nature astronomy

Article https://doi.org/10.1038/541550-024-02461-y

Directimaging of active galacticnucleus
outflows and their origin with the 23 mLarge
Binocular Telescope

Received: 17 April 2024 J. W.Isbell®'20 7, S. Ertel'3, J.-U. Pott ®2, G. Weigelt®*, M. Stalevski® ¢,
J. Leftley ®7, W. Jaffe®, R. G. Petrov’, N. Moszczynski®, P. Vermot®, P. Hinz'°,
L. Burtscher", V. Gdmez Rosas®2, A. Becker ®3, J. Carlson?, V. Faramaz-Gorka',

W. F. Hoffmann', J. Leisenring ®', J. Power® & K. Wagner®'

Accepted: 29 November 2024

Published online: 17 January 2025

W Check for updates

Active galactic nuclei (AGNs) are a key component of galaxy evolution owing
to feedback on the host from its supermassive black hole. The morphology
of warminflowing and outflowing dusty material can reveal the nature of
the onset of feedback, AGN feeding and the unified model of AGN. Here we
use the Large Binocular Telescope Interferometer (LBTI) to image the

dense, obscuring disk and extended dusty outflow region of NGC 1068. In
Fizeauimaging mode, the LBTI synthesizes the equivalent resolution of a
22.8 mtelescope. The 8.7 um Fizeau images of NGC 1068 have an effective
resolution of 47 x 90 mas (3.3 x 6.2 pc) ina 5” field of view after performing
point spread function deconvolution techniques described here. Thisis the
only extragalactic source to be Fizeau imaged using the LBTI, and the images
bridge the scales measured with the Very Large Telescope Interferometer
(0.5-5 pc) and those of single telescopes such as James Webb Space
Telescope and Keck (>15 pc). Theimages detect and spatially resolve the low
surface brightness mid-infrared featuresin the AGN disk/wind region that are
overresolved by the Very Large Telescope Interferometer. The images show
strong correlation between mid-infrared dust emission and near-infrared
emission of highly excited atomic lines observed by SINFONI. Such LBTI
imagingis a precursor to infrared imaging using the upcoming generation
of extremely large telescopes, with angular resolutions up to six times better
thanJames Webb Space Telescope, the largest space telescope in orbit.

The study of active galactic nuclei (AGNs) at high spatial resolution
aims to test the unified model of AGN’, understand the AGN lifecy-
cle and resolve the onset of AGN feedback—crucial information for
studies of AGN at high redshift and within cosmological simulations.
Dusty outflows are of particular interest because they dominate the
energy budget of AGN feedback, especially in highly accreting AGN (for
example, quasars)® The winds are thought to be driven by radiation
pressure from high-energy photonsin the vicinity of the supermassive

black hole (SMBH) (for example, refs. 3-7).In simulations, anisotropic
radiation fromthe accretion disk® drives the dust primarily in the polar
direction, but the outflows are furtherimpacted by and impact inflow-
ing material in a so-called fountain flow’. Polar extended dust has been
commonly observed on parsec scales in anumber of AGN with Very
Large Telescope Interferometer (VLTI)/MIDI (MID-infrared interfero-
metric instrument)”'® and studied more extensively in two nearby
AGNs with VLTI/MATISSE (Multi AperTure mid-Infrared SpectroScopic
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Fig. 1| Empirical PSF estimates. a, The median PSF of 1 Tau throughout the night. b, The median PSF of 1 Tau stacked and rotated to match the NGC 1068 field rotation.
This serves as an estimate of the empirical PSF of the corotated and stacked science image. ¢, Stacked and corotated Fizeau image of NGC1068 combining the

20 nodding cycles. Inall panels, north is up and east is left.

Experiment)" . However, how the AGN and its winds are fuelled and
how the polar ejected material interacts with the host galaxy remain
open questions.

