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ABSTRACT

We present near-infrared interferometric data on the Seyfert 2 galaxy NGC 1068, obtained with the GRAVITY instrument on the European South-
ern Observatory Very Large Telescope Interferometer. The extensive baseline coverage from 5 to 60 M A allowed us to reconstruct a continuum
image of the nucleus with an unrivaled 0.2 pc resolution in the K-band. We find a thin ring-like structure of emission with a radius r = 0.24+0.03 pc,
inclination i = 70 + 5°, position angle PA = —50 + 4°, and //r < 0.14, which we associate with the dust sublimation region. The observed mor-
phology is inconsistent with the expected signatures of a geometrically and optically thick torus. Instead, the infrared emission shows a striking

resemblance to the 22 GHz maser disc, which suggests they share a common region of origin. The near-infrared spectral energy distribution indi-
cates a bolometric luminosity of (0.4—4.7) x 10® ergs~!, behind a large Ax ~ 5.5 (Ay ~ 90) screen of extinction that also appears to contribute

significantly to obscuring the broad line region.
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1. Introduction

NGC 1068 is often regarded as an archetypical Seyfert 2 galaxy
(e.g. Bland-Hawthorn et al. 1997). In particular, observations of
NGC 1068 played an important role in the early development of
unified models of active galactic nuclei (AGN). In this model,
opaque material in the equatorial plane obscures the supermas-
sive black hole, accretion disc, and broad emission lines, so that
the AGN can only be observed directly from polar directions
(Miller & Antonucci 1983; Antonucci & Miller 1985). Follow-
ing the inception of the torus concept (Antonucci 1982, 1984)
and the first efforts to explain its physical properties (Krolik &
Begelman 1988), there have been numerous observations of the
central structures in this and other AGN from across the elec-
tromagnetic spectrum and covering many different tracers. Ideas
about the geometry of the central obscurer have evolved and mod-
ified significantly over the years. Indeed, in the literature the term
“torus” is used to mean a variety of different things. While it was
always understood that this structure might be clumpy (Krolik &
Begelman 1988), early calculations adopted a smooth geometry
(Pier & Krolik 1992). The subsequent incorporation of a clumpy
structure led to a suite of models that provide very good fits to the
near-to-mid infrared spectral energy distribution (SED) of many
AGN (Nenkova et al. 2008; Honig et al. 2006; Stalevski et al.
2012), and which are also consistent with dust reverberation mea-
surements (Koshida et al. 2014). We refer to Netzer (2015) for a
detailed review. Models and observations have achieved a level
of detail where it is possible to apply a wide range of tests to the

* The reconstructed image and interferometric beam are avail-
able at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or via http://cdsarc.u-strasbg. fr/viz-bin/
cat/J/A+A/634/A1

properties and assumptions used in creating them. Additionally,
the data we present here allow a new test to be applied. It con-
cerns the observed morphology of the hot dust close around the
AGN. To provide a context for this, we highlight a few key obser-
vations pertinent to understanding the central few parsecs around
the black hole in NGC 1068 as follows.

The detection of broad permitted emission lines in polarised
light (Antonucci & Miller 1985) represents a cornerstone of the
AGN unification scheme (Antonucci 1993), which postulates
that the observed properties of an AGN mainly depend on incli-
nation. Cameron et al. (1993) pointed out that other structures
must also be present on small scales in NGC 1068 since the mid-
infrared (MIR) continuum is extended on scales of ~1” rather
than dominated by a central source. Using higher resolution data,
Bock et al. (2000) showed there was a central <0.2” core, which
they associated with the torus, and a tongue extending ~1”" along
a north-south axis that mimics the inner part of the radio jet
(Gallimore et al. 1996a), which is thought to be launched in a
northerly direction and bends to the north-east when it encoun-
ters a dense molecular cloud.

Early K-band speckle and interferometry work found hot dust
emission coming from multiple components on scales of 400 mas
to a few mas (Weigelt et al. 2004; Wittkowski et al. 2004). Obser-
vations with MIDI at 10 um indicated the presence of multi-
ple dust components with a central 600—800 K elongated dust
core. The first component is a 800 K, disc-like structure about
1.4 x 0.5pc in size at a position angle (PA) of approximately
—45° (Jaffe et al. 2004; Raban et al. 2009; Lépez-Gonzaga et al.
2014). A second, cooler ~300 K component, 3 X 4 pc in size,
was identified with the “body” of the torus (Raban et al. 2009).

The presence of a complex structure consisting of multiple
components is supported by X-ray spectra, indicating a compact
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high column density Ny = 10> cm~2 X-ray reflector with lower
column Ny = 105 cm~2 clouds on more extended scales (Bauer
et al. 2015). This does not necessarily imply anything about
a dusty structure, since the X-ray absorption could be through
dust-free clouds in the optically hidden broad line region (BLR).
The lack of Bra detection led Lutz et al. (2000) to put a lower
limit on the extinction corresponding to Ay ~ 100 mag, or an
equivalent column of ny ~ 10%* cm™ for a standard dust-to-gas
ratio.

A maser disc is seen extending up to ~15mas (1 pc) from
the AGN, with velocities reaching £330 km s~! (Gallimore et al.
1996b; Greenhill & Gwinn 1997; Gallimore et al. 2004). In addi-
tion, Greenhill & Gwinn (1997) noted that the ~—45° position
angle of the disc rotation axis differs from that of the jet by 30—
40°. As such, there is clearly some warping on sub-pc scales
in NGC 1068, and any description of the geometry needs to be
associated with a particular structure or radial scale. The maser
disc can be described by a thin edge-on (i ~ 80°) disc. Studies
based on SED modelling also favour torus inclinations between
70° (Honig et al. 2007; Lopez-Rodriguez et al. 2018) and 90°
(Honig et al. 2008). Attempts to model the three dimensional ori-
entation of the system found that the northern narrow line region
(NLR) cone is directed towards the observer and the southern
part away from the observer (Packham et al. 1997; Kishimoto
1999).

Near-infrared (NIR) integral field adaptive optics observa-
tions revealed streamers in the H, 1-0S(1) line, tracing hot
molecular gas, which were interpreted as infalling material on
a few tens of parsecs scales (Miiller Sanchez et al. 2009). They
also provided the first glimpse of a molecular structure on a
~10pc scale.

Gratadour et al. (2015) obtained polarimetric imaging with
SPHERE. This showed a bicone structure perpendicular to the
maser disc, probably related to outflows, as well as an elongated
patch aligned with the central molecular structure but extending
further out (R ~ 25 pc), which they interpreted as the less dense
outskirt of the putative torus.

ALMA observations of the 432 um continuum and CO(6-
5) molecular line resolved a 7-10pc thick-disc like structure
(Gallimore et al. 2016; Garcia-Burillo et al. 2016). As expected
for a Seyfert 2 galaxy, observational data argue for a system close
to edge-on. Based on the linewidth of the spatially resolved HCN
and HCO™ lines in more recent observations of this structure,
Imanishi et al. (2018) argue for turbulent motions with o = 70—
80km !, of similar order as the rotational velocity. Impellizzeri
et al. (2019) find similar line widths close to the nucleus. Garcia-
Burillo et al. (in prep.) detected the molecular disc in CO(2-1)
and (3-2) at a PA ~115° with an extension of 30 pc.

