from equipartition.

To summarize, we interpret the synchrotron “core” of
Centaurus A as the innermost point of its relativistic outflow,
at which interaction with the surrounding medium leads to the
onset of e!cient particle acceleration within the jet flow. At our
present knowledge, it cannot be decided whether this “visible
base” of the jet is marked by an internal shock or magnetic re-
connection phenomena in the relativistic flow. In any case, it
seems likely that the onset of radiation from the jet is connected
to deceleration of the flow to "jet <( 2.5. As relativistic parti-
cles of moderate energies (" < 1000) su#er smaller synchrotron
losses, one might speculate that they are advected downstream
with the jet flow, thus providing the “seed particles” which are
required for e!cient shock acceleration in the parsec-scale radio
jet.

It is worth to note that recent observations of the kilopar-
sec jet with the Spitzer Space Telescope (Quillen et al. 2006;
Brookes et al. 2006) have established that its synchrotron spec-
trum shows a radio-to-infrared power-law with ! = %0.72 which
extends at least to $ = 1014 Hz. Assuming an equipartition mag-
netic field of $3 nT one derives that electrons in the kiloparsec
jet have to be accelerated to energies "max >( 106 (i.e. 100 ! "c
of the synchrotron core). This might indicate that the maximum
energy scales with the size of the acceleration region.

4.2. Circum-nuclear dust emission from the parsec disk

As pointed out in Sect. 2 our current – very limited – cover-
age of the uv-plane leads us to the conclusion, that the cen-
ter of Centaurus A is essentially unresolved along PA $ 40"
but shows a clear indication for an extended component along
PA $ 120". Until future interferometric observations with other
baselines allow us to constrain better the size and shape of
the extended component, we simply assume that the visibility
VFeb. 28(%) = 0.8%0.04(% % 8 µm) along PA = 108" ± 12" is
caused by the superposition of the unresolved synchrotron core

Fig. 8. Sketch of our model for the mid-infrared emission from the in-
ner parsec of Centaurus A. We identify the unresolved point source
of <6 mas FWHM (dark grey) with the VLBI core (FWHM = 0.5 ±
0.1 mas, indicated as black dot). It is surrounded by an elongated struc-
ture of dust emission (light grey) the major axis of which is orientated
along PA = 127" ± 9" as inferred from the orthogonal baselines ob-
served on May 26. From the visibilities observed with two baselines on
February 28 we derive a major axis length of about 30 mas. Note that
the major axis orientation is consistent with being perpendicular to the
radio jet axis, and the axis ratio can be explained by a thin disk the axis
of which is inclined by (66" with respect to our line-of-sight.

and a well resolved, inclined disk, the major axis of which must
be orientated roughly perpendicular to PA = 37" ± 9", along
which we find V(%) $ 1. The size of the disk is poorly confined
by the present observations but needs to be >(30 mas (=0.57 pc)
at % = 13 µm, in order to be consistent with our simple two-
component model. As there might be a marginal decrease in the
visibility along PA $ 40" towards the longest wavelengths, only
an upper limit of (12 mas can be given for the projected width of
the disk. Figure 8 sketches this interpretation. Note that within
the current uncertainties the major axis of the disk could well
be orientated exactly perpendicular to the direction of the parsec
scale radio jet at PA(jet) = 50" (Tingay et al. 1998) and could
represent an inclined thin disk, the axis of which is aligned with
the radio axis at 50" < & < 70" with respect to our line-of-sight
(cf. Table 3).