NGC 1068 is an important laboratory for the understanding
of AGN feeding and feedback. Located only 14.4 Mpc away, it is the
prototypical Seyfert 2 AGN'; it led to the development of the unified
AGN model. Its proximity and brightness have enabled extremely
high-spatial-resolution imaging of its nucleus in the near-infrared
(NIR)"*, mid-infrared (MIR)", submillimetre"” " and radio'®". The sub-
millimetre observations probe cold dust and dense molecular gas on
similar scales as the Large Binocular Telescope Interferometer (LBTI).
Interpretation of the connections between dusty, molecular material,
hotionized outflows and the AGN itselfis complicated by interactions
with the ‘bent’ radio jet®, which leaves the core oriented approxi-
mately north-south, but is seen at large scales to be oriented north-
east-southwest (for example, refs. 19). In addition, high-resolution
NIR/MIR imaging at the VLTI with the 8.1 m unit telescopes resolves
out structures larger than -4 pc at 8.7 um, so the link between the
small-scale and galactic structures is tenuous. Measurements on
scales intermediate to the existing 8.1 m single-dish observations
and the 34 m VLTI shortest unit telescope baseline are necessary to
understand how materialiis delivered to the accretion disk and to the
nascent outflows.

The LBTI*"** co-phases and interferometrically combines the
beams from the two 8.4 m mirrors of the Large Binocular Telescope
(LBT), separated 14.4 m. In Fizeau imaging, this results in a virtual
telescope aperture with a maximum baseline of 22.8 m. Although
the auxiliary telescopes at the VLTI offer similar baselines, their 1.8 m
diameters provide limited sensitivity compared with the LBTI. The LBTI
thus provides complementary data to the existing VLTI observations
of NGC 1068. Open-phase loop Fizeau interferometric imaging is the
simplest interferometric mode of the LBTI. It has great potential for
the high-fidelity, wide-field (-5 arcsec), intermediate-contrastimaging
of faint NIR or MIR targets or targets that are too extended for phase
tracking (examplesinclude Solar System bodies, AGNs, ultraluminous
infrared galaxies, and massive and evolved stars). The mode, however,
has not been actively developed since its successful observations of
107, Open-loop Fizeau imaging at the LBTI is poised to bridge the
gap between high-dynamic-range single-dish observations with, for
example, James Webb Space Telescope (JWST), and low-dynamic-range
high-resolutioninterferometricimages with, for example, VLTIand the
Center for High Angular Resolution Astronomy (CHARA). Its 22.8 m
resolution is comparable to the upcoming generation of 30 m class
telescopes and can serve as a key testing ground for science cases
and techniques.

In this Article, we use open-loop Fizeau imaging with the LBTI on
anextragalactic target, providing spatial constraints on the structure
and heating of the nuclear outflow and dust torusin NGC1068. These
observationsreveal low-surface-brightness features at unprobed scales
intermediate to single-dish telescopes and long-baseline infrared
interferometry.

Observations and datareduction

On Coordinated Universal Time (UTC) 6 November 2022, we
observed NGC 1068, 1 Tau and Procyon using the nulling-optimized
mid-infrared camera (NOMIC) instrument®® on the LBTI in the
open-loop Fizeaumode. We used the W08699-9 122 filter (1.= 8.7 pm,
range 8.13-9.35 um) and took 20 nodding cycles on the target and
calibrators, obtaining 59° field rotation. Before and after the science
target, we observed 1 Tau and Procyon to serve as flux and point
spread function (PSF) calibrators. We later selected images via ‘lucky
fringing’, resulting in an exposure time of 200 x 0.0137 s = 2.74 s per
cycleor 54.8 stotal exposure on NGC1068. The resulting corotated
and stacked targetimages and PSF calibrator images are each shown
inFig. 1. See ‘Observations and calibration’in Methods for details on
frame selection, PSF calibration and flux calibration.

