
Resolving AGN tori

Mid-infrared interferometry of 
AGN cores

Leonard Burtscher
MPIA – Heidelberg

with Klaus Meisenheimer (MPIA), Konrad Tristram (Bonn),  Walter Jaffe 
(Leiden) and the Large Programme team: Sebastian Hönig, Makoto 
Kishimoto, Jörg-Uwe Pott, Huub Rottgering, Marc Schartmann, Gerd 

Weigelt, Sebastian Wolf

26 Oct 11
Ten Years VLTI conference, ESO, Garching

1



Resolving AGN tori

Why study Active Galactic 
Nuclei (AGNs)?

Credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)

Davies+ 2007, Friedrich+ 2010

2



Resolving AGN tori

Why study Active Galactic 
Nuclei (AGNs)?

• most powerful non-
transient 
phenomenon in the 
universe

Credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)

Davies+ 2007, Friedrich+ 2010

2



Resolving AGN tori

Why study Active Galactic 
Nuclei (AGNs)?

• most powerful non-
transient 
phenomenon in the 
universe

• role in galaxy evolution?

Credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)

Davies+ 2007, Friedrich+ 2010

2



Resolving AGN tori

Why study Active Galactic 
Nuclei (AGNs)?

• most powerful non-
transient 
phenomenon in the 
universe

• role in galaxy evolution?

• probes of the early 
universe

Credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)

Davies+ 2007, Friedrich+ 2010

2



Resolving AGN tori

Why study Active Galactic 
Nuclei (AGNs)?

• most powerful non-
transient 
phenomenon in the 
universe

• role in galaxy evolution?

• probes of the early 
universe

• ubiquitous (depending 
on definition)

Credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)

Davies+ 2007, Friedrich+ 2010

2



Resolving AGN tori

Is the „torus“...

3



Resolving AGN tori

Is the „torus“...

• a homogeneous, thick structure 
(scale height problem)

3

The AGN paradigm

22

Urry, Padovani 1995logarithmic scale!

Ingredients

• Super-Massive BH

• Accretion disk

• Broad-Line Region

• Narrow-Line Region

• Torus

• Jet (at least in some 
cases)

Antonucci 1993 +
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Resolving AGN tori

Is the „torus“...

• a homogeneous, thick structure 
(scale height problem)

• a warped disk causing 
obscuration?

• a (geometrically thick) outflow, 
starting from a disk in the 
center?

• a (geometrically thick) 
supernova-driven inflow, leading 
to a disk in the center?

3

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

Central SMBH 10-5 pc * MBH/
108 MSun

10-8 arcsec

Accretion disk ~ 10-3 pc 10-6 arcsec

Broad Line 
Region

~ 0.01 pc 10-4 arcsec

Torus ~ 2x3 pc 10-2 arcsec

Narrow Line 
Region

~ 300 pc 100 arcsec

The starburst ~ 1 kpc 101 arcsec

IR-

Schartmann+ 2009



Resolving AGN tori MIDI + AGNs 4

Reference main finding source
Jaffe+ 2004 There is a torus NGC 1068

Meisenheimer+ 2007 Half of the mid-IR emission is nonthermal Centaurus A

Tristram+ 2007 + PhD Circinus galaxy also has a torus, clumpiness? Circinus galaxy

Kishimoto+ 2009 Tori seem to have common radial structure 3 sources

Raban+ 2009 The inner disk part is misaligned NGC 1068

Tristram+ 2009
Many AGNs have parsec-scale dust;

tori sizes go with luminosity as s ~ L0.5 10 sources

Burtscher+ 2009 This Sy 1 torus is similar to the type 2 tori NGC 4151

Burtscher+ 2010
The resolved mid-IR emission is not well 

fitted by an elongated disk
Centaurus A

Burtscher 2011 
(Ph.D. thesis,  ADS)

Observing + data reduction method for 
weak targets; MIDI Large Programme

17 sources

Tristram+ 2011
The mid-IR emission comes from scales 
~30x larger than the near-IR emission

10 sources

Kishimoto+ 2011
Revised size–luminosity relation, s constant 

with L at 13 µm!
6 sources
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MIDI Large Programme + Archive
‣ Have a statistically 
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all AGNs
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other

successful 
observations
(29 targets)
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Sy 2

But: to increase the sample, one 
needs to observe sub-Jy targets!



Resolving AGN tori Observing faint targets

• Different observing 
mode: cal track – 
sci track – cal track 
– ...; now also 
offered by ESO in 
SM: „correlated 
flux mode“

• New data 
reduction (EWS 2.0 
– soon to be 
released, see http://
www.strw.leidenuni
v.nl/~jaffe/ews/)

6

2. Mid-infrared interferometry
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Figure 2.16.: Top panel: Groupdelay determined for a bright calibrator star. At the
beginning of each fringe track, the delay line is deliberately moved to a
position far off the fringe (d � Λcoh) to determine the noise level. During
this time (first≈ 600 frames), the groupdelay cannot be determined. Bottom
panel: Groupdelay determined for a very weak science target. Apart from
noise, a delay line jump (a so called “glitch”) is seen shortly before frame
number 4000. Both cases show a smoothing σgsmooth = 4 · 18ms.
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20 Apr 2011: 51 fringe tracks / 6.5 hours
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• Automatic (and objective?) flagging of observations

Observing faint targets

Number of good frames F_abs / F_deabs (Ozone)

Seeing
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(u,v) coverages
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Asymmetries?
10

...at least no obvious ones.
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MCG-5-23-16
12

~ 4 pc
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NGC 5506
13

≥ 6 pc
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NGC 5995
14

weakest source ever observed with MIDI?