Taken together, these observations, while still being con-
sistent with and requiring the existence of a nuclear obscur-
ing structure, are incompatible with geometrically thick clumpy
torus models that attempt to account for all of the nuclear near-
to-mid infrared continuum. Vollmer et al. (2018) propose a res-
olution to this discrepancy by constructing a model which has a
thin disc on scales <1 pc and a thick disc on scales of 1-10 pc,
the structure of which is determined by inflow from larger scales
in the host galaxy. In their model, a magnetocentrifugal wind
is launched at the boundary between the discs, and accounts
for the elongated polar structures seen in many MIR inter-
ferometric measurements (Lopez-Gonzaga et al. 2016). This
multi-component model was able to account for a wide variety
of detailed observations when applied to NGC 1068. A simi-
lar approach has been described by Honig (2019) who posits a
dusty disc with small to moderate scale height, through which
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Table 1. Basic parameters of NGC 1068 taken from the literature.

Parameter Value Source

Distance 14.4 Mpc [1]

Mgy 0.8-1.7x 107 My, [2], [6], [7], [8]

Lol 0.4-4.7x10%ergs™"  Sect. 2.1, [3], [4], [5]

References. [1]: Bland-Hawthorn et al. (1997); [2]: Lodato & Bertin
(2003); [3]: Marconi et al. (2004); [4]: Bauer et al. (2015); [5]: Lopez-
Rodriguez et al. (2018); [6]: Greenhill et al. (1996); [7]: Huré (2002);
[8]: Gallimore & Impellizzeri (2019).

gas flows inwards and is then unbound in a dusty wind launched
at the inner puffed-up rim by radiation pressure from the AGN.

2. Prerequisites and observations
2.1. Bolometric luminosity and sublimation distance

For consistency with most of the NGC 1068 literature, we adopt
the “standard” distance of 14.4 Mpc (Bland-Hawthorn et al.
1997) but note that d ~ 16.5 Mpc would arise from Virgocen-
tric infall velocity 1117 km s~ (Mould et al. 2000, NED') and
the Hubble constant (Hy = 67.8 = 0.9kms™'Mpc™') of Planck
Collaboration XIII (2016).

The estimated black hole mass of up to Mpy ~ 1.7 x 107 M,
(see Table 1) corresponds, for a solar metallicity gas, to an
Eddington luminosity of Lggq ~ 2.5 X 10¥ ergs~!.

The literature reports bolometric luminosities between Ly =
0.5 x 10¥ ergs™! (Lopez-Rodriguez et al. 2018) based on SED
modelling and Ly, ~ 1.6 x 104 ergs™!' based on MIR data
(Raban et al. 2009). Prieto et al. (2010) on the other hand found
a significantly lower luminosity of ~9 x 10* ergs~'.

Our estimates of Ly are based on various X-ray and optical
observations of the source. When we compared typical lumi-
nosity probes, we found that the X-ray based L, estimates are
significantly lower than the estimates from ionised lines. Based
on detailed modelling, Bauer et al. (2015) infer an X-ray lumi-
nosity of Ly_jpokev & 2 X 10% erg s~!, which includes a number
of X-ray components and a detailed SED fitting of the source.
Using broadband X-ray data Ricci et al. (2017) find an intrinsic
Lis_i95key ~ 5 x 10% erg s~!. Moreover, recent observations
of Marinucci et al. (2016) find X-ray variability, due to column
density variations. The authors infer an intrinsic Ly_jokev =
7 x 10¥ergs™!. The X-ray estimates combined with the
Marconi et al. (2004) bolometric correction factor, give
L1 =0.4-1.4x 10% ergs™'. An estimate based on the nuclear
luminosity of the 12 um continuum can be made using the rela-
tions of Asmus et al. (2015), together with additional relations
from Winter et al. (2012). These yield Ly, ~ 1.8 X 10% ergs™!.
For the optical data we use estimates based on two combinations
of three narrow emission lines: HB 14861, [OIII] 215007, [OI]
16300. The expressions are taken from Netzer (2009) and make
use of reddening corrected line fluxes and galactic type extinction.
The line fluxes are taken from Storchi-Bergmann et al. (1995).
The resulting bolometric luminosities are 2.3 x 10* erg s~! based
on the [OIII] and [OI] lines, and 4.7 x 10% erg s~ based on the
Hp and [OIII] lines. An early estimate, using scattered light from
an off-nuclear cloud that arguably sees the hidden nucleus, also

' The NASA/IPAC Extragalactic Database (NED) is operated by the
Jet Propulsion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Administration.
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favoured luminosities rather in excess of 10¥ ergs™' (Miller
et al. 1991). The large range of luminosity estimates Lyo = 0.4—
4.7 x 10® erg s~! reflects the extreme extinction of the source. In
any case, NGC 1068 is radiating close to the Eddington limit.

Theoretical and observational work argue for a strong
correlation between the NIR size and the AGN luminosity
(Suganuma et al. 2006; Kishimoto et al. 2011; Koshida et al.
2014; GRAVITY Collaboration 2019). In the standard picture,
the NIR emission originates from the dust sublimation region,
which is determined by the dust sublimation temperature Typ.
The temperature at which dust sublimates depends on the grain
size and composition and ranges from T, ~ 1500 K for silicate
(Si) grains to Ty, = 2000K for graphite (C) grains (Baskin &
Laor 2018). By assuming a grain size distribution typical for the
interstellar medium (ISM), the mean sublimation distance can be
calculated for graphite and silicate dust as R = ax X Liéz [pc] with
ac = 0.5 and as; = 1.3 (e.g. Barvainis 1987; Netzer 2015; for
grain size dependence see Baskin & Laor 2018). However, there
is evidence both from SED fitting (Mor & Netzer 2012) and from
dust reverberation mapping (Kishimoto et al. 2007; Koshida et al.
2014) that, close to the AGN, one may find only larger graphite
grains. Since, at the same distance from the AGN, large grains
are cooler than small grains, one might naturally expect to find a
distribution of large graphite grains at the smallest radii. In addi-
tion changes in the brightness of the AGN may lead to changes
in the dust sublimation radius (Kishimoto et al. 2013) or instead,
depending on the dust distribution, its temperature (Schniille et al.
2015). As such, the sublimation radius is really rather a subli-
mation region according to grain size and species (e.g. Honig &
Kishimoto 2017; Baskin & Laor 2018). Empirical studies have
found R; 5 m ~ 0.4 pc X (Lagn/10% erg s™')!/? (assuming the V-
band to Ry, relation from Koshida et al. 2014, and using the con-
version Lagn ~ 8Ly 4 from Netzer 2015), which corresponds
to a good approximation to the sublimation radius of graphite. For
NGC 1068 the observed relation from Koshida et al. (2014) pre-
dicts a dust sublimation radius in the range R > ,;m =~ 0.08-0.27 pc,
for the luminosity range quoted in Table 1.