From the visibility VFeb. 28(%) and the extinction corrected
flux values in Table 2 we derive Fdisk(8.3 µm) = (0.21± 0.10) Jy
and Fdisk(12.6 µm) = (0.71±0.20)Jy, respectively9. Interpreting
this steep rise towards long wavelengths as the Wien tail of a
blackbody spectrum from warm dust leads to a dust temperature
of T $ 240 K. With this temperature we derive a rough estimate
of the bolometric power emitted by the dust: Pdust >( 3 ! 1034 W.
Since the dust disk seems too thin to cover more than 1' stera-
dian (seen from the central accretion disk), we conclude, that a
heating power Pheat ) 1035 W is required to explain the apparent
dust emission. As we will discuss in Sect. 4.3 the optical-UV
power radiated by a nuclear accretion disk is insu!cient to heat
the dust. Thus other radiation sources must illuminate the dust
disk. It seems that the most likely source for its heating is pro-
vided by X-ray radiation. Regarding the size of the dust disk,

9 When assuming an unresolved core and a well resolved disk, Fdisk
is related to the core flux F0,$ by Fdisk(%) = ( 1

V(%) % 1) F$,0(%).

Meisenheimer et al. 2007
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Modelling
• continuous: easiest, but 

Silicate feature too strong in 
emission

• clumpy: explains most 
observations already very good 
(needs more observations to 
constrain model!)

• hydrodynamic: physical 
model, needs lots of CPU time

3. Models of the dust torus

What do we see ?    –   Variations on Moshe’s theme

Continuous dust torus Clumpy torus 
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Fig. 9. Surface brightness distributions of our standard model with an isotropically radiating central source (first row) and with a |cos !| –
radiation characteristic (second row) at inclination angles of 0!, 30!, 60! and 90! given with a linear grey scale ranging from 0 to the maximum
value of the respective image.

SEDs at small wavelengths is shifted to longer wavelengths
and the IR bump gets more and more narrow. The increase at
small wavelengths can be explained by a Planck curve with the
highest occuring dust temperatures (at the very inner end of the
cusp) altered by rising extinction along the line of sight. For our
modelling, the torus gets optically thin between 40 and 50 µm
(due to the steep decrease of the extinction curve, compare to
Fig. 3a). Therefore, all curves coincide and the dust configura-
tion emits radiation isotropically for longer wavelengths.

When we look at the extinction in the visual wavelength
range plotted against the inclination angle, AV reaches about 5
at an inclination angle of 10!. This means that the opening an-
gle of our torus model is too small compared to simple es-
timates of the torus opening angle using the ratio between
Seyfert I and II galaxies, e.g. Osterbrock & Shaw (1988) find a
half opening angle between 29! and 39!.

3.4. Inclination angle study for surface brightness
distributions

In the following section, an inclination study for surface bright-
ness distributions is presented. The underlying model is our
standard model introduced earlier. As wavelength we chose " =
13.18 µm, which lies in the continuum spectrum outside the sil-
icate feature and still belongs to the wavelength range covered
by MIDI (Leinert et al. 2003). Using the Wien law as a rough
estimate of the temperature, where the dust emits the maximal
radiation at this wavelength, we get about 230 K. Looking at
the steep radial temperature distributions of the various grains
(see Fig. 7b), we expect the radiation to come from the direct
vicinity of the inner radius of the torus. The resulting surface
brightness distributions for inclination angles of 0!, 30!, 60!

and 90! are shown in the upper row of Fig. 9. The images are
given in a linear grey scale emphasising areas of maximum

surface brightness. The axis labeling denotes the distance to
the centre of the AGN in pc. When we consider flux scales, the
object is always assumed to be at a distance of 45 Mpc, which
is a typical value for Seyfert galaxies, which will be observed
with MIDI.

Looking at the image with an inclination angle of 90! (the
last image in the first row of Fig. 9), the most central part of the
torus funnel is visible. As already mentioned above, the dust
species sublimate at di!erent distances from the central source.
Within these inner radii, no such grains can survive. Therefore,
a layering of dust grains exists in the vicinity of the cusp. This
is partly visible here. While the very inner end of the torus ap-
pears quite faint due to the depletion of many grain species
(especially the most abundant small silicate grains and also the
smallest graphite grains), a semilunar feature is visible further
out. At this point, the dust density increases strongly, because
the sublimation radii of small silicate grains are reached. They
provide the highest mass fraction of all dust species (for this
dust model, the two smallest silicate grain populations carry
about 43% of the total mass). Apart from this, an x-shaped
emission area appears. Here we see the directly illuminated
funnel walls. As the dust density peaks further out at a dis-
tance of 5 pc in the equatorial plane, the dust density next to
the funnel (outer equipotential lines) is quite low. Hence, only
an x-shaped feature remains from the emission of the walls,
which arises from a summation e!ect along the lines tangen-
tial to these walls of the funnel. The two maxima are connected
via an emission band, which gets fainter and more narrow to-
wards the centre, again due to a summation e!ect, which is
stronger for the case of a line of sight tangential to the ring
than perpendicular.