We deconvolved the calibrator PSF from the science target PSF to
recover the underlying NGC 1068 source flux distribution. Although
this had been done previously for lo” with the LMIRCam detector, NGC
1068 is much fainter and extended, and several changes were made to
the adaptive optics (AO) system of the LBT? in the years following the
publication of those data. We therefore performed image deconvolu-
tion in three different ways (see ‘Image deconvolution’ in Methods),
finding good agreement between them. We show the results of decon-
volutionusing the Richardson-Lucy method asinref.23in Fig.2. Other
deconvolutions are shownin Extended Data Figs.1-3. We estimate the
resulting resolution using the southernmost and northernmost point
sources in the image, measuring full width at half-maximum (FWHM)
47 x 90 mas after deconvolution. In this Article, we focus on the
Richardson-Lucy deconvolved images of NGC 1068 because of the
robust legacy and fidelity of the method.

The dusty wind

The circumnuclear regionin NGC1068 has been extensively studied in
high resolution at numerous wavelengths. We compare the recovered
8.7 um morphology at 47 mas (3.3 pc) resolution with existing radio
maps (at 5 GHzwith 105 x 51 mas resolution’®, optical images ([O1115007]
forbidden line emission with 52 mas resolution®®) and NIR/MIR obser-
vations using single-dish deconvolution (-100 mas resolution*’) and
interferometry™*° (74 mas and 3 mas resolution, respectively). We show
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Fig. 2| LBTIFizeauimage of NGC1068 after deconvolution. a, A Richardson-
Lucy deconvolved LBTIFizeau image of NGC 1068 at 8.7 pm using method 1.

b, Contours of the same image with feature labels. Contours start at 90% of the
peak flux density and decrease by amultiplicative factor of 2down to a factor
128 below the maximum contour. Thisimage was deconvolved from the
stacked-corotated cycles using the Richardson-Lucy method. The resulting
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resolution FWHM is 46.8 x 90 mas (3.3 x 6.3 pc), shown as an ellipsein a. Red and
green labelsindicate features from the literature (ref. 18 and ref. 29, respectively),
and blue labels indicate new features from this work: the NEP, the NEX, the dark
band and the SN. The results of other deconvolution approaches are given
inMethods.

thiscomparisoninFig. 3, specifically showing the 5 GHz radio emission,
previous single-dish MIR imaging, [OllI] emission and VLTI/MATISSE
MIR reconstructed image withrespect to our recovered MIR structures.

In the deconvolved images (Fig. 2 and Extended Data Figs. 1-3),
we see extended flux along the north-south direction as well as bright
point sources to the northeast at 600 mas (45 pc) and to the south
at 300 mas (20 pc, called the SN for southern N-band source). The
47 x 90 mas recovered resolution allows us to distinguish substructures
near the AGN core. Here, we see extensions of flux from the flux peak
towards the north and northeast out to 10 pc (150 mas). We refer to
this northeast extension hereafter as NEX and the northern extension
as NEP.Between the flux peak and the SN thereisa drop in emission we
refer to as the dark band.

We find morphological agreement with both the radio emission
and previous optical-infrared imaging. The authors in ref. 18 locate
the SMBH in a structure called S1; similar to positions inferred from
maser emission®, model fitting to MATISSE data®’ and morphological
correspondence?’, we place the peak of the MIR emission 50 mas
north of S1. We then find that the southernmost and northern 8.7 pm
structures correspond roughly to peaksin the radio emission (respec-
tively called S2 and Cinref. 18). However, we note inboth cases there is
anoffset of ~50 mas, with the MIR emission found exterior to the radio.
The northernmost emissionis near the northeast (NE) source of ref. 18,
but like in ref. 29 we find a ~-100 mas separation between the MIR and
5GHzemission. The 7.9 pm emission of ref. 29 includes a peak far to the
NE that we do not recover. Assuming that the flux of the northeastern
component has remained the same since the ref. 29 observations, we
would expect aflux density of ~0.68 mJy per pixel, whichis above the 20
fluxlevel of the deconvolved image (Where =~ 0.1 mJy px'is the stand-
ard deviation of measured pixel valuesin theimage background). Over
thesame period, the 5 GHz flux of cloud C has been shown to decrease
by ~50% (ref.19); a similar flux change would put this source below our
current detection limit. Indeed, when comparing our 144 mas aperture
flux of cloud C with the 200 mas aperture flux of ref. 29, we measure
approximately one-sixth of the previous value (100 + 6 mJy at 8.7 um
versus 661 mjJy at 7.9 um).

