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AGN interferometry in the IR :  
what is possible now



Optical/IR interferometers
Keck & VLT interferometers

near-IR 
max 85m 
2 telescopes

near-IR / mid-IR 
max 130m 
4 telescopes
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Dealing with only the "first lobe" 
only partial resolution at the moment. 
can't even distinguish Ring vs Gaussian 
!

Almost no phase info 
two beams, or  
zero closure phase at low 
spatial freq. 

!
We can still measure:  

overall size 
radial profile in mid-IR

What we can do now with IR interf. on AGN:

spatial freq.

visibility

ring gaussian



IR size-luminosity relation



Size & radial profile from face-on objects
near-IR: 15 Type 1s, resolving dust sub region, ∝ L1/2 
mid-IR: systematic obs of 6 Type 1s 
normalize by Rreverb - “Brighter-Steeper” trend 

several more (Burtscher+13) + new data : to be 
uniformly analyzed 
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Edge-on, Type 2 studies
2 obj in early studies, + 1 obj in recent study

Raban+09

reconstruction @ 8um
jet

Gallimore+04
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NGC1068

polar axis

Circinus NGC424 NGC1068

polar extended at ~20-30 Rsub



More recent studies on the two brightest 2's
Differential / chromatic phase 

multiple-comp. model, more complicated 'image' 
but the bottom line is still the same...K. R. W. Tristram et al.: The dusty torus in the Circinus galaxy

the data using small sequences of uv points instead of individual
uv points before fitting the resampled data. The errors listed in
Table 4 are directly estimated from the bootstrap distribution of
the respective parameter and mark the 68.3% (1σ) confidence
intervals.

Our model can fit the data on the shortest baselines very well,
which means that it reproduces the low spatial frequencies of
the source adequately. On longer baselines, however, the data is
not well reproduced by our model. This is predominantly due
to small scale variations of the correlated fluxes and differen-
tial phases at longer baselines (cf. Fig.4), which cannot be re-
produced by our smooth model. We interpret these variations as
signatures for small scale structures that our model obviously
cannot replicate.

Finally, a few remarks on degeneracies: several parameters
of our model are not independent. The clearest example is the
degeneracy between the temperature Ti and the surface filling
factor fi. Because we are fitting a narrow wavelength range
(8 µm < λ < 13 µm), the temperatures of our dust components
are not well constrained. A small change in temperature has a
direct influence on the brightness of the source, which can be
compensated by changing the surface filling factor. Similar de-
generacies are present between the size and the axis ratio of the
source, which all change the emitted flux density. Depending on
howwell these parameters are constrained by the interferometric
measurements, these parameters can become degenerate.

5. Discussion
5.1. Morphology

The direct analysis of the data (Sect. 3) and our modelling
(Sect. 4) confirm that the mid-infrared emission in the nucleus
of the Circinus galaxy comes from at least two distinct compon-
ents: a highly elongated, compact “disk-like” component and a
moderately elongated, extended component. To some degree, the
distinction between the two components is suggested by the two
different regimes of the correlated fluxes as a function of the
projected baseline length (see Sect. 3.1). Primarily, however, the
distinction is suggested by the different orientations of the two
components: the two components are elongated roughly perpen-
dicular to one another. Two clearly separated emission compon-
ents have also been found in NGC 1068 and NGC 3783 (Raban
et al. 2009; Hönig et al. 2013), and a two-component morpho-
logy in the infrared appears to be common to a large number of
AGN (Kishimoto et al. 2011b; Burtscher et al. 2013).

We interpret the mid-infrared emission as emission from
warm dust in the context of the hydrodynamic models of dusty
tori in AGN by Schartmann et al. (2009), Wada et al. (2009) and
Wada (2012). These models find a relatively cold, geometrically
thin and very turbulent disk in the mid-plane of the torus, sur-
rounded by a filamentary structure. The latter consists of long
radial filaments with a hot tenuous medium in between. We as-
sociate the central, highly elongated component in the Circinus
nucleus with the dense disk in these simulations, and we inter-
pret the extended mid-infrared emission in the context of the fil-
amentary torus structure seen in these models.

A false-colour image of our best fitting model (fit 3) is shown
in Fig. 7, with the model images at 13.0 µm, 10.5 µm and 8.0 µm
mapped to the red, green and blue channels of the image, re-
spectively.

