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Overview:

1. Introduction and Goal of this Lecture

2. MIDI+VLTI observations of the closest Seyfert 2 galaxies

3. Models of the torus

4. MIDI+VLTI observations of the radio galaxy Centaurus A

5. Outlook: More luminous and distant AGN

6. The Future: New instruments at the VLTI

7. Summary 
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Temperature in a homogenous dust torus 

Introduction: Resolving the dust torus in AGN

Schartmann,  Meisenheimer, Camenzind, 
Wolf, Henning: A&A 437, 861 (2005)
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For nearby Seyfert’s, e.g.
NGC 1068, NGC 4151
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Introduction: Resolving the dust torus in AGN

NGC 4438

Scientific Questions to address:

• Generic question:                  
How are Active Nuclei fueled ?

• What role plays the torus of gas 
and dust in this ?

• Do all AGN contain a dust torus ?

• What is the structure of the dust 
torus ?



Goals of this Lecture

✦ Present first results obtained with VLTI and MIDI

✦ Confront observations with models of dust torus

✦ Current observational limits (examples)

✦ Outlook on the immediate next steps

✦ Further AGN observations with the current VLTI

✦ New VLTI instruments and their capabilities
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2. MIDI + VLTI observations of the dust tori 
in the closest Seyfert 2 galaxies

2.1 Dust torus in the Circinus galaxy

2.2 Dust torus in NGC 1068



2.1 Dust torus in the Circinus galaxy

Hα
60 LJ

Closest Seyfert 2 galaxy
D = 4.0 Mpc → 1 pc = 50 mas
Mbh ≃ 106 Msun



Very Large Telescope Interferometer 

MIDI − MID-infrared Interferometer



The MID-infrared Interferometer MIDI

Schematic Setup:
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Observations with VLTI & MIDI on Paranal 



The MID-infrared Interferometer MIDI

Observations:

1. point both unit telescope to same source

2. find guide-stars, close telescope loop

3. close loop of AO system (MACAO) on target (or nearby star)

Beam A Beam B

4. identify target in both MIDI beams

6. search for “fringes”
    OPD = 0

7. interferometric integration

8. photometric integration

5. center target in both
    MIDI beams



The MID-infrared Interferometer MIDI
Output from the instrument
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Dust torus in the Circinus galaxy
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Dust torus in the Circinus galaxy

8 9 10 11 12 13

Wavelength in µm 

0.0

0.5

1.0

1.5

2.0

F
lu

x 
in

 J
y

Circinus, observed: 2005-02-28

N
PA=  44°, BL=49.4m

PA=  54°, BL=51.1m
PA=  57°, BL=51.7m
PA=  88°, BL=58.2m
PA=120°, BL=62.0m
PA=131°, BL=62.4m



Dust torus in the Circinus galaxy

Observational Model: Gaussian fit

Flux distribution
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Dust torus in the Circinus galaxy
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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, Mðr < rinÞ, of ð1:7# 0:3Þ & 106 M', or
mean mass density of ð3:2# 0:9Þ & 108 M' pc!3. We note
that because the disk does not display identifiable low-
velocity emission on the near side, it is difficult 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
offset 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.

No. 1, 2003 INNER PARSEC OF CIRCINUS AGN 167

H2O maser  

Greenhill et al. 2003



4.4. Modelling 65

Table 4.2: Best fit parameters for the two component black body Gaussian models. The first column
is for a fit of the total flux only (fit 1), the second column for a fit to both the total flux and the
correlated fluxes (fit 2). The values in brackets were not fitted, but held fixed.

parameter fit 1 fit 2
∆1 [mas] 23.6 21.1

r1 (0.25) 0.21
τ1 1.17 1.18

T1 [K] 479.6 333.7
f1 (1.00) 1.00

∆2 [mas] 279.0 96.7
r2 (1.00) 0.97
τ2 2.85 2.22

T2 [K] 144.4 298.4
f2 (1.00) 0.20

φ [◦] (60.0) 60.9
χ2/Nfree 0.56 36.86

Figure 4.11: Comparison of the correlated flux of the physical model (fit 2) to the measured data 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 different flux ranges for the different wavelengths.

as that for the comparison of the geometrical model to the visibilities, except that now the
correlated fluxes are compared. A comparison of fit 2 with all of the data, that is, the total
flux and the 21 correlated fluxes dispersed from 8 to 13µm, is given in figure 4.12.

