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Figure 4. Absorption templates used in model fitting. The ’standard’ tem-

plate is interstellar dust as observed toward the center of the Milky Way

Kempe et al. (2004). Ca2Al2SiO7 and Al2O3 are from Speck et al. (2000).

The fitted composite is made of 35% Ca2Al2SiO7 , 47.5% Al2O3 and

17.5% standard.

Fλ = αBT,λeτ ·abs
(1)

where Bλ,T is emission from a black body of temperature T and

with a Gaussian brightness distribution whose semimajor , major

axis and PA are to be fitted. abs is the absorption curve of a chosen

mineral or a combination of a few minerals as described further

below. The coefficient α is the covering factor and has value values

0 < α < 1. After computing the Fourier amplitudes corresponding

to each u-v point in the model, the two sets of amplitudes are then

combined to produce the final correlated flux to be compared to the

data:

Fcorr = |Fλ1 + Fλ2e
ul+vm| (2)

The parameters l,m allow for the two components to be shifted with

respect to each other. Each component in the model has six param-

eters: the semimajor and major FWHM, ∆, the position angle φ,

the BB temperature T, optical depth τ and covering factor α. To

these we add the relative position shifts l, m (mas) making it 14

parameters in total.

The most difficult part in our model is to select the absorp-

tion curves in Eq.1. Three absorption templates were selected. The

first, standard galactic dust as observed towards the center of the

milky way (Kempe et al. 2004), is an obvious choice. The second,

Ca2Al2SiO7 , was found to best fit the previous MIDI data (Jaffe

et al 2004). Finally, we added Al2O3 , a mineral found in the at-

mospheres of oxygen rich evolving stars (Speck et al. 2000) which

has a wider absorption profile which may correspond better to the

wide feature common to all our correlated fluxes. We have also al-

lowed for any combination of the three minerals to be fitted for the

absorption screens of both components, hoping to generalize the

properties of the absorber beyond those of the individual minerals

we selected, and due to the limited number of templates one can

use for effective results. The three absorption templates plus the

best fitted composite are plotted in Fig.4. The parameters fits as a

function the spectral templates used are shown in Table. 2, which

also contains less successfull fits in order to illustrate which model

parameters are affected by the choice of absorber and which can be

determined regardless of the absorber used. When allowing all the

minerals to be present in both components, we get the best fit with

a combination of 35% Ca2Al2SiO7 , 47.6% Al2O3 and 17.5% stan-

dard dust for component 1, and only standard dust for component 2.

When fixing a single absorber to both components, Al2O3 provides

Figure 5. Comparison between the two components on our model and the

12.5µm image of Bock et al. (2000), taken with the 10m Keck telescope.

The filled and the outlined blue shapes correspond to the two model sizes

for component 2. The two components are plotted symmetrically, yet their

relative position cannot be determined from the correlated fluxes.

the best fit. Finally, we used standard dust which was best fitted for

component 2. and alternated with the other absorbers for comp.1.

The best fit here, with virtually the same χ2 as the free-fitting was

found with Al2O3 for component 1, thus we have two successfull

models which differ in the mineral used for fitting component 1.

Figure A1 compares the two models with the data. We now discuss

in detail the properties of each component in the model, combining

results from both this section and the previous.

3.4.1 component 2.

Since most of our observations were taken with long baselines,

component 2 is mostly over resolved. Figure A1 plots the con-

tribution of this component to the correlated fluxes, illustrating

it’s presence in only five out the sixteen baselines observed, those

shorter than sixty meters in telescope separation. As a result, its

geometrical properties are not well constrained. In both our best

fit models component 2 is composed of standard interstellar dust

particles with a blackbody temperature of 290◦K, optical depth

τ = 0.4/0.44, and covering factor α = 0.8/0.66. As for the

size of the flux distribution, component 2 is an extended Gaus-

sian structure, with a major axis of 24 mas in sigma and semima-

jor axis of 15/18 mas. it’s position angle also changes in both our

models, and is found to be −10/0◦ . Component 2 then marks the

colder,extended part of the torus-like structure.