2.2. Measured column densities

Numerous studies have tried to estimate the column den-
sity obscuring the line-of-sight to the central region of
NGC 1068. Early CO/HCN measurements of the central few
arcsec suggested column densities of Ny ~ 0.2—1 x 10?* cm ™2
(Planesas et al. 1991; Tacconi et al. 1994; Sternberg et al. 1994).
Because the beam is relatively large, these measurements may
be affected by the complex structures in the nuclear region, for
example the bright CO emission about 1” west of the nucleus.
More recent higher resolution observations focus on the cen-
tral molecular structure. Imanishi et al. (2018) found gas masses
of 2 x 10® M, within 14pc based on ALMA observations of
HCN 3-2 and HCO tracers, which imply a column density of
Nu ~ 2 x 102 cm™2. ALMA 432 um continuum observations
by Garcia-Burillo et al. (2016) inferred gas masses of Mg, =
10° My, within a structure of 7 pc diameter, suggesting a column
density of 8 x 10> cm™2.

In the infrared, ISO upper limits on the Brackett @ broad-
line emission led Lutz et al. (2000) to place a lower limit on the
extinction Aprp405 = 2.4, which corresponds to Ay > 6. For
an ISM-like gas-to-dust ratio, the optical extinction can be con-
verted into a column density. Based on X-ray calibrations, the
relationship between the hydrogen column density Ny and the
optical extinction Ay is Ny (cm™2) =a X 10?'Ay (mag), where a

has a value ranging from about 1.79-2.21 (Predehl & Schmitt
1995; Giiver & Ozel 2009). Therefore, the observed extinction
implies a hydrogen column density of Ny = (1.8 + 0.6) X
10% cm=2.

The gas masses found by Miiller Sdnchez et al. (2009) imply a
column density of Ny ~ 3 x 10** cm™2 assuming a source size of
0.2” and a hot-to-cold gas mass ratio of M;IZOS(') /M ~ 1076,

Lopez-Rodriguez et al. (2018) estimated Ny = 5 X 10 cm™
based on 2400 pm clumpy torus SED fitting over a 0.4” aperture.

Generally larger column densities are found in the X-rays,
which could partially originate from dust-free gas. Various stud-
ies found consistently a column density of Ny ~ 1 x 10%° cm™2
(with a 50% coverage) based on 3-100keV data (Matt et al.
1997, Bauer et al. 2015) as well as based on broad-band 0.3—
150keV X-ray model fitting (Ricci et al. 2017).

Overall the different measurements argue for a mean column
density of Ny~ 102~10%* cm™2 within the central few parsecs
to tens of parsecs. The higher column density towards the X-ray
emitting corona in the very centre may largely originate in dust-
free gas (Risaliti et al. 2002; Netzer 2015; Davies et al. 2015).

2.3. Extinction correction

Throughout the paper we have assumed the same extinction
law as can be found in the highly absorbed Galactic Centre
region (Fritz et al. 2011). For wavelength <2.6 um we assumed
an extinction slope of A(1) o« 1720 At larger wavelengths
the extinction shows spectral features, which we interpolated
based on the extinction published by Fritz et al. (2011). Some
useful conversions are: Ay/Ap,, = 20, Ap /A = 2.5,
ABry/A8A76/1m =1.22 and ABry/A12.4/1m = 1.86.

2.4. Interferometric observations

The observations were carried out with the GRAVITY instru-
ment, which interferometrically combines either four 8 m Unit
Telescopes (UTs), or four 1.8 m Auxiliary Telescopes (ATs), of
the European Southern Observatory (ESO) Very Large Telescope
(VLT). Observations of NGC 1068 included both of these, and
provided 3 milli-arcsec (mas) resolution K-band (2.2 um) contin-
uum imaging. For a detailed description of the instrument and
the data analysis we refer to GRAVITY Collaboration (2017).
In brief, the light of the four telescopes is extracted into mono-
mode fibres (Pfuhl et al. 2012, 2014) for two positions on the
sky and then interfered in the beam combiner for all six base-
lines of the interferometer. The fibre diameters of 56 mas and
250 mas are matched to the 2.2 um diffraction limited beams
of an 8 m UT and 1.8 m AT respectively. In a “normal” single-
field observation, the light of the science target is split 50/50
and fed into two channels, the fringe-tracker and the science
spectrometer. The fringe-tracker is used to correct the fast atmo-
spheric optical path variations with typical integration times of
1-10 milli-seconds (Lacour et al. 2019). This allows coherent
integration times with the science spectrometer up to ~100s.
The interferometric observations of NGC 1068 are challenging
due to the complex nature of the object. The central 1” shows
extended continuum as well as line emission. The bright core
has been partially resolved with speckle data obtained at the 6-
m telescope of the Special Astrophysical Observatory in Rus-
sia (Weigelt et al. 2004) as well as with adaptive optics assisted
8-m telescope data from the VLT (e.g. Rouan et al. 2019). Over-
all there is a significant contribution of coherent flux on all spatial
scales, which can be probed with the VLT interferometer (VLTI).
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The visibilities range from 44% on the shortest AT baselines to
~0.1% on the longest UT baselines. In order to reach sufficient
signal-to-noise, we decided to feed all the light to the fringe-
tracker channel. This provided us with a factor two more signal
on the fringe-tracker at the expense of spectral resolving power
(The fringe-tracker has five spectral channels across the K-band,
corresponding to R ~ 20).

The observations’ were taken on 20 November 2018
(1:00-5:20 UTC) with the UT array and on 23 December 2018
(1:30-3:30 UTC) with the AT compact array. The UT obser-
vations on November 20th had excellent conditions with see-
ing measured by the differential image motion monitor (DIMM)
between 0.47-0.65" and 7-13 ms (optical) coherence time. The
conditions during the AT observations were almost as good with
the seeing ranging from 0.43 to 0.75”” and a coherence time
between 4 and 8 ms. In total we obtained 45 min with the UTs
and 30min with the ATs of integration time on source. The
science observations were bracketed by observations of close
calibrator stars HIP 54 (mx = 7.95), HIP16739 (mgx = 8.93)
and HIP 17272 (mg = 8.34). We used the standard pipeline
(Lapeyrere et al. 2014; GRAVITY Collaboration 2017) to reduce
and calibrate the data.

2.5. Adaptive optics based photometry

The combination of four telescopes allows us to simultaneously
obtain the coherent as well as the incoherent (absolute) flux of
the object. At the same time, the acquisition camera (Anugu et al.
2018) provides an estimate of the Strehl ratio (in H-band). By
comparing the observed flux of NGC 1068 with observations
of known calibrator stars HIP 17272 (mx = 8.34), HIP 16739
(mg = 8.93) and HIP 54 (mx = 7.95) we derived an effective
magnitude of NGC 1068. As previously described, NGC 1068 is
resolved even on scales of a single telescope. This means that the
fibre-injected flux depends on the size of the fibre mode on sky.
With the UTs, we find a total flux of 310 + 80 mJy within the
fibre beam (Dgpe & 56 mas). This corresponds to a magnitude
of mg = 8.33 £ 0.25. Overall, our flux measurement is in good
agreement with the previously reported flux of the central com-
ponent 350 mJy by Weigelt et al. (2004) and with Rouan et al.
(2019), who found a central mg = 8.65.