At an inclination angle of 60!, the same features remain, but
the two semilunar areas of maximal emission get connected via

0° 90°30° 60°

v i e w i n g  a n g l e

Schartmann et al. 2005
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Fig. 5. Inclination angle study for images of continuous (first two rows)
and clumpy models (third and fourth row) with two di!erent dust
masses at 12 µm. Shown are the cases with half of the mass of the stan-
dard model (first and third row) and eight times the mass (second and
fourth row). For details of the mass study, see Sect. 4.3. The inclination
angles i = 0!, 60!, 90! are shown in di!erent columns. The scaling is
logarithmic with a range between the maximum value of all images and
the 10"6th fraction of it (excluding the central point source).

the silicate feature height within reasonable optical depth ranges.
This was caused by the totally visible, directly illuminated inner
funnel. Therefore, in the wedge-shaped continuous models, the
reduction of the feature is an artefact caused by the unphysi-
cal, purely geometrically motivated shape. Furthermore, it also
involves very deep and so far unobserved silicate absorption fea-
tures for the edge-on case (see lower right panel in Fig. 10).
Concerning the clumpy model, the explanation for the flatten-
ing of the silicate feature with increasing dust mass of the torus
will be given in Sect. 5.1.

Furthermore, one can see di!erent behaviour of the Wien
branches of the models: For the case of the clumpy torus model,
increasing the optical depth means that the Wien branch moves
to larger wavelengths, like expected for the edge-on case. This is
understandable, when most of the directly illuminated surfaces
of the clouds are then hidden behind other clouds, an argument
which naturally is not valid if the clouds are too optically thin in
the inner part.
For the edge-on case, we get qualitatively a comparable be-
haviour as in the continuous case, because of the large number of
clumps and the same optical depth within the equatorial plane.
But a very important di!erence can be seen in the appearance
of the silicate feature in absorption: when we want to have only
very weak silicate emission features in the Seyfert 1 case, a large
optical depth is needed, resulting in an unphysically deep silicate

Fig. 6. Wavelength dependence of the surface brightness distributions:
! = 4.6µm (upper row), ! = 9.7 µm (second row), ! = 12.0 µm (third
row) and ! = 30.2 µm (lower row). Within the rows, the inclination an-
gle changes from face-on view (leftmost panel) over 60! to 90! (right-
most panel). The images are given in logarithmic scaling with a range
of values between the global maximum of all images and the 10"5th
fraction of it (central source excluded). Labels are in pc.

feature in absorption in the Seyfert 2 case of the continuousmod-
els, whereas the silicate feature remains moderate for many lines
of sight for the clumpy model, where we see a large scatter for
di!erent random arrangements of clumps (compare to Fig. 7).

Concerning surface brightness distributions (see Fig. 5), one
can see that the objects appear smaller at mid-infrared wave-
lengths for the case of higher dust masses: the larger the op-
tical depth, the brighter the inner region and the dimmer the
outer part. This is caused by a steepening of the radial dust tem-
perature distribution with increasing mass of the objects, as the
probability of photon absorption increases in the central region.
Especially for the continuous case, the asymmetry at interme-
diate inclination angles gets visible for larger optical depths,
caused by extinction on the line of sight due to cold dust in the
outer parts of the torus.