We see that the northern structures have counterparts in the
[OIlI] and NIR emission. Notably, our measured NEX feature traces
the opening angle of the ionization cone®®. SINFONI observations of
several atomic emission lines ([Fell], [SiIV], Paa and Hel) and molecular

hydrogen show asimilar morphology to the arc of flux starting from C
and continuing from the tongue counterclockwise towards NE?°. The
infrared emission is thus coincident with highly ionized, relatively
hot gas. The atomic lines are associated with a shock ‘bubble’ being
excavated by the jet?**,

Infrared interferometry also shows morphological similarity to
thefeatures near the centre of the Fizeauimage. Inthe K’-band bispec-
trum speckle interferometry images of ref. 30, flux extends from the
AGN towards the north ~-400 mas. The K’-band emission corresponds
in scale and shape to the northern extended N-band flux we image.
The authors give a rough flux range of 30-230 mJy; in our northern
aperture, we measure ~100 mJy. The K’-band flux range is too large to
reasonably estimate adust temperature at this location. The VLTI/MAT-
ISSE observations" and modelling® indicate the continuation of NEX
downtosubparsecscales. Inthe modelling work®, this is the southern
edge of a dusty (outflow) cone. In the model-independent imaging®,
the N-band emission also shows an X shape similar to the Atacama
Large Millimetre Array (ALMA) emission'® and the edges of the [OIlII]
emission. Thematchin position angle (PA) of the LBTIFizeau NEX, the
VLTI/MATISSE ‘X" and the ALMA 256 GHz map'® strongly indicates that
this is the same structure measured at different scales.

Using apertures with a diameter of 10.1 pc, we measure the flux
at two image locations: the flux of the southern component (SN)
is Fsoun = 39.6 £ 2.4 m)y, with the aperture centred 25.1 pc to the
south of the centre; at the same distance to the north we measure
Fyoren =100.6 £ 6.2 mJy. Using equation 1 from ref. 34 and the relation
F(r) = 0AT(r)*, we calculate an expected dust flux in an aperture with
area A as a function of radius (‘(Non)thermal dust emission along the
radio jet’in Methods). The observed values are far above the simple
prediction, as is readily seen in Fig. 4. At distances of 20 pc and 45 pc,
the flux excesses are associated with 5 GHz features C and NE. Spectral
index measurements of cloud C show steep spectraindicative of opti-
cally thin, non-thermal emission between 5 GHz and 21 GHz (ref. 19).
We use the spectral index and 5 GHz integrated flux of C to estimate
ajet flux at 8.7 um of 0.06 mJy. The non-thermal contribution is thus
quitesmall. Itis therefore likely that a mixture of non-thermal emission
and shock heating is necessary to produce the MIR fluxes. The exact
contributions from non-thermal radiation and shock-heated dust are
beyond the scope of this work. The correspondence between the dif-
ferent observations indicates that the MIR emission simultaneously
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Fig. 3| Comparison of deconvolved LBTI Fizeau image to observations at
other wavelengths. a-c, Deconvolved LBTI Fizeau image of NGC1068 at 8.7 pm
compared with observations of the 5 GHz radio emission (a, ref. 18), the single-
dish 7.9 pmemission (b, ref. 29) and the ionization cone traced by [OllI] (c, ref. 28).
d, The MIR emission at subparsec scales as observed with VLTI/MATISSE

(Lbandinblue, Mbandin greenand N band inred). The spur to the northeast of
centre found in the LBTIimage is seen at the subparsec scale in the VLTI/MATISSE
image. The yellow ellipses represent the orientation of the obscuring dust disk.
Thered contours are the same asin Fig. 2. Panel d reproduced with permission
fromref. 13, Springer Nature Limited.

traces AGN-heated dust, jet-cloud interactions in C (and possibly S2),
and highly ionized jet shocks in the tongue. Our observations lack
precise astrometry, butindependent morphological similarity to the
radio, MIR and [OIII] observations constrains our positions to within
afew pixels (<3 pixels = 54 mas, or one PSF width).

