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3 component model of the dust emission in the Circinus galaxy
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Figure 9. Overview over the results based on the warped dust distribution (our standard model) which fit best the observations by Tristram et al. (2014)
(compare to their Fig. 7). In (a) we show a rotated image at 12 µm for ✓ = 70� and � = 60�. In (b) we plot the optical depth at 12µm for the same orientation.
Finally, in (c) we draw the SED for this line of sight in solid black. The observed high-spatial resolution SED compiled by Prieto et al. (2010) is shown by
filled dots. In addition, we show the best-fit model to the MIDI data described in Tristram et al. (2014) which consists of two components (disc, large scale
component with point source). The disc together with the point source is drawn dashed blue while the total model including the large scale component is drawn
dashed dotted green. In dotted red we show the MIDI correlated flux spectrum of a long baseline concentrating on the disc-like component. Within the region
shaded in grey lie all SEDs with lines of sight described by ✓ = 70� and � taking all values in the range [0�, 180�] with a step size of 10 degrees. The SEDs
are normalised to a distance of 4.2 Mpc.

resolution of roughly 8 mas. However, one should keep in mind that
our model does not include the large scale component along the
ionisation cone, which might contribute significantly.

To emphasise that our model shows a large variety of SEDs and
feature shapes even for small changes in the line of sight, we show
in Fig. 11 a close on view on the wavelength range containing the
characteristic silicate features for observers at a location around the
best fit angles. As we see in this plot the shape of the feature at 9.7 µm
changes noticeably even for small variations of the � angle (the
same is true for changes in the ✓ angle). We see that the features for
� = 50� (dotted-dashed green) and � = 70� (dotted blue) show both
a di�erent shape and a di�erent strength as compared to the best fit
angles. This strong dependence on the line of sight is associated with
the complex geometry of our warped disc for viewing angles close to
grazing lines of sight. Only a small change in viewing direction can
significantly decrease the column density or increase the amount
of directly illuminated dust observed. This has the e�ect that an

absorption feature is filled up from the long wavelength end (by
adding emission components), resulting in a change of slope of the
feature towards longer wavelengths. The latter e�ect is independent
of the geometrical distribution, but the shift of the minimum (or
maximum in the case of an emission feature) happens when the
optical depth of the dust in-between the source and the observer
changes. Interestingly, for our model geometry, this happens for
grazing lines of sight at inclinations for which we also reach the
best agreement with the observations of the Circinus galaxy. This is
not easily the case for a doughnut-like structure. A similar di�erence
of the silicate feature shape w. r. t. the absorption profile for a typical
galactic dust mixture has been seen in the nearby Seyfert 2 galaxy
NGC 1068 (Raban et al. 2009). They found that an absorption profile
with a shallower slope towards longer wavelengths compared to
the standard galactic one is needed in order to be able to explain
their MIDI observations (see Fig. 5 in Raban et al. 2009). Our
study shows that a significant change can already be obtained in a
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Fainter sources: What to expect

How (we thought) to scale an AGN:
• inner radius: rin ~ L0.5

• observed angle: Θ ~ rin/D
• observed flux: F ~ L/D2

➡ Θ ~ F0.5

at 4 Mpc



maximum UT 
baseline

Θ ~ F0.5: expect fainter 
objects to be well 
resolved as well

Fainter sources: What to expect
at 18 Mpc



Faint sources are much 
smaller than expected

Burtscher+ 2013
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Most AGN „tori“ are oriented 
along the polar axis

Fig. 5: Best fit models for the elongated objects. For every ob-
ject we show the 12 µm image obtained from our best fit model
using a squared root scale. We add as a reference for the polar
axis of the system, when available, the PA obtained from optical
polarimetry (green dashed line) and from the symmetry axis of
the ionization cone (red dotted line).

gies (e.g. Schartmann et al. 2005) also show polar extension to
the zero-th order. Slightly asymmetries in the density distribu-
tion produced by filaments or clouds could then explain the lack
of asymmetry around the polar axis system. Additional informa-
tion, such as kinematics, would be needed to distinguish such a
scenario from, e.g. a disk wind scenario which would also pro-
duce polar-elongated emission (e.g. Wada 2012; Gallagher et al.
2013; Schartmann et al. 2014).

Fig. 6: Top) Comparison between the position angle of the mid-
infrared emission from the parsec-scale structure (PA

MIR

) and
the inferred position angle of the system polar axis (PA

polar

)
for the elongated objects. For completeness we also include the
marginally elongated object NGC4507 (blue triangle), no error-
bars are determined for this object. The dashed line represents a
one to one relation for the position angles. Bottom) Histogram
of the di↵erence between the inferred system polar axis and the
mid-infrared position angle obtained using interferometry. The
histogram including the marginally elongated object NGC4507
is shown in blue bars, while elongated objects are given with
black bars. Only objects with elongations obtained from inter-
ferometric data have been used here.