Weigelt et al. (2004) used speckle data to derive the flux
distribution of the central few 100 mas. They modelled the data
with two elongated Gaussian components, a central component
with a full width at half maximum (FWHM) of 18/39 mas con-
tributing F; = 350mlJy at PA ~ -20°, and a larger struc-
ture with a FWHM of 400mas that had a quite uncertain
flux estimate of F, =30-230ml]y. The first component has a
FWHM significantly smaller than the fibre mode (56/250 mas).
Therefore the component is fully injected into our GRAVITY
fibres, which agrees with our flux measurement. The 400 mas
component however is only partially injected. Less than 30%
(9—69mly) of the large component is injected into the fibres
using ATs and only ~2% (<5mly) is injected into the fibres
using the UTs.

3. Interferometric data and image reconstruction

The interferometric data reveal significant structures on all spa-
tial scales. In Fig. 1 we show the calibrated visibilities from the
AT and UT observations. For comparison we show the early

2 ESO Telescopes at the La Silla Paranal Observatory programme IDs
0102.B-0667, 0102.C-0205 and 0102.C-0211.
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speckle data from Weigelt et al. (2004) obtained with a single
telescope. The observed visibilities cannot be approximated with
a simple symmetric model like a Gaussian or a uniform disc.
Also, as shown in the figure, a ring model fails to reproduce the
data. This is however not surprising, given the large asymme-
tries in the source intensity distribution indicated by the highly
non-zero closure phases (see Fig. 2). The complexity of the visi-
bility and closure phase data prevent us from using simple model
fitting to interpret the observations. Encouraged by the excellent
quality of the data and the large uv coverage, we therefore turned
to standard image reconstruction codes to analyse the data.

3.1. An image of the dust sublimation region

We used the publicly available MiRA tool (Thiébaut 2008) to
reconstruct an image based on the visibility and closure phase
data. A “grey image” was reconstructed assuming that the inten-
sity distribution on sky I(a,f) is independent of the spectral
channel across the observed K-band. We normalised the visibil-
ity by a factor 0.5 to match the visibilities at the smallest spatial
frequencies. This means that we reconstruct 50% of the photo-
metric flux in our image (=155 mJy). The remaining flux orig-
inates at larger scales and/or is smoothly distributed. Figure 3
shows the reconstructed image using MiRA with a [2[] smooth-
ness prior (threshold 5 x 10™#) on a 200 x 200 pixel grid with
a spatial scale of 0.4 mas/pixel. As an initial guess, we used
a single Gaussian image with 5 mas FWHM. The final recon-
structed image was then convolved with a Gaussian beam of
FWHM 3.1 x 1.1 mas and PA = 48.6°, which corresponds to
0.8 times the (UT array) interferometric beam. In order to asses
the systematic uncertainty of the image, we repeated the recon-
struction using different penalty functions (for more informa-
tion, refer to Thiébaut 2008; Thiébaut & Young 2017) such
as a smoothness prior, (i.e. a penalty on sharp transitions in
the image), a compact prior (i.e. penalty on large radii) and a
1211 smoothness prior (i.e. a prior able to maintain sharp transi-
tions in the image). We stepwise optimised the gain and hyper
parameters, where applicable. The resulting images varied but
the central structure hardly changed in shape and amplitude. In
a second step, we determined the reliability of individual detec-
tions in the image by repeating the reconstruction with temporal
and bandwidth restricted subsets of the data (with and without
the bluest 1.995 um channel which is partially contaminated by
metrology laser light). Spurious sources, which were not present
throughout the repeated imaging attempts likely correspond to
the reconstruction of noise in the data. This noise floor has a root-
mean-square (rms) of ~7mJy beam™!. In addition, the image
reconstruction methods used here, where calibrated phases are
not available, assume positive fluxes. Therefore, a reconstructed
image never contains negative values, unlike single-dish dark- or
sky-subtracted images. Numerous spurious noise sources can be
seen in Fig 3. The central ring-like structure is highly significant
at 5-70. The surrounding features to the north-east and north-
west are significant at 3—40-. Figure 4 represents a zoom on the
significant central structure.

The image shown in Fig.4 features an extended structure
with a central hole, which can be described as a 3/4 ring with
a radius of r ~ 0.24 + 0.03 pc (3.5 + 0.3 mas), position angle
PA = -50 + 4° and an inclination of i = 70 + 5°. These
parameters are summarised in Table 2. The extent of the NIR
structure resembles in size and orientation the observed 10 um
emission, yet at much higher resolution. The size of the inner
bright ring-like structure matches remarkably well the expected
dust sublimation distance of graphite grains in the radiation field



GRAVITY Collaboration: An image of the dust sublimation region in the nucleus of NGC 1068

1.0000, ™ T Tyt T
60 ]
40¢ s ]

- 2 = ]
{ é of _-k--
0.1000 = Z _20f - —
- g‘ -40} el :
- ‘.%\ ! S
: o 'w;. -60-40—2(L)J [f\)n M20 40 60 :
N>O.O1OO:— o® =
C ) ° o ’..ﬁ’?‘ ]
- ,* 3 j.. .
: 1 :
0.0010 s q ® -
(o )oJo[o} I I I PP A1 A 11| T A | R B P A [ I
0 10 20 30 40 50 60

Spatial frequency [MA]

Fig. 1. Squared visibilities measured for NGC 1068. The light coloured filled data points were obtained with the AT array in compact configuration
(spatial frequencies 5 < f < 17 MA.). The high spatial frequency data were taken with the UT array. The small inset shows the corresponding UV
coordinates. The open blue and red symbols (spatial frequencies f < 4 M 1) represent speckle data from Weigelt et al. (2004), which are shown
only for comparison; they were not used for the image reconstruction. The data point and error bar at a spatial frequency of 21 M A, lying above our
new data, shows the only previous NIR VLTI detection of NGC 1068 (Wittkowski et al. 2004). For comparison, the grey continuous line shows
the visibility of a thin ring-shaped emission region with a radius of 3.3 mas and a width of 0.5 mas scaled to a maximum visibility of 0.3. While
this reflects the general shape of the visibility distribution, it is a poor fit and indicates that more complex structures are present.
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Fig. 2. Closure phase data of NGC 1068. See Fig.1 for the explana-
tions of the symbols. The highly non-zero closure phases indicate strong
source asymmetries on all spatial scales.

of a central engine. The south-western ridge is about a factor
two brighter than the north-eastern side of the ring-structure.
The north-east orientation of the jet and the ionised outflow,
which are approaching the observer (Gallimore et al. 2004),
suggests that the south-western ridge corresponds to the near-
side of the emission ring (but see Sect. 4.4 for an alternative
interpretation). The three dimensional orientation is reinforced if
the radio continuum emission (Gallimore et al. 2004) is aligned
close to the NIR emission. We find a striking resemblance

between the maser emission locations and the bright south west-
ern rim of the K-band image. Since maser emission is beamed
towards the observer, the emitting clouds must lie between the
source (AGN) and the observer, and hence the maser emission
should originate from the near-side. This alignment, discussed
in Sect. 3.3, supports the association of the ring-like structure
with the dust sublimation region around the AGN, and it means
that the near-side of the dusty ring is not only observable but also
brighter than the far-side. Those findings are very difficult to rec-
oncile with geometrically thick clumpy torus models, which can
only reproduce a NIR ring-like structure in systems that are rel-
atively face-on, and struggle to make the near side of the ring
brighter than the far side (the near and far sides are given by
other observations, notably Kishimoto 1999 and Gallimore et al.
2016, as indicated in Sect. 1).