When interpreting our observations, we have to take into ac-
count that the emission is dominated by the warmest dust at a
certain location, which normally comes from the dust clouds dir-
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Figure 7. False-colour image of the three-component model for
the mid-infrared emission of the nucleus of the Circinus galaxy
(fit 3). The colours red, green and blue correspond to the model
at 13.0 µm, 10.5 µm and 8.0 µm, respectively. The colour scal-
ing is logarithmic in order to show both bright as well as faint
features. Clearly the colour gradient of the extended component
due to the increase in the silicate depth towards the south-east
is visible. This colour gradient leads to a chromatic photocentre
shift towards the north-west. Despite the lower surface bright-
ness, 80% of the emission comes from the extended component.
Also plotted is the trace of the water maser disk: the blue and
red parts trace the approaching and receding sides of the maser
disk respectively. Note that the relative offset of the mid-infrared
emission with respect to the maser disk is not known (see text
for details).

ectly illuminated by the central UV source. There are probably
also considerable amounts of cooler dust. However, the cooler
material only contributes insignificantly to the infrared emission
(see also Sect. 5.3).

5.1.1. The disk-like component

The disk-like component is highly elongated and has a major
axis FWHM of ∆2 ∼ 1.1 pc. Due to the strong position angle
dependency of the correlated fluxes for the longest baselines,
the position angle of the major axis is very well constrained:
ψ2 = 46 ± 3°. The strong elongation of this component with an
axis ratio of more than 6 : 1 at first suggests an interpretation
as a highly inclined disk, as in Tristram et al. (2007). This in-
terpretation is supported by the close agreement in orientation
and size of this component with the warped maser disk from
Greenhill et al. (2003). The masers were modelled by a thin disk
extending from rin ∼ 0.1 pc to rout ∼ 0.4 pc. The maser disk is
warped with the position angle changing from 29° ± 3° at rin to
56° ± 6° at rout. With a position angle of ψ2 ∼ 46°, our disk-like
component now matches this orientation much better than pre-
viously. The larger size of the mid-infrared disk as compared to
the maser disk could be evidence of the disk extending out to
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Fig. 7. Image of the No. 1 (Left) and No 2. (Right) best three component models for the mid-infrared emission at 12.0 µm of the nuclear region
of NGC 1068. The image was scaled using the square root of the brightness. Center) Comparison between our first best model and the 12.5 µm
image of Bock et al. (2000), taken with the 10m Keck telescope. The dashed circles represent the FWHM of the field of view for MIDI using the
UTs (blue) or the ATs (orange). The letters indicate the positions of the [OIII] clouds according to Evans et al. (1991)

decreases as r−γ, with r being the distance from the center of the
1st component and γ ≈ 1.

6.2. The Tongue

Single dish mid-infrared images of NGC 1068 display a pri-
marily N-S elongation dominated by a specific feature which
Bock et al. (2000) have named as the ’Tongue’. This coincides
with the regions IR-1/1b seen by Gratadour et al. (2006) in short
wavelength infrared single dish images, and component C in
the VLBA radio maps of Gallimore et al. (2004). This region
extends to the north of the core, bends to the west about 0.2"
above the core and then to the east. It seems to be associated
with part of the [OIII] emission (Evans et al. 1991) and the ra-
dio continuum emission (Gallimore et al. 1996). According to
Galliano et al. (2005), the Tongue region (identified as the NE1)
has a flux of 11.2±2 Jy at 12.8 µm and is thus the second bright-
est mid-infrared region in NGC 1068 after the core region. Be-
cause at least part of this feature lies within the AT/VLTI field
of view, we need to explore its relationship to our measurements
and models. The 1.8 m diameter ATs have a field of view (FOV)
of radius ∼ 1.14 arcsec at 12 µm while the 8m UTs have a FOV
of ∼ 250 mas. From the images in Galliano et al. (2005) and
Poncelet et al. (2007) we estimate the NE1 component to be 400
- 500 mas from the core. The existence of NE1 within our FOV
raises two questions: (1) is component 3 in our model fits in fact
identical with NE1, but incorrectly positioned due to our limited
(u, v) coverage and (2) even if component 3 is distinct fromNE1,
do our observations place useful constraints on the morphology
of NE1?