The two components of this model have similar properties as those for the purely geo-
metrical model: there is a smaller elongated component and a larger, round component. A
sketch of the result of fit 2 is depicted in figure 4.13 and the flux distribution at 11µm can be
seen in figure 4.14. The smaller component has a FWHM of ∆1 = 21 mas, which corresponds
to 0.4 pc at the distance of Circinus. It is highly ellipsoidal (r1 = 0.21) and has a tempera-
ture of T1 = 334 K. The distribution is found to be an optically thick black body (f1 = 1).
The second component is significantly larger, reflecting the fact that a large part of the flux
(∼ 90%) is resolved with our interferometric set-up. It has a FWHM of ∆2 = 97 mas, which
corresponds to 2.0 pc, and it is found to have only a very small ellipticity and a temperature
of less than 300 K. The component is a grey body with a covering factor of only 0.20. This

Dust torus in the Circinus galaxy
BUT ...

the smooth model is a rather poor fit to the visibilities:

4.5. Discussion 71

Figure 4.16: Correlated flux of the physical model with simulated clumpiness for the extended com-
ponent: (a) 8.5 and (b) 12.5 µm. The measured fluxes are plotted with asterisks; the continuous
lines are the modelled fluxes. The clumpiness introduces significant changes in the correlated fluxes
compared to the smooth model (see figure 4.11) which for certain clump configurations can lead to a
significant decrease of the reduced χ2.

4.5 Discussion

The modelling of our interferometric observations reveals the presence of two components
in the inner region of Circinus: an extended warm (T2 ∼ 300K) and round emission region
showing strong silicate absorption and a smaller, slightly warmer (T1 ∼ 330K) and highly
elongated emitter with a less pronounced silicate absorption feature. We interpret these two
components as signs for a geometrically thick “torus” of warm dust and gas and a warmer,
disk-like structure, respectively (see figure 4.17). The smaller and denser disk is seen at a
high inclination and it partly exhibits the silicate band in emission. It is surrounded by the
larger, less dense and clumpy torus component which gives rise to strong silicate absorption.

To understand the structure of the nuclear dust distribution in AGN, we developed hy-
drodynamical models of dusty tori (for a detailed description see Schartmann 2007). These
models indeed 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.

4.5.1 Extinction

For the interpretation of the nuclear emission from Circinus and the silicate absorption in
the torus, we need to reliably estimate the foreground extinction. Radiation from the nuclear
region of Circinus suffers extinction from two main foreground absorbers: our own galaxy
(Circinus is located at a galactic latitude of b = −4◦) and the intrinsic absorption in the
galactic disk of the Circinus galaxy.

By observing the reddening of several stars in the vicinity of Circinus, Freeman et al.
(1977) estimate the visual extinction due to our own galaxy to be only AV = 1.50±0.15mag,
as Circinus lies in a window of low galactic extinction. The extinction towards the nuclear

modify model by 
irregular screen: 



Dust torus in the Circinus galaxy
Images:  smooth model

irregular/clumpy model 



Dust torus in the Circinus galaxy
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Abstract

Aims. To test the dust torus model for active galactic nuclei directly, we study the extent and morphology of the nuclear dust distribu-
tion in the Circinus galaxy using high resolution interferometric observations in the mid-infrared.
Methods. Observations were obtained with the MIDI instrument at the Very Large Telescope Interferometer. The 21 visibility points
recorded are dispersed with a spectral resolution of λ/δλ ≈ 30 in the wavelength range from 8 to 13 µm. To interpret the data we used
a stepwise approach of modelling with increasing complexity. The final model consists of two black body Gaussian distributions with
dust extinction.
Results.We find that the dust distribution in the nucleus of Circinus can be explained by two components, a dense and warm disk-like
component of 0.4 pc size and a slightly cooler, geometrically thick torus component with a size of 2.0 pc. The disk component is
oriented perpendicular to the ionisation cone and outflow and seems to show the silicate feature at 10 µm in emission. It coincides
with a nuclear maser disk in orientation and size. From the energy needed to heat the dust, we infer a luminosity of the accretion disk
of Lacc = 10