3.2. Disc height

The observed width of the ring structure is consistent with it
being unresolved. We can place a firm upper limit on the width
of the ring of <0.5 mas or 0.035 pc. If this is interpreted in terms
of a vertical thickness, then the scale height of the ring must be
h/r <0.14.

3.3. Cospatial dust and maser disc

Maser emission requires a high velocity coherence of the maser
emitting gas as well as a population inversion of the masering
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Fig. 3. Reconstructed image of the central
5.1 x 5.1pc of NGC 1068. The elliptical beam,
which was used to convolve the image, is shown
in the lower left. Details of the reconstruction,
which only allows positive sources, are given
in Sect. 3.1. The central structures are robust
to changing the reconstruction parameters. The
fainter features towards the edge of the field, with
fluxes close to the noise floor of ~7 mJy beam™!
rms (i.e. dark cyan in this colour scale), are
uncertain.
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Fig. 4. Reconstructed image of the inner
2.1 x 2.1pc of NGC 1068 (i.e. the central
region of Fig. 3). The best fitting circular
ring is shown in dashed white (r = 0.24pc
(3.5mas). The dust sublimation sizes for the
range of bolometric luminosities (~0.08-0.27 pc)
are shown in orange dotted ellipses (Lyo = 0.4—
60. 4.7x10% ergs™). The filled black circle indi-

cates the position of the AGN, corresponding to

the kinematic centre of the masers . The radio
40. continuum (grey contours) and the maser emis-

sion (filled coloured circles) were extracted from

Gallimore et al. (2004) and aligned based on the
20. re-analysis of Gallimore & Impellizzeri (2019).
The radio and IR images are aligned based on
the continuum peaks. The green dashed lines
indicate the bipolar outflow cone observed in
IR polarisation on scales of few hundred mas
(Gratadour et al. 2015). The orientation of the
polarisation cone is very similar to the large scale
ionisation cone found by Das et al. (2006). The
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molecules (Lo 2005). Energy and momentum conservation imply
that the induced photon has the same frequency and direction as
the stimulating photon (Elitzur 1990, 2002). There is a broad con-
sensus that both the maser emission and the NIR emission are
powered by the central AGN (e.g. Neufeld & Melnick 1991). The
X-rays are able to heat the gas above the 400 K threshold where the
water abundance is enhanced. To achieve a state in which atomic
and molecular phases can co-exist, it is important that the medium
is optically thin to the non-masing far-infrared photons, otherwise
the trapping of these photons by the maser molecules would lead to
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grey dashed ellipse indicates the observed 10 um
emission size (taken from Raban et al. 2009).
The elliptical beam, used for the reconstruction,
is shown in the lower left corner.

athermalisation of the population. Ultimately, the maser emission
rate is limited by the loss or destruction rate of this accompany-
ing far-infrared radiation (Rank et al. 1971; Neufeld et al. 1994).
This constrains the geometry of the maser source because the sur-
face area for cooling should be optimised, favouring an elongated
or flat structure (Lo 2005).

The fact that mega-masers are almost exclusively found in
Seyfert 2 galaxies (Ramolla et al. 2011) is consistent with the
picture that disc maser emission is produced and beamed close to
the plane of the obscuring material. In NGC 1068, nuclear H,O
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Table 2. Parameters of dust sublimation ring.

Parameter Value

Radius (r) 0.24 + 0.03 pc
Thickness (6r) <0.035pc
Position angle (PA) —-50° +4°
Inclination (i) 70° £ 5°

22 GHz maser emission is detected, spanning a velocity range
of 600kms~! nearly symmetric about the systemic velocity of
the galaxy (Greenhill & Gwinn 1997; Gallimore et al. 2001).
The maser spots extend out to ~0.8 pc, aligned along a position
angle of roughly —45°. While symmetric in velocity, the “red
masers” at positive velocities are a factor ~4-5 brighter than
the “blue masers” (Gallimore et al. 2001). In particular H,O,
22 GHz emission requires hydrogen densities of ~107-10'! cm™3
and dust temperatures above ~400 K, but not too far in excess of
1000-1500K (Neufeld 2000). The pump rate of different water
emission lines (22, 183, 321 and 325 GHz) depends sensitively
on the local density and temperature (Neufeld 2000). The detec-
tion of these higher transitions in the future (e.g. with ALMA)
can therefore provide valuable information on the conditions
close to the sublimation region.

Unfortunately the absolute astrometric accuracy of the
infrared emission (discussed in Sect. 5.1) is not sufficient to
align the radio and the infrared emission on the scales of inter-
est for this paper, although the radio continuum and the maser
emission can be aligned to ~1.3 mas accuracy (Gallimore et al.
2004). Given the lack of precise positioning information, one
option for the relative alignment would be, given their striking
similarities, to match the bright side of the ring-like structure
in the K-band continuum with the high density of masers spots.
However, this does not take into account the implied location
of the central black hole. If one does so, a more natural choice
is to align the centre of the ring with the kinematic centre of
the masers (Gallimore & Impellizzeri 2019). The overall mor-
phological match between the maser spots, the radio-continuum,
and the south-western ridge (side facing the observer) of the
K-band continuum is remarkable (see Fig. 4). This suggests that
the maser and the K-band emission originate from the same
region, the dust sublimation ring. The fact that maser emission is
only detected on the side facing the observer is consistent with
the directional beaming of the maser emission (masing clouds
are located between the central source and observer). We only
find infrared counterparts of the systemic masers and red masers.
The weaker blue masers show no infrared counterpart.

4. Infrared spectral energy distribution

Our K-band image of NGC 1068 shows the central emitting
region at an unprecedented spatial resolution. This allows us
to estimate the brightness temperature based on the observed
NIR and MIR fluxes. The GRAVITY fringe-tracker samples the
K-band with five spectral elements between 1.95 and 2.35 um.
The observed flux of NGC 1068 shows a very red colour across
the K-band. Based on the observed slope we can constrain
the effective temperature and the extinction. Figure 5 shows the
observed K-band flux. We also included the published MIR
(8-13 um) SED for the central component (taken from Raban
et al. 2009; Lopez-Gonzaga et al. 2014).