3.4.2 Component 1

Component 1 is the dominant source of MIR emission on MIDI’s

scales. It is resolved in all our observations and its geometrical

properties are well constrained, independently of the mineral types

used, to have a major axis of 8.5 and semimajor axis 2.8 mas in

sigma, with PA=42◦. As Table 2 shows, and in contrast to the sec-

ond component, the temperature, optical depth and covering factor

differ substantially for component 1 as a function of the absorber

used, while the FWHM sizes and position angle are unaffected.

Nevertheless, our best fit models agree that component 1 is com-

posed of hot (T=∼ 800◦K) dust, with a low (∼ 0.2) covering

factor. Although we cannot unambiguously determine the chemical

composition of the dust, It is clear that it does not match the profile

of standard interstellar dust. The properties of a successful absorber
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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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• Unified AGN model

• NGC 1068 first VLTI 
target (Jaffe+ 2004)

• Models need to be 
tested

• Overall geometry: 
Radio jets, MASERs, 
hot disk, ionisation 
cone

Scope



Idea
• So far: UT baselines (no short 

baselines available with UTs)

→ large warm region has been 
overresolved

• Use ATs to get visibility and 
spectrum from warm 
extended region

→ determine size and P.A. of 
outer disk
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APPENDIX A: MAXIMIM ENTROPY: ALGORITHM AND

PERFORMANCE

The ME code is based on an adaptation to the general algorithm by

Skilling & Bryan (1984), and the notations used will follow their

example.

A1 Introduction

Interferometric data such as MIDI’s only measure a limited number

of fourier components of an object’s flux distribution. Therefore,

there are many images which fit the data equally well. The essence

of the ME method is to asign an entropy function to each such

solution, choosing the one image which both fits the data and max-

imized the entropy function. In statistical mechanics, the entropy S

is related to the number of differemt microscopic configurations a

macroscopic state can have. In imaging, given an image radiating

with intensity pattern fi, the entropy measures the number of bits

of information neede to localize the position i of a single photon.

Maximizing S is in practice determining the most likely position

the next photon will come from (Skilling & Bryan 1984). In this

method the 2D image is represented by a vector of N dimensions,

with N the number of pixels in the image, and each vector element

being the flux in one pixel.

A2 The entropy and goodness of fit functions

The entropy function used is given by:

S = −
∑

j

fj [log(fj/A) − 1] (A1)

whose derivatives are

∂S/∂fj = log A − log fj , ∂2S/∂fi∂fj = −δij/fj (A2)

with A being a measure of the default intensity or total flux.

A3 ME algorithm

Starting from the dirty map, i.e. the direct fourier transform of the

data points, we compute the three search directions:

e1 = ∇S e2 = ∇C e3 = |∇S|−1
(A3)

with these search directions computed, we need to find how far to

move in each one:

fnew = f + δf = f + xµeµ (A4)

here xµ = (x1, x2, x3) three scalars to be computed.

the ME algorithm works the following:

-given an initial image, compute three search directions, each one

a vector in image space.

- By means of a quadratic model to the entropy and the chi2, find

how far to move in each direction to maximize S and minimize C.

- continue untill stop criteria is reached.

[p]

D=90.8m, PA=40 D=109m, PA=32 D=122m, PA=29

D=80m, PA=-100 D=85m, PA=-112 D=91m, PA=120 D=97m, PA=-126

D=34m, PA=75
D=37m,PA=63

D=40m, PA=54

D=90m, PA=8

D=88m, PA=8 D=53m, PA=-23

Figure A1.
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How to
observe

• Use MIDI to see warm component (300 K - 10 
micron emission strongest)

• UV plot (use multiple baselines: 8 m, 11.3 m, 16 m, 
22.6 m), observable on 7 Nov, no constraints for DL

• Tricky: Magnitudes are just out of limits of 
specifications, i.e. need best conditions!



(Correlated) Fluxes

• For ATs, fluxes 
have to be > 
11.8 Jy, i.e. 
only sensitive 
to part of the 
spectrum.

• We get a min. 
observable 
visibility, i.e. a 
max. baseline

Total flux from NGC 1068 with UTs
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Figure 2. Total (single-dish) flux. All 15 individual spectra are in grey, with

the mean in black.

activity associated with the nucleus is therefore taking place on a

larger scale. In contrast to Rhee & Larkin (2006) and Mason et al.