We have investigated whether positions of component 3 near
NE1 are consistent with our AT data. There are in fact such solu-
tions, but we have discarded them as unphysical because (1) the
3rd component then requires very large temperatures (> 800K)
to fit the short baseline spectra and (2) the total flux of such a 3rd
component exceeds the values reported by Galliano et al. (2005)
and also the ones reported by Poncelet et al. (2008) at the two
closest northern quadrants (3.4 Jy, 4.8 Jy and 7.5 Jy at 9.0 µm,
10.8 µm and 12.8 µm for their 1NO region and 1.2 Jy, 1.8 Jy
and 3.1 Jy at the same wavelengths for the 2NO region). Evi-

dence in favor of the existence of a near-in 3rd component is that
the first two interferometric components do not provide the large
flux (25 Jy) measured by these authors inside the 0.6” diameter
central aperture.

We conclude that a 3rd component < 100 mas from the core
is necessary to fit the spectra at the shortest projected baselines.
We now investigate whether if a new extra component at the po-
sition of the Tongue could improve the fits. To avoid adding an
excessive number of degrees of freedom to our model we have
fixed a priori several of gaussian parameters of the fourth com-
ponent. From the flux values reported by Poncelet et al. (2008)
we think it is reasonable to fix the temperature of this component
to 300 K with a very small optical depth and place it 400 mas to
the north of the hot core. From the mid-infrared images reported
by Bock et al. (2000) we fix the PA of the emission region to ∼
-40◦. We allow the modelling routines to fit the major and mi-
nor axes, and adjust the scale factor of this component to fit the
single dish fluxes. We found that including this 4th component
with these characteristics does not improve the fits. A compo-
nent with a large offset (more than 100 mas) and with similar or
smaller size than our component 3 would produce phase steps in
the 8 - 13 µm region that are not observed in the data. In fact the
existence of this component is consistent with the short baseline
data only if it is so large as to be essentially resolved out by the
interferometer. This places lower limits of ∼ 160 mas and ∼ 200
mas for the minor and major axis respectively.

6.3. Cross-identification of the components

Previous single dish observations (Bock et al. 2000) have clearly
revealed an elongated region of the mid infrared emission which
extends up to 1" to the north but their resolution was not suffi-
cient to resolve the central emission of the core. From our inter-
ferometric observations we inferred that the emission of the core
can be divided into two distinct regions: one consistent of a hot
emission surrounded by warm dust (1st and 2nd components)
and a large warm diffuse region approximately 100 mas (∼ 7 pc)
away from the other. We do not have absolute astrometric infor-
mation about these components and cannot identify one with the
nucleus without further assumptions.
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Summary of what we have
Observational facts: 

Brighter-steeper trend in face-on 
Eq. concentration & polar elongation in edge-on 

!
Consideration on dust illumination 

near-/mid-IR from directly illuminated material 
!
radiation pressure on dust grains (e.g. Semenov+03) 

eff. L/Ledd potentially > 1 
!

possible anisotropic illumination 
anisotropy of acc. disk (Netzer+85; Kawaguchi+11)



edge-on
cross-
section

Lower L or L/LEdd

face-on

Higher L or L/LEdd

~ 1 pc

           

!
           !

Lower L or L/LEdd Higher L or L/LEdd

Face-on
Edge-on

Possible picture
Lower acc.rate:  

eff. polar flaring, 
generally extended  
!

Higher acc.rate:  
polar region cleared, 
equatorial steep struct. 

!
!
!
Intrinsically steeper str. required for higher acc. rate? 

need to be sensitive to colder material



Emissivity arguments



Emissivity estimation
Surface brightness from measured R1/2 and flux 

comparison to BB indicate emissivity of "sub-unity" 
!
consistent with 
directly-illuminated 
UV-opt-thick surface 
!
participating in 
obscuring the nucleus 
!
very different from 
resolved NLR clouds

1400K

700K

350K



Visibility variability



Brightest Type 1 AGN NGC4151 
visibility monitoring : V down = R up = dust destruction

Evidence for receding sublimation region 

Kishimoto+13



!
!
!
!
!
!
delayed response to brightening 
central engine 
!
timescale for destruction/
reformation of dust distribution 
~ several years

Evidence for receding sublimation region 
Kishimoto+13



!
!
!
!
!
!
micro. dest. time ~ 10s of days 
!
!
!
!
gas density ~ 109 cm-3

Evidence for receding sublimation region 
Kishimoto+13
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BLR vs dusty region



Differential visibility
Relative size measurement, BLR vs torus 

in 3C273, it looks like: BLR > torus !! 
 