10 L#, which corresponds to 20% of the Eddington luminosity of the nuclear black hole. We find that the interferometric
data are inconsistent with a simple, smooth and axisymmetric dust emission. The irregular behaviour of the visibilities and the shallow
decrease of the dust temperature with radius provide strong evidence for a clumpy or filamentary dust structure. We see no evidence
for dust reprocessing, as the silicate absorption profile is consistent with that of standard galactic dust. We argue that the collimation
of the ionising radiation must originate in the geometrically thick torus component.
Conclusions. Based on a great leap forward in the quality and quantity of interferometric data, our findings confirm the presence of a
geometrically thick, torus-like dust distribution in the nucleus of Circinus, as required in unified schemes of Seyfert galaxies. Several
aspects of our data require that this torus is irregular, or “clumpy”.

Key words. galaxies: active, galaxies: nuclei, galaxies: Seyfert, galaxies: individual: Circinus, radiation mechanisms: thermal, tech-
niques: interferometric

1. Introduction

In the widely accepted model for low and intermediate luminos-
ity active galactic nuclei (AGN), the central engine, consisting of
a hot accretion disk around a supermassive black hole, and the
broad line region (BLR) are surrounded by a torus of obscuring
dust. Where the radiation from the central engine can escape, an
ionisation cone and the narrow line region (NLR) are formed.
Although motivated by the observation of broad emission lines
in polarised light in type 2 AGN (torus edge-on), most tests of
this “unified model” rely on the shape of the overall spectral en-
ergy distribution (SED) and statistics, i.e. the number of objects
where the central source is obscured or visible. Until recently, a
direct spatially resolved assessment of the dust distribution that

# Based on observations collected at the European Southern
Observatory, Chile, program numbers 073.A-9002(A), 060.A-9224(A),
074.B-0213(A/B), 075.B-0215(A) and 077.B-0026(A).

Correspondence to: tristram@mpia.de

allegedly is responsible for the anisotropic absorption and ob-
scuration has been missing. It is too small to be significantly
resolved with single dish telescopes in the infrared, even for
10m class telescopes at the diffraction limit. It has hence been
impossible to directly confirm or disprove the existence and ge-
ometry of this essential component. Properties of the dust distri-
bution, such as its size, temperature, geometry, alignment, and
filling factor have hence remained unknown. A new approach is
possible by studying the nearest AGN using interferometry at in-
frared wavelengths. The first objects to be successfully analysed
in this way are the Seyfert 1 galaxy NGC 4151 (Swain et al.,
2003) and the Seyfert 2 galaxy NGC 1068 (Wittkowski et al.,
2004; Jaffe et al., 2004; Poncelet et al., 2006). In NGC 1068,
which is the brightest galaxy in the mid-infrared (MIR), indeed
an extended dust structure was resolved. In this paper we study
the second brightest AGN in the MIR, the Circinus galaxy.

The Circinus galaxy is a highly inclined (∼ 65◦) SA(s)b
galaxy harbouring a Seyfert type 2 active nucleus as well

A&A, accepted August 31, 2007
MIDI GTO team for AGN studies
ESO VLTI team

More than a dozen people helped to get these results

= arXiv:0709.0209



2.2 Dust torus in NGC 1068
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2.2 Dust torus in NGC 1068
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2.2 Dust torus in NGC 1068
Comparison with radio continuum and water masers



2.2 Dust torus in NGC 1068
K-band interferometry from VINCI @ VLTI

Wittkowski et al. 2004: 
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Reminder:Dust torus in the Circinus galaxy
Images:  smooth model

irregular/clumpy model 



3. Models of the dust torus
What do we see ?    –   Variations on Moshe’s theme

Continuous dust torus Clumpy torus 
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Nuclear dust in Seyfert galaxies
What do we see ?    –   Models of clumpy tori

Marc Schartmann, K.M., Max Camenzind et al. 2007
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Nuclear dust in Seyfert galaxies
What do we see ?    –   Models of clumpy tori

Marc Schartmann, K.M., Max Camenzind et al. 2007
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Nuclear dust in Seyfert galaxies
Wavelength dependance
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Nuclear dust in Seyfert galaxies
What do we see ?    
Hydrodynamical Torus Models 

Ingredients:

– black hole + star cluster potential

– young star cluster (> 40 Myrs)           

– mass input: PNe

– energy input: SNe

– radiative cooling

unit time: 120 000 yrs = 1 orbit @ r = 5pc



Nuclear dust in Seyfert galaxies
Hydrodynamical Torus Models 

Density Temperature

Marc Schartmann, KM, Max Camenzind, Hubert Klahr et al.