(2006), we do not detect any SIV emission.

3.2 The interferometric fluxes

Interferometric data is often obtained as visibility data, a dimen-

tionless quantity which describes the fraction of flux which is re-

solved under a given baseline. Here we prefer to use the correlated

fluxs, the actual flux that the interferomter measures for a given

baseline. Given an isolated source, the visibilites equal the corre-

lated fluxes devided by total flux of the source. If, however, the

source is embedded in emission on all scales (as is the case in NGC

1068) , the total flux, obatined always with a larger beam, will be

contaminated by the large scale emission and the visibilities will

be biased. The correalated fluxes also frees us from handling the

strong atmospheric background, which is not correlated and is re-

moved easily in the data reduction process. The correlated fluxes,

shown in Fig. A1 , display large variations in the shape and depth

of the silicate feature, centered on 9.7µm, the only spectral fea-

ture present in the data. No traces of PAH molecules or the 12.9µm

Ne line can been seen. The flux difference between the correlated

fluxes and the total flux, as well as the differences between the cor-

related fluxes themselves, show that the correlated fluxes are re-

solved on every baseline.

3.3 Single wavelength fitting

MIDI uses a dispersive element to separate the correlated fluxes

into 261 channels. Looking at one channel at a time, we have a set

of 16 correlated fluxes, or Fourier amplitudes, from which a bright-

ness distribution corresponding to IR emission from this channel’s

wavelength can be fitted. In this approach, the total flux is not used,

only the interferometric data, i.e. correlated fluxes are fitted, keep-

ing the total flux as a upper limit to the modeled intensity. The ad-

vantage of fitting only the correlated fluxes is that emission from a

region of a size within the beam-size of the UT’s, but large enough

so that it is over-resolved by the interferometer, does not interfere

with the fit. In each wavelength we fitted a Gaussian, motivated by

the successfull Gaussian fitting of Jaffe et al (2004) to data com-

posed of two baselines. The fit results are summed up in Fig.3

which plots the semimajor and major FWHM sizes, height and po-

sition angle of the fitted Gaussian, and the resulting normalized χ2

for each fit. In general, the single Gaussian fits the data well below

10µm, gradually getting worse as we look at longer wavelength,
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Figure 3. Results of the one Gaussian fitting. (a) FWHM sizes for the major

and semimajor axis; (b) Gaussian height; (c) position angle and (d) normal-

ized χ2. We stress that in this model each wavelength was fitted indepen-

dently, and the χ2 in panel (d) is the minimal χ2 found for each wavelength.

z

indicating the presence of another component with a rising spectra

at 10µm, as expected of dust at ∼ 300◦K. The changes in the fit-

ted position angle are most likely due to asymmetrical absorption.

Variations in the other parameters are expected as a result of the sil-

icate feature and the wavelength dependence of the beam-size. This

single wavelength fitting is an effective yet simple tool. It does not,

however, take into account any changes in intensity caused by spec-

tral absorption or emission, and will interpert these as changes in

the size/PA of the inferred image. In reality, the same dusty struc-

ture is responsible for emission at all dispersed wavelengths, with

the same orientation and sizes on the sky, as modeled in the next

section.

3.4 Two blackbodies model

In this model we treat the IR emission as coming from two black-

body components of a fixed size and orientation, each one behind

a uniform absorption screen. The flux of each component is given

by:
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Expected Results
• Example model: Elliptical Gaussian disk,  T = 300 K, 

for P.A. 0°, maj./min. axes: 56 / 42 mas

• Better constrain torus models, i.e. axes, P.A., spectrum  
of warm outer disk

B1-C2
11.3m, P.A. 116°

A0-C0
16m, P.A. 71°



Conclusion

• Smaller baselines needed to resolve (not 
overresolve) warm torus in NGC 1068

• ATs provide the correct baselines

• Magnitudes tough!

• Might still work under best conditions

• Be able to better constrain dust models

• FINITO will provide more sensitivity (longer 
integration times) in the near future
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