 
 

 
This result was a surprise, which strongly stimulated our bias analysis. The BLR was supposed compact (130 µas) and 
contained in the dust torus and thus the differential visibility was supposed to increase in the line (see figure 9). 
 

   

   
Figure 8: Provisional final results. Differential visibility (top) and phase (bottom) for a 50m (left), 80 m (center) and 125 m 
baselines. The differential visibility shows a drop in the emission line (see spectrum plot in figure 5a), which increases with 
the baseline. About the differential phase, the most reasonable statement is to say that there are no features larger than 2°. The 
error bars in the plots are estimated by the temporal dispersion over the 47 exposures. 

 
Let us give a very preliminary interpretation of our measures in simple geometric terms. All the features observed in the 
K band continuum and in the emission line are small (less than 1 mas) with regard to the VLTI best resolution of 3.5 
mas. Then each feature can be defined by its equivalent width, its photocenter and its contribution to the total flux. The 
smaller scale details will not affect the measures at our baselines, beyond their impact on width, photocenter and flux. So 
we decide to represent the continuum image by a centered Gaussian of width adjusted to fit the absolute visibility 
measurements with the 80 m KI baseline8. This corresponds to a Gaussian with 0.4 mas FWHM. The BLR is represented 
by a second Gaussian, with an intensity adjusted to fit the observed line profile over the continuum shown in figure 1. 
We change the width !!"# and the center !!"# of the BLR gaussian to try to fit our differential visibility measures. The 
results are displayed in figure 9. A centered compact BLR of angular size 0.13 mas, in agreement with the reverberation 
mapping + distance prediction, produces a differential visibility increase in the line of about 3%. To explain our visibility 
drops, we need either a very large centered BLR, with !!"# > 0.8!!"#, or a compact (!. !.!!"# < 0.5!!"#) BLR 
shifted by !!"# > 0.5!!"# with regard to the continuum photocenter. Qualitatively, an offset between the BLR and the 
continuum image makes sense. The continuum image contains contributions from the torus, with a probably brighter 
face-on inner rim, and from the synchrotron emission. There is actually no good reason for this image to be exactly 
centered on the accretion disk, except for a face-on torus. The critical difficulty of this interpretation is that the BLR shift 
would yield a photocenter displacement in the line of at least 250 µas in the direction of the baseline displaying the 
visibility drop, as shown in figure 9c. This corresponds to a differential phase of 25°, which does not appear in our 
differential phase measures with !(!) < 3° on all baselines. On all our baselines, the BLR is larger, or at least 
comparable to the equivalent width of the continuum, and it the photocenter of the BLR coincides with this of the 
continuum image within 30 µas in the direction of the longest baseline (UT1-UT4) and 60 µas in the  direction of the 
shortest one (UT1-UT2). 

 
 

 
 

   
Figure 4: differential visibility measured on a calibrator. Figure 4a (left): calibrator spectrum !(!). Figure 4b (center): 
calibrator DCS !!!" !!!" ≃ !(!)!!!" ! !!!!!. Figure 4c (right): calibrator differential visibility !!∗!" ! . All function are 
divided by their avergage value over σ.  They are shifted in the plot for visibility. The wavelength range goes from 1.99 to 
2.31 µm. The black curve around 1 represents the time average. The color curves represent 4 different calibrators. From top 
to bottom the calibrator magnitudes where K=6.6 (green), K=9 (red), K=8.2 (blue) and K=9 (black). All curves are plotted 
for the baseline UT1-UT4=125m. 