Constraints on the dusty torus
The disk+wind model consists of a geometrically thin, optically thick
equatorial disk and aconical structure perpendicular to it (usually with
hyperbolic or parabolic walls) representing a radiation-driven wind.
This morphology was recently shown to be a good representation of
the VLTI/GRAVITY and VLTI/MATISSE data for NGC 1068 (ref. 32), but
theinterferometric dataresolved out structures larger than-~5 pc. We
computed adisk+wind radiative transfer (RT) model out to 15 pc using
the SKIRT (Stellar Kinematics Including Radiative Transfer) code®. The
parameters of the RT modelling are givenin ‘Radiation transfer mode-
ling” in Methods. The model was based on the one presented in ref. 11
with clumpy graphite dustinahyperboloid cone and graphite-silicate
dustinthedisk. Surface brightness profiles of the resulting simulated
and observed flux distributions are shown in Fig. 4.

Many observed features on <15 pc scales (for example, NEX, the
dark band and SN) and the north-south asymmetry of the large-scale

emission are reproduced by the disk+wind model (shownin Extended
DataFig.4): near the central flux peak we see an edge-brightened out-
flow conelike NEX; south of the flux peak is adark absorptionband due
tothe densest part of the disk; and the ~ 75°-inclined disk out to >25 pc
causes extinction towards the south. The observed morphology, how-
ever, is not purely adisk+wind. Thereis much more flux directly north of
the AGNin theimages thanin the modelling—this follows the path of the
radiojet and is probably emission from jet-cloud interactions. Based
on deviations from a centrally heated flux profile, correspondence
with radio jet and shock morphology, and 5-21 GHz spectral indices
of the sources, we claim that a large fraction of the MIR emission we
recover is actually related to the radio jet (either directly or through,
forexample, shock heating) rather than the radiation-pressure-driven
wind. Through comparisons with RT models as well as to multiwave-
length observations, we are able to spatially distinguish two sepa-
rate AGN-host interaction channels at 3.4 pc resolution, showing a
disk+wind(+jet) morphology. Previous VLT imaging® supported the
disk+wind model but did not have sufficient resolution to distinguish
jet-related features.

The dusty wind, ionization cone and radio jet are all presumed
to be symmetric above and below the accretion disk. Based on cor-
respondence with the radio data, we place the SMBH at the location
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Fig. 4 | Surface brightness profiles of the observations and RT modelling.
Distances have been deprojected using an inclination of 75° from face on. The
error bars on the observed surface brightness come from uncertainty in flux
calibration, typically $10%. We estimate an upper limit to the thermal dust flux
asafunction of radius. The dashed line shows the predicted upper limits, and
the dotted line shows the upper limits obscured by 75, = 0.41. We also plot the
measured flux values from a disk + wind radiation transfer model out to 15 pc.
Corresponding features from Fig. 2 are labelled.

marked with a green X in Fig. 5, near the bottom of the brightest flux
region. If we then assume that similar structure should extend to the
north and south, it is immediately apparent that some absorbing
medium is present—probably the disk-like component of the dusty
torus. We estimate the optical depth of this dusty structure by relat-
ing the flux at an equal distance (accounting for inclination) above
and below the SMBH (‘Optical depth’ in Methods). Using the same
apertures as above, we find that the southern emitting regionis being
obscured by an object with an optical depth of 7z, = 0.41+ 0.04. This
obscuring structure is assumed to be the disk-like component of the
disk+wind model (for example, refs. 32,37). The optical depth of such
astructure is expected to increase approaching the SMBH. We have
measured the average value at 25.1 pc within a10.1-pc-diameter aper-
ture. Assumingalinear changein 7, we obtain an optical depth gradient
of-0.05 pc™ < Aty 5, < —0.02 pc™ when comparing with VLTI/MATISSE
<1pcscale measurements”.