In the following subsections, we discuss several models that
might explain the observed K-band emission. We first provide a

short description of the key points of each model, where it can
succeed, and where it fails. We focus on whether each of the
models can explain the ring-like structure seen in the interfer-
ometric data, whether they match the slope of the NIR contin-
uum, and whether they are consistent with other observational
constraints (e.g. extinction, luminosity and covering factor). We
conclude on which model we favour in Sect. 5, where we provide
a heuristic view of the central regions.

Model 1 is a geometrically thick clumpy torus composed of
dusty clouds. This class of models is inconsistent with several
aspects of the GRAVITY data. Such models, when viewed as
close to edge-on as the orientation in NGC 1068 requires, cannot
reproduce a ring-like structure. In addition the NIR continuum
slope is rather shallower than that observed.

Model 2 enables us to explain both the observed K-band and
MIR emission with a single, rather cool dust structure of Ter =
720 K. The required NIR luminosity is rather low, and hence so
is the implied covering factor, which is naturally the case for a
co-planar thin disc. The major difficulty is that this also implies
too little foreground extinction.

Model 3 assumes hot dust of T = 1500 K absorbed by sig-
nificant foreground extinction. This is mainly motivated by the
observed emission size, which suggests hot dust close to the sub-
limation region. This model requires that the bulk of the MIR
continuum originates in separate structures (consistent with the
model proposed by Vollmer et al. 2018). Its positive aspects are
that it can match the observed steep red slope of the NIR con-
tinuum, and that the required foreground extinction is consistent
with that expected from other observations. The main difficulty
is that the high NIR luminosity requires a large covering factor.
But this can be resolved if the accretion disc is tilted with respect
to the maser disc as hinted at in point (4) of the introduction.

Model 4 is an alternative to Model 3, in which all of the
bright NIR continuum observed by GRAVITY originates from
the far side, rather than near-side, of the inner disc. Rather
than recognising the K-band ring as a physical structure as in
Model 3, this model assigns the NIR morphology to chance
alignment due to clouds along the line of sight. In particular, it
requires unrelated patchy obscuration to create an apparent ring-
like structure with a position angle, aspect ratio, and size that
match the geometry given by the maser disc and dust sublima-
tion radius.

4.1. Model 1: geometrically thick clumpy torus

We have already seen in Sect. 3 that the ring-like structure, espe-
cially with the near side brighter than the far side, is hard to
reconcile with a geometrically thick clumpy torus model that
is close to edge-on. Similarly, these models require a careful
matching of the vertical density structure to remain consistent
with the presence of the thin maser disc at a radius <1 pc.

Here we consider the photometric aspect. We compare our
infrared SED to the torus models of Stalevski et al. (2012).
These models use a two-phase medium of high density clumps
and low-density gas filling the space in between. The model
assumes standard silicate and graphite ISM-type grains and
does not include a pure graphite grain component at small dis-
tances. The models have been calculated for a primary source
of 10" Ly (Lye = 0.4 x 10% ergs™!) with inner and outer radii
of 0.5 and 15 pc, respectively. We scaled the models to the dis-
tance of NGC 1068 and to the observed K-band flux. In Fig. 5,
models with three different inclinations are compared to the
observed SED. We find the best matching models to be at incli-
nations between 60° and 70°. Models with higher inclinations
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Fig. 5. K-band flux density observed with GRAVITY is shown in filled circles. The MIR flux density (incl. uncertainty) taken from Raban et al.
(2009) is shown in grey (central 20 mas component only) and in blue (total MIR flux observed with MIDI within few 10 pc). In black, we show
three torus models from Stalevski et al. (2012) with different inclinations of i = 60° (dash-dotted), i = 70° (solid) and i = 80° (dashed). The
two single temperature black body models are overplotted. Model 2 in orange (Tegx = 720K , r = 0.24pc and dr = 0.045pc.). Model 3 in
green (Teg = 1500K, Ax = 5.5, r = 0.24pc and dr = 0.026 pc). The bolometric luminosities of the different models are indicated in units of

Lys = Lyy/10%¥ ergs™'.

(e.g. 80°) tend to over-predict the MIR emission. Models with
lower inclinations, on the other hand, under-predict the MIR
emission. These scaled models would imply a bolometric lumi-
nosity between Lyo =0.4-1.0 X 10% erg s~ for i = 60°-70°, in
good agreement with earlier estimates of the bolometric lumi-
nosity (see Sect.2.1). However, they do not match the red slope
of the NIR continuum (with the caveat that the model is missing
a pure graphite-grain component).

This model has difficulties reproducing the ring-like dust
structure, accounting for the maser disc, and a NIR continuum
slope that is too shallow. We therefore rule out a geometrically
thick clumpy torus model for NGC 1068.

4.2. Model 2: cool dust disc

MIR interferometry (Jaffe et al. 2004; Raban et al. 2009; Lopez-
Gonzaga et al. 2014) was used to model the central component
with 600-800 K dust. In the cool dust model, we try to explain
the observed K-band and MIR emission with a single source and
temperature. The observed SED can be well approximated by a
black body with an effective temperature of Tz = 720 + 30K
seen through a screen of extinction of Ay ~ 0.9 + 0.3 (see
Fig.5). It is somewhat surprising that it is possible to explain the
2—-13 um SED with a single absorbed black body. In particular,
the strong silicate absorption dip at 10 um depends sensitively
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on the amount of dust and the dust composition. The very good
agreement of the model and the observed silicate dip would indi-
cate that the dust composition in NGC 1068 is very similar to the
dust in our Galactic Centre.

The minimum emission surface would be at least ~0.068 pcz,
which would correspond to a ring with » = 0.24 pc and a thick-
ness of or = 0.045 pc (0.65 mas). Such a large thickness would
be partially resolved and is therefore barely consistent with the
data. A single black body ring would produce 1 percent of the
estimated bolometric luminosity (L = cAT* = 1 x 10¥ ergs™").
This covering factor is consistent with a thin dusty disc having
h/r < 0.14, that is co-planar with the accretion disc even under
the assumption of anisotropic emission.

The cool dust model would allow us to explain the near-to-
mid infrared SED with a surprisingly simple model. However it
predicts too little extinction, which is inconsistent with the Bra
constraint from ISO (Ag,, > 2.4, Lutz et al. 2000) as well as
the millimetre constraints on the column density (Tacconi et al.
1994; Sternberg et al. 1994; Garcia-Burillo et al. 2017; Imanishi
et al. 2018). The low extinction value results in a remarkably
low bolometric luminosity of the dust. Moreover, it is hard to
explain a lack of a dust emission component with a much higher
temperature given the distance of the central ring from the very
luminous nucleus. We therefore disfavour the cool dust and low
extinction model.
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4.3. Model 3: hot dust disc

The size of the observed structure in Fig. 3 suggests a tempera-
ture close to the dust sublimation temperature of T = 1500 K—
1800 K. In order to reproduce the K-band slope, we therefore
assumed a black body of T = 1500 K, which is highly absorbed
(by foreground dust) with a mean K-band extinction of Ay =
5.5 + 1.7. Figure 5 shows the observed fluxes and the proposed
model. The corresponding optical extinction is Ay =~ 90 =+ 30.
This is fully consistent with the extinction to the BLR derived
from limits on the Bra broad line emission by Lutz et al. (2000),
as well as other estimates of the column density towards the
nucleus noted in Sect. 2.2.