4.4. Concentration of clumps in radial direction

As already described in the model section (2), clump positions
are chosen also in accordance with the density distribution of the
corresponding continuous model. Therefore, changing the slope
of this radial density distribution, defined to be "cont(r, #, $) =

"0
!

r

1 pc

"%
, leads to a di!erent concentration of clumps along ra-

dial rays. In this section, we vary the slope of the distribution %
from a homogeneous dust distribution (% = 0.0) over % = "0.5
(our standard model) to % = "1.0. This leads to an enhancement

Schartmann et al. 2007 (submitted)
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clouds at di!erent positions and with various illumination pat-
terns within the torus are carried out. In a second step, the SED
of the total system is calculated. The cloud distribution and pa-
rameters like optical depth or size arise from an accretion sce-
nario of self-gravitating clouds close to the shear limit (Vollmer
et al. 2004; Beckert & Duschl 2004). The advantage of this ap-
proach is that resolution problems can be overcome, as only 2D
real radiative transfer calculations of single clumps are needed.
Characteristic for their modelling are small cloud sizes with very
high optical depths in the inner part of the torus and a large num-
ber of clumps. For comparison, a cloud at the sublimation radius
of their model has a radial size of Rcloud = 0.02 pc with an opti-

cal depth of !
clump

0.55µm
! 250. In our standard model, clouds at the

sublimation radius are four times larger and possess an optical

depth of only !
clump

0.55µm
! 3. The large optical depth in the inner-

most part in combination with the large number density there
reduces the silicate feature significantly by shadowing with re-
spect to their single clump calculations. Their finding that the
silicate emission feature can further be reduced when increas-
ing the number density of clumps in the innermost part perfectly
fits to our explanation presented in Sect. 5.1. Deviations between
the two approaches in Fig. 17 are due to the approximately eight
times larger primary luminosity and the larger optical depth, at
least in the midplane of the Hönig et al. (2006) modelling com-
pared to our standard model and that for the case of our sim-
ulations, only dust reemission SEDs are shown. This leads to
relatively higher fluxes at short wavelengths compared to long
wavelengths for the i = 30"-case (Fig. 17a) and to more ex-
tinction within the midplane and, therefore, a shift of the Wien
branch towards longer wavelengths (see Fig. 17).

6. MIDI interferometry

Even with the largest single-dish mid-infrared telescopes, it
is impossible to directly resolve the dust torus of the nearest
Seyfert galaxies, with apparent sizes of less than 50mas for the
outer, warm component (Ja!e et al. 2004).With these telescopes,

Fig. 17. Comparison of our clumpy standard model and two other ran-
dom realisations (blue lines) with simulations done by S. F. Hönig (pri-
vate communication, described in Hönig et al. 2006), shown by the yel-
low lines, for 10 di!erent random realisations of their model. The latter
are scaled with a factor of 2.2 in order to give rough agreement between
the two models (see text for further explanation).

Fig. 18.Visibilities of our continuous standard model at a wavelength of
12 µm plotted against the baseline. Colour coded are the position angles
measured from the projected torus axis. Each panel shows a di!erent
inclination angle, as indicated in the upper right corner.

spatial resolutions of around 100mas can be reached. Therefore,
interferometric measurements are needed. Recently, Ja!e et al.
(2004) succeeded for the first time to resolve the dusty struc-
ture around an AGN in the mid-infrared wavelength range. In
this case, they probed the active nucleus of the nearby Seyfert 2
galaxy NGC1068 with the help of the mid-infrared interfero-
metric instrument (MIDI, Leinert et al. 2003). It is located in the
European SouthernObservatory’s (ESO’s) Very Large Telescope
Interferometer (VLTI) laboratory on Cerro Paranal in Chile. Its
main objective is the coherent combination of the beams of two
8.2m diameter Unit Telescopes (UTs) in order to obtain struc-
tural properties of the observed objects at high angular resolu-
tion. A spatial resolution of up to "/(2 B) ! 10mas at a wave-
length of " = 10 µm can be obtained for the largest possible
separation of two Unit Telescopes of B ! 120m. Operating in
the N-band (8 # 13.5 µm), it is perfectly suited to detect thermal
emission of dust in the innermost parts of nearby Seyfert galax-
ies. MIDI is designed as a classical Michelson-Interferometer.
Being a two-element beam combining instrument, it measures
so-called visibility amplitudes. Visibility is defined as the ra-
tio between the correlated flux and the total flux. Its interpre-
tation is not straightforward, since no direct image can be re-
constructed. 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 within the whole wavelength
range are derived. The dust emission is probed depending on the
orientation of the projected baseline. Whereas the real baselines
are fixed by the positions of the four UT-telescopes, the pro-
jected baseline changes due to earth’s rotation. Therefore, a large
number of di!erent projected baseline sizes and orientations are
available. Point-like objects result in a visibility of one, as the
correlated flux equals the total flux. The more extended the ob-
ject, the smaller the visibility. With the help of a density distribu-
tion, surface brightness distributions in the mid-infrared can be
calculated by applying a radiative transfer code. A Fourier trans-