Nuclear dust in Seyfert galaxies
Hydrodynamical Torus Models 



Nuclear dust in Seyfert galaxies
What do we see ?    –   Models of the torus

“clumpy” torus model:

hydrodynamical torus model:



Dust Tori in Seyfert Galaxies

• VLTI + MIDI resolve pc-scale structures in nearby AGN.                         

• Seyfert 2 galaxies contain compact dust tori (d = 2... 10 pc).

• Hot inner dust (disk) and maser disk coincide.

• Torus models do already explain some of the structures.

Conclusions

VLTI Summer School                                       Torun – September 5/6,  2007



The nucleus of Centaurus A 

• The nearest merger    
(3.8 Mpc)

• The nearest radio galaxy

• Contains black hole of 
Mbh = 7 x 107 Msun

Centaurus A =

K.M., Konrad Tristram, Walter 
Jaffe et al. arXiv:0707.0177



MIDI - VLTI observations of Centaurus A 
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The VLBI Jet of Centaurus A 
No. 2] Ten Milliparsec Structure of Nucleus in Cen A 213

Fig. 3. Image obtained from only the ground telescopes. The FWHM of the restored beam is 1.19× 0.61mas at a PA of −27.◦5. Contours are drawn at
−0.8, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, and 51.2% of 0.167 Jybeam−1, the peak flux density in the map.

and the lower resolution image (figure 4-b) is illustrated in
figure 5 as a “slice” profile along the jet. Assuming that the
elongated region that includes the brightest part is the core,
the identification of large-scale components over 60 mas (C1,
C2, C3, CJ1, and CJ2) was adopted from a comparison to
the previous VLBI monitoring (Tingay et al. 1998, 2001). In
our image there are 4 distinctive bright parts in the jet for C1,
C2, and C3, which leave some ambiguity in the identification.
Hence, we tentatively denote a component between possible
C2 and C3 as “C2/C3”, and another component northeast of
C2 as “C1/C2”. In previous VLBI monitoring (Tingay et al.
1998, 2001), both C1 and C2 showed elongated linear struc-
tures along the jet, and the fitted lengths were sometimes up to
around 20 mas, depending on the observing epoch. It is likely
that our observation resolves those two regions into more than
two components.

Fujisawa et al. (2000) claimed to have found a large bending
of a jet close to the position of component C3 from the
VSOP observation at 5 GHz in 1998 January. Our observation
had a much better (u,v)-coverage and twice better resolution

perpendicular to the jet: no such bending is recognizable in
our image. However, because of −43◦ declination of Cen A
and the positional relation between the VLBA and the other
southern hemisphere ground telescopes, our data still suffer
large (u, v) holes over the intermediate resolution range of
50–100 Mλ, especially at position angles similar to the jet
direction. To prove the reliability of our Cen A map, as
shown in figure 3, we made a couple of tests: 1) We retained
clean components for only the 5 brightest features, from the
core region through the C1/C2 components in the map, and
examined how well they alone fit the data. We observed that
about 40% of the flux on the shortest baselines correspond
to the residuals, while the visibilities on the longer baselines
fit the model very well, indicating there is significant struc-
ture that is not accounted for in the simple map. Finally, we
exported the retained clean components to the original (u, v)
data before clean-selfcalibration iteration and confirmed that
the residual map clearly showed weaker features, such as a
counterjet. 2) We tried model-fitting for the visibility data
and see how many components are definitely required before

5 GHz
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SiVI H2

SINFONI observations (Nadine Neumayer)
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Outlook: more distant AGN

Calibrated Total Flux (Calibrated Photometry)
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Outlook: more distant AGN

Calibrated Correlated Flux
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Outlook: a very distant AGN !
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Outlook: Next steps with MIDI & AMBER

• Finish the investigation of the Circinus galaxy with MIDI    
→ use baselines UT2–UT4 and UT1-UT3