In order to explain the observed K-band flux with the hot
dust model, the emission surface needs to be at least ~0.042 pcz.
If the emission is not a black body but a grey body then the
emission region can be correspondingly larger. The minimum
required surface is equivalent to a ring with » = 0.24 pc and a
width of 6r = 0.026 pc (0.38 mas). This means that the observed
ring-like structure is sufficient to explain the observed K-band
flux. The width of the ring would be unresolved, which is also
consistent with the observations.

The hot dust model fails to produce the observed MIR emis-
sion. This is, in principle, not a problem, but it means that the
bulk of the 8—13 ym emission must originate from significantly
cooler dust at larger radii, which is directly exposed to the central
continuum and could be related to the dusty outflow (Cameron
et al. 1993; Bock et al. 2000; Vollmer et al. 2018).

The model also requires about 10 percent of the estimated
AGN bolometric luminosity to be reprocessed by dust and re-
emitted at NIR wavelengths (L = cAT* = 1.1 x 10* ergs™).
This would be inconsistent with a system in which the accretion
disc and thin dusty maser disc are co-planar due to the small
covering factor. However, there are clear indications that these
structures are misaligned: the relative position angle of the radio
jet and maser disc (see Fig. 8 of Gallimore et al. 2004 for an
illustration), as well as the inclination of the maser disc with
respect to the orientation of the outflowing clouds (Kishimoto
1999). Adopting anisotropic emission from the accretion disc as
described by Netzer (2015) L « cos(0)[1 + b cos(8)] with b ~ 2,
we find that about 10% of the AGN luminosity is intersected
by a surrounding disc with i/r < 0.14 (see Sect. 3.2) when the
accretion disc is tilted by 40°. This tilt is consistent with position
angle and inclination discrepancies above. A weaker anisotropy,
for example L oc cos(), requires a somewhat smaller tilt. This
means that the “covering factor” issue, which is often taken to
imply a geometrically thick structure can, for the NIR contin-
uum, be entirely accounted for by a warped inner disc at scales
<0.1 pc.

In the scenario of a thin disc screened by foreground extinc-
tion, the visibility of the “central engine” (accretion disc and
BLR) inside the sublimation hole is an obvious question. The
K-band contribution of the accretion disc can be estimated
based on the bolometric luminosity Ly, ~ 1 x 10¥ ergs™!, the
distance 14.4Mpc, a A5 100A bolometric correction factor ~9
(Netzer 2015) and a SED slope of the accretion disc of F, o v*
with @« = -0.44 (Vanden Berk et al. 2001). Also consider-
ing the Ax ~ 5.5 foreground extinction, we infer a K-band
accretion disc flux of ~9mly. The empirical slope of Vanden
Berk et al. (2001) is significantly redder than the canonical
Shakura & Sunyaev (1973) slope of @ = 0.33. The K-band
accretion disc emission for the canonical slope would be much
weaker, and so the inferred contribution is probably a conserva-
tive upper limit. Other evidence for yet bluer slopes as found by

Kishimoto et al. (2007, 2008) would further enhance that argu-
ment. The estimated accretion disc contribution of ~9 mJy cor-
responds to 6% or less of the flux in the reconstructed image
(Fig. 4). This means that a point-like accretion disc could easily
be hidden in the image including the centre of the dust ring.

Both aspects of (1) accretion disc and (2) BLR visibility
are consistent with the hot dust scenario. However, in both
cases expected signatures are not far from the observational
results/limits.

4.4. Model 4: optically thick hot dusty disc

Model 3 above places the AGN at the centre of the K-band hot
dust ring that has the expected position angle and aspect ratio
for the inner geometry of NGC 1068 and a size comparable to
the dust sublimation radius, and identifies this position with the
maser kinematic centre. It implies the NIR continuum comes
from both sides of the central disc, with the brightest on the near
side while the far side is fainter. This implicitly requires that the
re-radiating clouds are optically thin to the hot dust emission.
Applying a standard gas-to-dust ratio as described in Sect. 2.2
and the extinction law from Sect. 2.3 mean that 755,,, = 1 occurs
at a column density of 4 x 102 cm™2. This is the maximum col-
umn density allowed for a typical cloud in the dust disc for those
models. In order for the far side of the disc to be fainter, there
must be some additional obscuration to that line of sight. The
modest factor 4 difference in intensity is plausibly equivalent
to 1-2 such clouds. Confirming this alignment requires precise
astrometry, which is addressed in Sect. 5.1.

An alternative alignment would be implied if the column
density through individual clouds were higher, Ny = 10> cm™
or more, as inferred from physical considerations of cloud stabil-
ity in the vicinity of an AGN (Krolik & Begelman 1988; Vollmer
et al. 2004; Honig & Beckert 2007), so that they are optically
thick at NIR wavelengths. In this scenario, the NIR radiation
is anisotropic and primarily emerges from the hot, AGN-facing
side of each cloud. As a consequence, a ring consisting of such
clouds would be brighter on the far side than the near side. We
would be exposed to the directly heated surface of clouds on
the far side, while on the near side we would mostly observe the
clouds’ cool back sides. The hot dust disc is still co-incident with
the maser dust, but these phenomena trace different phases of the
dusty gas within the disc, so that the alignment shown in Fig. 4 is
lost. Models for NGC 1068 constructed in this way could be sim-
ilar to the disc-wind scenario proposed by Honig & Kishimoto
(2017) for NGC 3783, which, in contrast to conventional geo-
metrically thick torus models, indicate that the bulk of the MIR
continuum arises in a wind. Such a model would posit that the
NIR continuum comes from the 755,m = 1 surface of the hot disc
that is still geometrically thin, although offset from the equato-
rial plane according to //r, which could be in the range 0.1-0.2;
and that at longer wavelengths pertinent to the masers, the disc
is optically thin. In this model, the observed NIR continuum
would still extend inwards to the dust sublimation radius, but
the brightest spot observed in the K-band by GRAVITY would
coincide with the far side of the disc. The ring morphology
with radius matching the expected dust sublimation radius, the
similarity between the maser disc and the K-band emission, as
well as the alignment of the maser and radio continuum with
the K-band would all be chance associations. The right panel of
Fig. 6 shows the alignment for the optically thick hot dust disc
model. The alignment of the GRAVITY data to the disc mid-
plane has been implied by radiative transfer simulations using
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Fig. 6. Comparison of the alignment of the hot dusty disc models. The models themselves are not shown, only the implied interpretation of the
observed continuum features. Left: Model 3 is the favoured interpretation, in which the ring-like structure in the K-band continuum arises from
(partially) optically thin clouds (same as in Fig.4). In this case, it traces a disc that has a similar position angle and aspect ratio to the inner geometry
of NGC 1068, is co-planar with the maser emission and traces the dust sublimation ring. Right: Model 4 comprises optically thick clouds, and
the alignment of the mid-plane (indicated by the large dashed ring) to the NIR continuum observed with GRAVITY is given by radiative transfer
simulations using the CAT3D-WIND model (Honig & Kishimoto 2017). In Model 4, the near side of the mid-plane as traced by the masers, but is
completely obscured in the K-band. The K-band emission originates from the 7 = 1 surface of the hot disc, that is still geometrically thin. But all
the structure in the image is assigned to chance effects of patchy obscuration along the line of sight.

the CAT3D-WIND model (Honig & Kishimoto 2017) with an
assumed inclination of i = 80deg, a scale height of the disc
of h/r = 0.1, and the optical depth of an individual cloud of
Ty = 50.