not clumpy clumpy
Fig. 19. Visibilities of our clumpy standard model at a wavelength of
12 µm plotted against the baseline. Colour coded are the position angles
measured from the projected torus axis. Each panel shows a di!erent
inclination angle, as indicated in the upper right corner.

form then yields the visibility information, depending on the
baseline orientation 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 != 12 µm are shown.
Colour coded are various position angles of the baseline orienta-
tion (counted anti-clockwise from the projected torus axis). Due
to the axisymmetric setup, all lines coincide for the face-on case.
For all other inclination angles, visibilities decrease until a po-
sition angle of 90! is reached and increase symmetrically again.
This means that the torus appears elongated 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 higher, especially visible in the comparison of the i = 0!

cases. Furthermore, whereas all of the curves of the continuous
model are monotonically decreasingwith 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 con-
tinuousmodels, 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 visibility measurements of the
order of "v " 0.02 is required.

In Fig. 20, the wavelength dependence of the visibility is
shown. Each panel visualises a di!erent position angle (counted
anti-clockwise from the projected torus axis). The first two rep-

Fig. 21. Visibilities of our clumpy standard model at di!erent inclina-
tion angles (as annotated in the upper right corner) plotted against the
position angle for various baselines (colour coded) and a wavelength of
12 µm.

resent the case of the clumpy standard model and the third and
fourth the continuous model. An inclination angle of 90! is
used in all panels. Colour coded are three di!erent wavelengths:
8.2 µm at the beginning of the MIDI-range (black dotted line),
9.8 µmwithin the silicate feature (blue) and 12.6 µm at the end of
the MIDI wavelength range (yellow), outside the silicate feature.
Whereas the continuousmodel results in smooth curves (see also
Fig. 18), lots of fine-structure is visible for the case of the clumpy
model. The di!erences between the displayed wavelengths rela-
tive to the longest wavelength are smaller for the clumpy models
than in the continuous case.

Fig. 21 again shows visibilities for our clumpy standard
model at 12 µm, plotted against the position angle (counter-
clockwise from the projected torus axis). Colour-coded are base-
lines between 20m and 100m in steps of 20m. A larger baseline
means that structures are better resolved, leading to decreasing
visibilities. For the case of inclination angles close to edge-on,
the visibility distribution changes frommore or less flat to a char-
acteristic oscillating distribution at longer baselines (from 60m
onwards) with minima around 100! and 300!. This means that
our torus model seems to be more elongated within the equato-
rial plane and has the smallest width along the projected torus
axis at this wavelength. But this only applies for the innermost
part; the torus as a whole looks more or less spherically symmet-
ric. At small inclination angles no such favoured size distribution
is visible.