• Extend the study of NGC 1068 → try to use the ATs for  
better uv coverage

• Resolve Centaurus A properly

• Get a proper measurement of 3C 273

• Try to observe the nearest Seyfert 1, NGC 4151 (δ = +40°)

• Try to resolve more distant Seyfert 1s with longest baselines

Our immediate plans: 

David Raban, Walter Jaffe (Leiden)
Konrad Tristram, Leonard Burtscher, KM (Heidelberg)



Outlook: Next steps with MIDI & AMBER

But a lot more can be done !2 Source list

Name α(J2000) δ(J2000) Type z Dist ∆(1pc) SN(core) beam Immediate Questions Priority
[Mpc] [mas] [mJy]

NGC 1068 02 40 40.7 -00 00 48 S2 0.00379 17.4 11.9 3400 0.′′2 torus, orientation ? ***
NGC 1365 03 33 36.4 -36 08 25 S1.8 0.00546 25.2 8.2 610 0.′′5 torus, size ? **
IRS 0518-25 05 21 01.7 -25 22 14 S2 0.0425 196.4 1.0 550 0.′′5 size ? **
MCG-5-23-16 09 47 40.2 -30 56 54 S2 0.00827 38.1 5.4 650 0.′′5 size, orientation ? *
Mrk 1239 09 52 19.1 -01 36 43 S1 0.0199 91.9 2.2 640 0.′′5 size ?

NGC 3256 10 27 51.8 -43 54 09 HII 0.00913 42.1 4.9 550 0.′′5 size ?
NGC 3281 10 31 52.1 -34 51 13 S2 0.01067 49.2 4.2 620 0.′′5 size ? *
NGC 3783 11 39 01.8 -37 44 19 S1 0.00973 44.9 4.6 590 0.′′5 size ? *
NGC 5128 13 25 27.6 -43 01 09 RG 0.00182 8.4 24.6 1220 0.′′5 size, orientation ? ***
IC 4329A 13 49 19.3 -30 18 34 S1 0.01605 74.0 2.8 350-500 0.′′5 detectable ?

Mrk 463 13 56 02.9 +18 22 19 S1 0.0504 232.3 0.9 340 0.′′5 detectable ?
Circinus 14 13 09.3 -65 20 21 S? 0.00145 6.6 31.3 9700 0.′′5 size, torus ? ***
NGC 5506 14 13 15.0 -03 12 27 S2 0.00618 28.5 7.2 910 0.′′5 size, orientation ? *
NGC 7469 23 03 15.6 +08 52 26 S1 0.01631 75.2 2.7 410 0.′′5 detectable ? size ?
NGC 7582 23 18 23.5 -42 22 14 S2 0.00539 24.8 8.3 320 0.′′5 detectable ?

3C 273 12 29 06.7 +02 03 08 RQ 0.1583 731.0 0.3 350var 0.′′5 detectable ? *

NGC 253 core 00 47 33.1 -25 17 17 LE 0.00080 3.6 57.3 380-1160 0.′′5 detectable ? size ? ***

2

-
✔

✔

✔

?

?



The Future: New instruments at the VLTI
PRIMA referenced imaging with MIDI & AMBER
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VLTI uv coverage

Imaging is needed !



The Future: New instruments at the VLTI
MATISSE



The Future: New instruments at the VLTI
MATISSE
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MATISSE will allow to observe 
at 10 µm (as MIDI) and 

in L-band (3.6 µm)

This will give:

➧ 3x better resolution,

➧ much better temperature 
measurements,

➧ higher sensitivity = more AGN



The Future: New instruments at the VLTI
MATISSE

Image reconstruction

Input image: 

λ = 3.6 µm 10 mas

Reconstructed image:

from K.-H.Hofmann, MPIfR



Studies of Active Galactic Nuclei
with the VLT Interferometer

• Currently, MIDI @ VLTI allow us to study the dust distribution 
in Seyfert galaxies with 15 mas (~ 1pc) resolution.

• We see fine structure (disks, clumpiness) !  

• No Seyfert 1 galaxy has been resolved yet – so we still have to 
test the unification scheme: longer baselines !

• Models for this dust distribution (“torus”) are rapidly evolving 
and are able to guide the observations.

• The next generation of IMAGING instruments at the VLTI will 
give a much clearer view.

VLTI Summer School                                       Torun – September 5/6,  2007

Summary