While with infrared “images” alone we cannot provide a
complete panorama about the structure of the torus, our result
of the polar extended emission should serve as a constraint for
dusty models that attempt to provide a description of the dusty
environment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be done to see if
derived torus properties, such as covering factors, torus sizes,
cloud numbers from torus models that reproduce the polar-like
extended emission are consistent with the current models used
by the community.
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Lopez-Gonzaga, LB et al. 2016; see also Hönig+ 2012, 2013, Tristram+ 2014, Lopez-Gonzaga+ 2014



Probing AGN outflows at the base
The Astrophysical Journal, 758:66 (10pp), 2012 October 10 Wada

Figure 4. Gas density in the quasi-steady state of two models: (top) LAGN/LE = 0.1 at t = 4.55 Myr and (bottom) LAGN/LE = 0.01 at t = 4.59 Myr. The vertical
slices indicate the x–z planes.
(A color version of this figure is available in the online journal.)

∂(ρv)/∂t + (v · ∇)v + ∇p = − ρ
(
∇Φ + f r

rad

)
, (2)

∂(ρE)/∂t + ∇ · [(ρE + p)v] − ρv · ∇Φ = ρΓUV(G0)
+ ρΓX − ρ2Λ(Tgas, fH2 ,G0), (3)

∇2Φsg = 4πGρ, (4)

where Φ(x) ≡ Φext(r) + ΦBH(r) + Φsg(x); ρ, p, and v denote
the density, pressure, and velocity of the gas, and the specific
total energy E ≡ |v|2/2 + p/(γ − 1)ρ, with γ = 5/3.
We assume a time-independent external potential Φext(r) ≡
−(27/4)1/2[v2

1/(r2+a2
1)1/2+v2

2/(r2+a2
2)1/2], where a1 = 100 pc,

a2 = 2.5 kpc, v1 = 147 km s−1, v2 = 147 km s−1, and
ΦBH(r) ≡ −GMBH/(r2 + b2)1/2, where MBH = 1.3 × 107 M⊙
(see Figure 1 in Wada et al. 2009 for the rotation curve). The
potential caused by the BH is smoothed within r ∼ b = 4δ,
where δ denotes the minimum grid size (= 0.25 pc), in order
to avoid too small time steps around the BH. In the central grid
cells at r < 2δ, physical quantities remain constant.

We solve the hydrodynamic part of the basic equations using
the advection upstream splitting method (Liou & Steffen 1993).
We use 2563 grid points. The uniform Cartesian grid covers
a 643 pc 3 region around the galactic center (i.e., the spatial

resolution is 0.25 pc). The Poisson equation, Equation (4), is
solved to calculate the self-gravity of the gas using the fast
Fourier transform and the convolution method with 5123 grid
points along with a periodic Green’s function. We solve the
non-equilibrium chemistry of hydrogen molecules along with
the hydrodynamic equations (Wada et al. 2009).

We consider the radial component of the radiation pressure:

f r
rad =

∫
χν Fr

ν

c
dν, (5)

where χν denotes the total mass extinction coefficient due to
dust absorption and Thomson scattering, i.e., χν ≡ χdust,ν + χT .
The radial component of the flux at the radius r, Fr

ν is

Fr
ν ≡ Lν(θ )e−τν

4πr2
er , (6)

where τν =
∫

χνρds.
The only explicit radiation source used here is an accretion

disk whose size is five orders of magnitude smaller than the
grid size in the present calculations. Therefore, we assumed
that radiation is emitted from a point source. However, the ra-
diation flux originating from the accretion disk is not neces-
sarily spherically symmetric (e.g., Netzer 1987). In our study,

4
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Broad line region studies: Br𝜸 / Br𝝰

The Astrophysical Journal, 764:47 (15pp), 2013 February 10 Grier et al.

Figure 12. Velocity-delay maps for all three emission lines seen in
PG 2130+099. The dotted lines show the “virial envelope,” V 2τc/G = 8.3 ×
106 M⊙, measured from the mean time lag (Grier et al. 2012).

PG 2130+099 has long been a curiosity. Early on, Kaspi et al.
(2000) measured a time lag of ∼180 days in this object, placing it
well above the RBLR–L relationship. Later studies by Grier et al.
(2008) and Grier et al. (2012) found much shorter lags on the
order of tens of days: Most recently, Grier et al. (2012) reported
a mean Hβ time delay of 12.8+1.2

−0.9 days. These studies attributed
the discrepancies to undersampled light curves combined with
long-term secular changes in the Hβ equivalent width in the
data from Kaspi et al. (2000). However, even with the new,
shorter lag measurements, PG 2130+099 is still a major outlier
from the RBLR–L relation, as it is now positioned far below the
relation (Grier et al. 2012). Despite the higher sampling rate of
the more recent campaigns, ambiguities remain as to whether
the measured Hβ lags represent the true mean BLR radius, as
the light curves were missing data at key points in time. We see
in our velocity-delay map that the majority of the response in
the Hβ emission seems to be centered on a delay of ∼30 days
(Figures 12 and 13).