For this model, the resulting structures originate with the ran-
dom distribution of clouds, and hence are due to variations in
obscuration along the line of sight. As such, each instance of this
model that is created will look different. This makes the model
seem arbitrary because one needs to create many such instances
in order to pick one that approximates the characteristics of the
observed continuum distribution.

5. Discussion
5.1. Astrometry

The required accuracy to make a decisive statement on the
astrometry of the K-band continuum with respect to the masers
or radio continuum is on the order <2-3 mas. Without reference
features, which can be identified simultaneously in the K-band
and in the radio, absolute astrometry is required to relate the
radio and infrared measurements. The radio position is suffi-
ciently well known with an uncertainty o < 1.5 mas (Gallimore
et al. 2004). Unfortunately the astrometric uncertainty of the
infrared data is a factor 10 worse (o0 ~ 20 mas). Future inter-
ferometric observations should be able to exploit nearby stars
from the Gaia catalogue as astrometric references. Then, by
constructing a local baseline solution using these reference stars
and by logging the optical path difference between the stars and
NGC 1068, a sufficiently accurate astrometric solution might be
achieved.

Without such an astrometric reference yet available, we
favour Model 3 which provides a natural explanation for sev-
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eral aspects of the observed ring-like structure:(i) the match of
its position angle and aspect ratio to those of the maser disc;
(i) the match of its radius to the dust sublimation region around
the AGN; and (iii) the alignment between its near-side and the
masers, when the centre of the ring is aligned to the black hole
location derived from the maser kinematics (see Sect. 3.3). The
hot dust disc, with clouds that are optically thin in the NIR, is
consistent with observations and provides a rationale for the sim-
ilarity of the masers, radio continuum and the hot dust K-band
emission. Based on that model we propose a simple disc-like
geometry, which is obscured by foreground (within a few par-
sec) molecular gas.

5.2. A heuristic model for the central region of NGC 1068

With a wealth of observations across the electromagnetic spec-
trum at hand, we try to construct a simple heuristic picture of
the central few parsecs of NGC 1068 (see Fig. 7). The K-band
emission traces the hot dust sublimation radius of a thin disc,
seen at an inclination of 70°. The inner masers are cospatial with
the K-band emission. The masers extend out to radii of ~1pc
(Gallimore et al. 2001), similar to the size of the warm dust
structure (~600K) seen at MIR wavelengths (Jaffe et al. 2004;
Raban et al. 2009; Lopez-Gonzaga et al. 2016). This suggests
that the warm dust originates from the outer region of the same
thin disc. Beyond ~1 pc distance no masers have been observed,
probably because the conditions disfavour masing (e.g. too
low dust temperature, <400 K). In contrast to the thin disc at
scales of <1 pc, ALMA observations by Imanishi et al. (2018)
reveal a significant amount of molecular gas, which is rotat-
ing with v, ~ 40-50kms~! (notably in the opposite sense as the
maser disc) at 5-10 pc distance. The comparably large velocity
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GRAVITY Collaboration: An image of the dust sublimation region in the nucleus of NGC 1068

Fig. 7. Sketch of the observed central
structures. The K-band emission traces
the inner rim of a thin disc of hot gas
and dust, at or close to the dust subli-
mation radius » =~ 0.24pc. The inner
water masers are cospatial with the hot
K-band dust. The masers stretch out to
r ~ 1pc (Gallimore et al. 2001). MIR
observations show warm dust on similar
scales as the outer masers (e.g. Raban
et al. 2009), likely originating from the
disc periphery. ALMA observations of
HCN and HCO* show a turbulent struc-
ture, which rotates in the opposite direc-
tion as the maser disc (Imanishi et al.
2018). The v./o of the molecular gas
structure argues for a thick disc, which
contains enough gas mass to reach col-

0 0.25 1
R [pc]

dispersion of o ~30-40kms~' and the correspondingly high
o/v. =~ 1 suggests a thick disc with a large scale height of
h,/R ~ 1. The disc contains enough gas mass to reach column
densities of Ny ~ 10%*2* cm~2 that screen the central region by
Ay = 90 (Ax = 5.5 + 1.7). The central few parsecs are fed by
two gas streamers (Miiller Sdnchez et al. 2009), which come very
close to the nucleus. The northern and southern streamers reach
pericentre distances of ~5 pc and =1 pc repectively. Their oppo-
site sense of rotation could contribute to the turbulence observed
in the molecular disc.

6. Conclusion

We present new 0.2 pc resolution observations from the GRAV-
ITY interferometer on the VLT, which spatially resolve the hot
dust continuum in the central parsec of NGC 1068. The follow-
ing conclusions assume a distance of 14.4 Mpc. We find that:

— The dust structure is dominated by a thin, ring-like structure
with a radius of r = 0.24 +£0.03 pc, a scale height 2/r < 0.14,
an inclination i = 70° + 5° and a position angle of PA =
=50° +4°.

— The spatial scale of the ring agrees with the predicted subli-
mation distance of graphite dust illuminated by a Ly =~ 0.4—
4.7x10¥ ergs™' AGN (radiating at or in excess of its
Eddington limit). We therefore associate this with the dust
sublimation region.

— The NIR continuum structures show a striking resemblance
to the maser disc. We suggest that both types of emis-
sion originate from the same region at ~0.4pc distance
from the central source. The maser disc is co-spatial with
the south-western rim of the dust sublimation region, the
side closer to the observer (as expected due to the maser
beaming).

— Based on the observed ring-like structure and steep NIR con-
tinuum slope, we disfavour geometrically thick clumpy torus
models (which also do not account for the maser disc).

— The dust structure and photometry are consistent with a sim-
ple model of hot dust at T ~ 1500 K that is behind Ax ~ 5.5
(Ay =~ 90) mag of foreground extinction. This amount of

5 umn densities of Ny ~ 102 cm™2 that
screen the central region by Ay =~ 90
(Ag =~ 5.5) from the observer.

screen extinction is expected from an upper limit to the
Bra broad line and could be provided by the dense and tur-
bulent gas distribution observed on scales of 1-10pc. The
model implies that the NIR and MIR emitting dust are in
spatially separate locations (the maser disc and the outflow
respectively).
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