~ 10 pc
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Size–luminosity relation
Young Stellar Objects
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YSO mid-IR Size Luminosity Diagram

Figure 8. Mid-infrared size–luminosity diagram. Different plot symbols correspond to different YSO types: embedded YSOs (asterisk), Herbig Ae (X), Herbig Be
(diamond), T Tauri (triangle), FU Orionis objects (square), and nonclassified emission line objects (plus). Systems in close binaries are labeled (b). The lines represent
different temperatures for gray dust according to the definition in Monnier & Millan-Gabet (2002). Objects with FWHM sizes smaller than 35 mas are labeled as
upper limits.
(A color version of this figure is available in the online journal.)

We also note that the embedded YSOs all cluster near the top-
right of the diagram at high luminosities and low temperatures.
This is expected since the high optical depths toward these Class
I objects mean their infalling envelopes are still optically thick
and we do not expect to be able to see into the warmer inner
regions surrounding these protostars. Note that these regions all
show complicated, often bipolar, structures (see Figure 6) and
that the sizes in this diagram refer only to the central core of
emission.

4.2. Size Versus IRAS Color

Leinert et al. (2004) found some evidence that the physical
emission scale for the mid-infrared emission (in Herbig Ae stars)
was correlated with the IRAS 12–25 µm color, defined as −2.5
log Fν(12 µm)/Fν(25 µm). This is sensible since redder colors
indicate cooler dust temperatures which naturally arise farther
from the central star. Unfortunately, this diagram is difficult to
use when your target sample spans a large luminosity range. This
is because the radius for dust at given temperature depends on
the root of central luminosity (see the size–luminosity diagram
above). Neither size–luminosity nor the size–color diagram can
simultaneously take into account both of these effects. Liu et al.
(2007) also explored mid-IR size differences as a function of
some SED parameters but his work also suffers from these same
limitations.

Despite these drawbacks, we have produced a similar diagram
as a way to present our basic results. Figure 9(a) shows our
measured Gaussian FWHM size (in milliarcseconds) versus the
IRAS 12–25 color. We chose to use the distance-independent
angular size instead of the physical size here, just so that our
quantities did not depend on the uncertain distance estimates.
Within each grouping, we do see some correlations. The Herbig
Ae stars do show a correlation, with the striking result that nearly
all the objects with colors bluer than 0.25 were unresolved by
our survey. The embedded objects also might show a weak

correlation. Just as the diagram in Leinert et al. (2004), this size–
color diagram does not conserve a target’s position if you take
the same disk temperature profile and change the luminosity.
We only present this data to illustrate some trends within the
sample, but caution against further use of this sort of diagram
in subsequent work.

In order to overcome the luminosity and distance dependen-
cies for this sort of diagram, we introduce a new diagram in
Figure 9(b). Here, plot the luminosity-normalized ring radius
versus IRAS 12–25 color. This is defined as the physical ring
radius (AU) divided by the square-root of luminosity (in so-
lar luminosities). This quantity is both independent of distance
and also naturally accounts for the expected scaling of emission
scale with luminosity (for similar disk temperature profiles).
Again, we see a significant correlation for the Herbig Ae stars,
although other objects appear to scatter in this diagram. The
location of each YSO system in this diagram is diagnostic of
the disk flaring and temperature profiles and this diagram will
prove useful for future work.

In the next paper in this series, we will be carrying out a
radiative transfer study of YSO disks in order to understand
the scatter in the size–luminosity diagram and how the de-
viations correlate with observables such as stellar luminosity
and the [12]–[25] µm color. This new work will motivate im-
proved diagrams to be used for plotting basic observational data
and will explore the potential for using luminosity-normalized
sizes (radius AU/sqrt luminosity) and surface brightness
relations.

5. SUMMARY

We have presented a large survey of mid-infrared sizes of
YSOs using the Keck telescope. We can reliably resolve disks
with size scales down to 35 mas (5 AU at 140 pc), roughly
8× smaller than the formal diffraction limit. We have overcome
the traditional calibration problems that have plagued previous

s ~ √L

Monnier+ 2009
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Wishlist

• More reliability of the results through better controlled 
observing techniques: IRIS images, reliable MACAO Strehls

• Hybrid AT-UT combinations will allow ~4x more sensitivity + 
new unique baselines: constrain extended emission

• Most-efficient fringe trackers to increase integration 
time
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Conclusions
• Mid-IR interferometry enables the observation of high surface-

brightness compact objects and paves the way for the 2nd 
generation instruments. We can now observe fringes with MIDI 
that are ~ 10x fainter than originally expected – thanks to 
continous (software) developments both on Paranal and offline.

• Only with interferometry can AGN „tori“ be resolved. Their sizes 
are ~ 10-100 mas (~ 1-10 parsecs); their structure is probably 
complex.

• The VLTI/MIDI Large Programme increased the sample of 
resolved tori by 13; resolved dust on the parsec scale has been 
found in (almost) all mid-IR bright AGNs, both type 1 and type 2

• The torus size s scales with luminosity L as s ~ L0.5

• The nature of the ,point source‘ is not yet clear
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