To investigate this, we ran a one-dimensional delay map
analysis of PG2130 +099 in MEMECHO to look for an
indication of where the true lag lies. Figure 15 shows the
model continuum light curve envelope in the bottom panel,
and the Hβ light curve from Grier et al. (2012) in the top
right panel; the top left panel shows the delay map recovered
by MEMECHO. The MEMECHO model fits the data fairly
well in this case, and there are two clear peaks in the delay
map. The stronger peak is centered around 12.5 days, and the
slightly weaker peak is centered at 31 days. We compare this
with the two-dimensional velocity-delay map (Figures 8, 12,
and 13), which shows a large signal on the blue side of the
emission concentrated at around 30 days and a fainter signal to
the redward side that stretches down to shorter lags. A plausible

Figure 13. False-color velocity-delay maps for Mrk 335, Mrk 1501, 3C 120, and PG 2130+099. The dotted lines in each panel correspond to virial envelopes for each
object as listed in Figures 9–12. The Hβ emission is shown in red, Hγ emission in green, and He ii λ4686 emission in blue.
(A color version of this figure is available in the online journal.)

10

Grier+ 2013

„velocity-resolved delay maps“ 
show how the broad line region 
reacts to continuum variations

The Astrophysical Journal, 764:47 (15pp), 2013 February 10 Grier et al.

(a) (b)

(c) (d)

Figure 14. Velocity-delay maps for simple BLR models of Hβ emission around a 1 × 107 M⊙ black hole. Panel (a) shows highly beamed emission (typical for Hβ,
see Ferland et al. 1992) from gas in free-fall motion. The infalling gas is distributed in a spherical shell with inner and outer radii of 15 and 20 light-days, inclined
at an angle of 45 deg. Panel (b) shows the same infall model but with a more-extended BLR with inner and outer radii of 5 and 20 light-days, respectively. Panel (c)
shows a map for an edge-on Keplerian disk with inner and outer radii of 5 and 20 light-days, and panel (d) shows a map for a fully illuminated thick spherical shell of
Keplerian circular orbits, with inner and outer BLR radii of 5 and 20 light-days, respectively.

Figure 15. One-dimensional delay map for PG 2130+099. The bottom panel shows the simulated continuum light curve used in the MEMECHO analysis, with the
errors shown as the black envelope. The top right panel shows the light curve for the entire Hβ emission line from Grier et al. (2012). The top left panel shows the
one-dimensional delay map from MEMECHO.

model reproducing these results is a nearly face-on disk with the
emitting gas located at around 30 light-days, combined with a
strong inflowing gas component not necessarily within the plane
of the disk. Including an inflow signature when we measure the
flux of the entire Hβ emission line could cause our result to
be skewed toward shorter mean lags, when the true distance
of the virialized gas is closer to ∼30 days. Because of the

lower quality and coarser sampling of the light curves for this
object, we will likely be unable to model this structure in much
more detail. However, it is clear from the delay map that the
majority of the Hβ signal comes from a radius of ∼31 light-
days. This radius puts PG2130+099 much closer to the RBLR–L
relation. This also increases the black hole mass estimate for
PG 2130+099 by a factor of about 2.4, putting it at about 108 M⊙.

11

recent observations indicate a 
variety of geometries from 

infall to disks

f ~ 0.7 - 5

MBH ⇠ RBLR · v2BLR

G

vBLR = f · FWHM



Distance measurements

Hönig+ 2014
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Molecular and 
stellar lines very 

close to the AGN?

„Nodules“

Gratadour+ 2006

No. 1, 2009 MOLECULAR GAS IN NGC 1068 751

Figure 1. SINFONI 2.12 µm H2 1–0 S(1) flux map of the central region of
NGC 1068 at a resolution of 0.′′1. A contour plot of the 12CO(2–1) emission
map from Schinnerer et al. (2000) is overlaid on the H2 flux map. The scale is
given in arcsec (1′′ = 70 pc). The position of the nucleus as defined by the NIR
nonstellar peak is represented by a crossed circle. In addition to the previously
known prominent gas concentrations ∼ 1′′ east and west of the nucleus, the
morphology reveals several new distinct structures. One of them is a complete
ring centered ∼ 0.′′6 SW of the nucleus. The other is a linear structure apparently
emanating from the circumnuclear ring and connecting to the AGN along a P.A.
of ∼ −14◦. This new linear streamer is the focus of the discussion in this paper.
The central square emphasizes the location of this linear structure and denotes
the field of the small-scale observations shown in Figures 2–8.
(A color version of this figure is available in the online journal.)