6.2. Comparison with MIDI-data for the Circinus galaxy

Unfortunately, a fitting procedure involving a huge parameter
study is not possible with our current model, due to the very long
computational times of the order of 30 to 40 hours per inclination
angle (including calculation of the temperature distribution, the
SED and surface brightness distribution). Therefore, we applied
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Fig. 19. Visibilities of our clumpy standard model at a wavelength of
12 µm plotted against the baseline. Colour coded are the position angles
measured from the projected torus axis. Each panel shows a di!erent
inclination angle, as indicated in the upper right corner.

form then yields the visibility information, depending on the
baseline orientation 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 != 12 µm are shown.
Colour coded are various position angles of the baseline orienta-
tion (counted anti-clockwise from the projected torus axis). Due
to the axisymmetric setup, all lines coincide for the face-on case.
For all other inclination angles, visibilities decrease until a po-
sition angle of 90! is reached and increase symmetrically again.
This means that the torus appears elongated 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 higher, especially visible in the comparison of the i = 0!

cases. Furthermore, whereas all of the curves of the continuous
model are monotonically decreasingwith 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 con-
tinuousmodels, 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 visibility measurements of the
order of "v " 0.02 is required.

In Fig. 20, the wavelength dependence of the visibility is
shown. Each panel visualises a di!erent position angle (counted
anti-clockwise from the projected torus axis). The first two rep-

Fig. 21. Visibilities of our clumpy standard model at di!erent inclina-
tion angles (as annotated in the upper right corner) plotted against the
position angle for various baselines (colour coded) and a wavelength of
12 µm.

resent the case of the clumpy standard model and the third and
fourth the continuous model. An inclination angle of 90! is
used in all panels. Colour coded are three di!erent wavelengths:
8.2 µm at the beginning of the MIDI-range (black dotted line),
9.8 µmwithin the silicate feature (blue) and 12.6 µm at the end of
the MIDI wavelength range (yellow), outside the silicate feature.
Whereas the continuousmodel results in smooth curves (see also
Fig. 18), lots of fine-structure is visible for the case of the clumpy
model. The di!erences between the displayed wavelengths rela-
tive to the longest wavelength are smaller for the clumpy models
than in the continuous case.

Fig. 21 again shows visibilities for our clumpy standard
model at 12 µm, plotted against the position angle (counter-
clockwise from the projected torus axis). Colour-coded are base-
lines between 20m and 100m in steps of 20m. A larger baseline
means that structures are better resolved, leading to decreasing
visibilities. For the case of inclination angles close to edge-on,
the visibility distribution changes frommore or less flat to a char-
acteristic oscillating distribution at longer baselines (from 60m
onwards) with minima around 100! and 300!. This means that
our torus model seems to be more elongated within the equato-
rial plane and has the smallest width along the projected torus
axis at this wavelength. But this only applies for the innermost
part; the torus as a whole looks more or less spherically symmet-
ric. At small inclination angles no such favoured size distribution
is visible.

6.2. Comparison with MIDI-data for the Circinus galaxy

Unfortunately, a fitting procedure involving a huge parameter
study is not possible with our current model, due to the very long
computational times of the order of 30 to 40 hours per inclination
angle (including calculation of the temperature distribution, the
SED and surface brightness distribution). Therefore, we applied

To detect fine-
structure
σV ≤ 0.02
is needed
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Conclusions so far

• Seyfert II galaxies contain dust tori with 
diameters 2 ... 10 pc

• MIDI observations fit to the multiwavelength 
picture (maser disk, ionisation cone, radio jet) – 
except for NGC 1068!

• Need more data to constrain models!

195. Conclusions / Outlook / My project
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Outlook
• This run (5 days ago) Observed galaxies 

further away: no fringes on NGC 7469 (Sy I) 
and IRAS 0518-25 (Sy 2), but good and 
interesting results on NGC 1365 (Sy 1.8)

• Try nearest Sy I, NGC 4151 (δ= +40°)

• Future: MATISSE: 10 µ (N band, like MIDI) 
and L band (3.6 µ), ~ 3 times better 
resolution, better temperature 
measurement, higher sensitiviy

205. Conclusions / Outlook / My project

The Future: New instruments at the VLTI

MATISSE
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My Ph.D. project

• Do all AGN contain a dusty torus? 
(Are there ‘true‘ Seyfert 2 galaxies? 
➔ Resolve Seyfert 1 cores!)

• What is the dust structure? 
(clumpy...)

• How does the fuelling mechanism 
work and what role does the torus play?

Contact: Leonard Burtscher, burtscher@mpia.de
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