3.2 3C273 differential visibilities 

Figure 5 shows results on 3C273. In figure 5a we see the spectrum of 3C273. We note the same telluric and instrumental 
lines as for the calibrators, at 2.01 and 2.06 µm and the Paα emission line red-shifted at 2.17 µm. Figure 5b and 5c show 
the differential cross spectrum and the differential visibility for a 50 m baseline (5b) and 125 m (5c). The emission line 
appears very clearly in the DCS in figure 5b while it is quite erased in the DCS in figure 5c. This indicates a differential 
visibility decrease in the line when the baseline increases, which can be seen in the differential visibility plots. However, 
figure 5 also shows a flux dependent bias of the DCS, which strongly affects the differential visibility in the telluric lines 
and casts suspicion on the variation in the emission line. In addition, the general shape of the differential visibility in the 
continuum is far from 1 and changes with the baseline. A bias analysis is needed before confirming the differential 
visibility measure in the line. 

   

Figure 5: differential cross spectrum and differential visibility on 3C273. Figure 5a (left): 3C273 spectrum. Figure 5b and 5c: 
differential cross spectrum (top, thin, color curves) and differential visibility (bottom, thick, black curves). Figure 5b (center) is 
for the 50m UT1-2 baseline. Figure 5c (right) is for the 125m UT1-4 baseline. 

3.3 Differential phases 

Figure 6 shows the differential phases obtained on the calibrators and on 3C273. On the calibrators the differential phase 
displays the expected differential chromatic OPD. The 3C273 differential phases are always flat. The 3C273 
observations were affected by the same chromatic OPDs, since 3C273 and all calibrators were less than 2° apart, and 
they were interlaced in time. This reveals a bias on the differential phase at the faintest magnitudes. 

Petrov+12
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This result was a surprise, which strongly stimulated our bias analysis. The BLR was supposed compact (130 µas) and 
contained in the dust torus and thus the differential visibility was supposed to increase in the line (see figure 9). 
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the baseline. About the differential phase, the most reasonable statement is to say that there are no features larger than 2°. The 
error bars in the plots are estimated by the temporal dispersion over the 47 exposures. 
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to bottom the calibrator magnitudes where K=6.6 (green), K=9 (red), K=8.2 (blue) and K=9 (black). All curves are plotted 
for the baseline UT1-UT4=125m. 

3.2 3C273 differential visibilities 

Figure 5 shows results on 3C273. In figure 5a we see the spectrum of 3C273. We note the same telluric and instrumental 
lines as for the calibrators, at 2.01 and 2.06 µm and the Paα emission line red-shifted at 2.17 µm. Figure 5b and 5c show 
the differential cross spectrum and the differential visibility for a 50 m baseline (5b) and 125 m (5c). The emission line 
appears very clearly in the DCS in figure 5b while it is quite erased in the DCS in figure 5c. This indicates a differential 
visibility decrease in the line when the baseline increases, which can be seen in the differential visibility plots. However, 
figure 5 also shows a flux dependent bias of the DCS, which strongly affects the differential visibility in the telluric lines 
and casts suspicion on the variation in the emission line. In addition, the general shape of the differential visibility in the 
continuum is far from 1 and changes with the baseline. A bias analysis is needed before confirming the differential 
visibility measure in the line. 

   

Figure 5: differential cross spectrum and differential visibility on 3C273. Figure 5a (left): 3C273 spectrum. Figure 5b and 5c: 
differential cross spectrum (top, thin, color curves) and differential visibility (bottom, thick, black curves). Figure 5b (center) is 
for the 50m UT1-2 baseline. Figure 5c (right) is for the 125m UT1-4 baseline. 

3.3 Differential phases 

Figure 6 shows the differential phases obtained on the calibrators and on 3C273. On the calibrators the differential phase 
displays the expected differential chromatic OPD. The 3C273 differential phases are always flat. The 3C273 
observations were affected by the same chromatic OPDs, since 3C273 and all calibrators were less than 2° apart, and 
they were interlaced in time. This reveals a bias on the differential phase at the faintest magnitudes. 
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Summary
Spatially-resolved view of the innermost dust: 

Face-on: rad. steeper structure at higher acc.rate, 
edge-on: eq. conc., polar extension at low acc. 
polar clearing at higher acc.rate, wider open. angle? 

!
Emissivity: polar stuff at low acc.rate being opt.thick 
!
Evidence for receding dust sub region, taking several 
years: microscopically 10s of days, density ~109 cm-3 
!
Overall BLR can look larger than the inner dust ring...?