Figure 2. Flux map of the H2 1–0 S(1) emission in the central ± 0.′′4 of
NGC 1068 with a resolution of 0.′′075 (∼ 5 pc). The peak of the nonstellar
continuum is represented by a crossed circle. The image is binned using
Voronoi tessellations (Cappellari & Copin 2003). The line properties could
not be extracted in the very central region around the AGN due to the strong
continuum emission. The bins where the line properties could not be extracted
were masked out and correspond to the diagonal patterned regions. The open
triangles show the projected trajectory of the northern concentration of gas (the
northern tongue, Orbit NT2). The half-crosses show the past trajectory of the
gas, which is currently located in front of the AGN (the southern tongue, Orbit
ST2).
(A color version of this figure is available in the online journal.)

In addition to the nuclear component designated as the
southern tongue, we found another area of high luminosity in the
northern part of the H2 intensity map (see Figure 2). In fact, this
is the brightest region of the linear structure (∼ 1.6 × 104 L⊙),
which extends up to ∼ 0.′′7 north-northwest of the central engine
along a P.A. of −14◦ and apparently connects to a prominent
knot in the circumnuclear ring (Figure 1). We will designate

Figure 3. Integrated spectrum of the nucleus of NGC 1068 in the wavelength
range between 1.5 and 2.35 µm (H + K bands). The individual spectra were
added over a 0.′′3 × 0.′′1 rectangular aperture centered at the position of the
nucleus. The dashed line represents the best-fit curve to the continuum emission,
which corresponds to a black body radiating at 700 K. The dotted square
emphasizes the region between 2.05 and 2.20 µm, the wavelength range where
the H2 1–0 S(1) emission line can be found. This region of the electromagnetic
spectrum is plotted in the small panel in the top left. The continuum has been
subtracted in this panel. The H2 1–0 S(1) emission line is clearly seen. Other
relevant emission lines are indicated in the figure.
(A color version of this figure is available in the online journal.)

this extension of the linear structure as the northern tongue. The
region north of the AGN, where apparently the northern tongue
and the circumnuclear ring merge, is characterized by double-
peaked line profiles (Galliano & Alloin 2002). As this region
is out of the central arcsecond, we postpone its quantitative
analysis to a subsequent publication (F. Müller Sánchez et al.
2009, in preparation). The H2 line profiles of the small-scale
data studied here do not show complex morphologies, and thus
they were fitted by one Gaussian component as described in
Section 3.2.

Dust emission at 12 µm from the northern tongue is present
in previous mid-IR observations by Bock et al. (2000), Tomono
et al. (2006), and Poncelet et al. (2007). Overlays of our
two H2 flux maps at different spatial scales and the 12.5 µm
deconvolved image of Bock et al. (2000) are shown in Figure 4.
The image taken at 12.5 µm has the highest angular resolution
and the highest signal-to-noise ratio (S/N) of the mid-IR images
from Bock et al. (2000). For these reasons, we have chosen to
compare this image with our flux maps, in a similar way as
these authors did with other data sets. We want to emphasize,
however, that all mid-IR images show qualitatively the same
features. In both panels of Figure 4, we assumed that the mid-
IR peak is located at the position of the nucleus as defined
by the NIR peak. As can be seen in the two overlays, along
the northern tongue there exists good correlation between the
molecular gas emission and the 12.5 µm continuum. In the
right panel, a dashed line indicates the boundary of the northern
tongue emphasizing this correlation. Also, the alignment gives
a fair correlation between the east–west unresolved mid-IR core
and the H2 southern tongue. The two overlays show a bend
to the east, although the mid-IR bend is more pronounced.
The qualitative agreement of the two images indicates that,
in the central arcsecond, the molecular gas and the dust have
a similar spatial distribution that is predominantly a north–
south linear structure about 1′′ (70 pc) long which contains
two bright components: the southern and northern tongues. Our
observations support the interpretation given by Tomono et al.
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GRA MAT4

Advantages of

• Longer coherence / integration times in MATISSE

• higher sensitivity 

• more efficient since H2RG is currently read-out noise 
limited 

• allows to observe larger bandwidth high-res spectra



GRA MAT4

Advantages of

• Transfer some UT observations to ATs

• better (u,v) coverage 

• pays for GRA4MAT if just 1.5 nights of UT observations 
can be shifted to ATs (assuming 5-6 FTE for GRA4MAT 
as estimated by ESO)



How many sources?

Veron-Cetty & Veron 2010

167566 AGNs + QSOs
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• use DDLs for GRA4MAT off-axis use 

• dedicated 2GFT to reach K~12.5 mag