The darkband between the flux peakin ourimages and the south-
ernmost emission is inferred to be due to an obscuring dust disk cen-
tred on S1. VLTI/MATISSE observations revealed a similarly oriented
obscuring dust disk™* (plotted as yellow ellipses in Fig. 3d, reproduced
from ref. 13). A molecular torus observed with CO(2-1), CO(3-2) and
HCO*(4-3) (ref.17) is oriented approximately perpendicular to the
radiojet, similar to the orientation of the obscuring dark band we and
VLTI/MATISSE observe. We estimate that the 75°-inclined obscuring
disk has a diameter =70 pc to obscure SN. This is more than twice as
large as the 30 pc CO disk measured by ALMAY; the discrepancy may
indicate that CO traces the densest, inner parts of the disk, but amore
extended region still contributes to obscuration.

Finally, using the assumed geometry and inclination of the cir-
cumnuclear structures, we estimate a lower limit on the dust density
within the obscuring darkband tobe p,, =9 x10% g cm™. Compared
with average interstellar medium (ISM) gas density, this corresponds
to 60% of the standard ISM dust-gas ratio of -1% (ref. 38). Astudy of 36
X-ray-observed AGNs yielded dust-to-gas ratios in the range 1-100%
the standard ISM value®. Our measurement falls within this range,
but we note that the local density can be much higher if the dust is
located within a thin disk as models predict. Future RT modelling is
necessary to test theimplications of the optical depth gradient on the
disk’s density profile.

The methods used herein can be applied to other AGN to under-
stand the applicability of the disk+wind(+jet) as a unified model

of AGN. Based on the measured fringe signal-to-noise ratio (SNR)
of these observations, 324.26 + 76.17 for the 20 cycles of NGC 1068
(10.2+3.6]Jy)and 307.22 + 28.17 for the 7 good cycles of 1 Tau (11.2 Jy),
we estimate that we could achieve SNR >10 for sources >0.3 Jy with
roughly 1 min total integration. This is certainly optimistic due to
decreased AO performance on faint sources, but repeated observa-
tions, more cycles or fringe tracking on a nearby star could over-
comethis. We cross-matched the AGN catalogue of ref. 40 with the All
Wide-field Infrared Survey Explorer (ALLWISE) catalogue*' to search
for sources. Given the 0.3 Jy N-band flux cut-off, we use W3 as a proxy
to identify 24 sources that are bright enough in N and have V<15 for
AO tracking. This sample of northern AGN includes roughly equal
numbers of Seyfert1and Seyfert 2 systems and would allow a popula-
tion study comparableinscope to the VLTI/MIDIsample®'° that caused
the paradigm shift to disk+wind models.

Conclusions

Inthis Article, we present extragalactic results from open-loop Fizeau
imaging with LBTI/NOMIC. We observed NGC1068 witha22.8 x 8.4 m
synthetic aperture at 8.7 pm; after PSF deconvolution, we obtained a
measured 47 x 90 mas (3.3 x 6.2 pc) resolution. Through the resulting
images, we resolved substructures of the circumnuclear dust, tested
the current paradigm of disk+wind AGN models and spatially distin-
guished the dusty wind from jet-host interactions. More specifically,
in this work we:

(1) developed the methods to deconvolve the PSF of complex,
large-scale emission in LBTI/NOMIC Fizeau images;

(2) used the correspondence between the Fizeau images and exist-
ing observations of the 5 GHz, [OIII], NIR lines, and MIR dust
emission to identify different emission mechanisms and to cre-
ate a self-consistent schematic of the MIR dust emission from
subparsec to ~100 pc scales;

(3) identified the NEX—a morphological feature that extends
NE from the subparsec-scale MATISSE structure and traces
the southern edge of the ionization cone—which we claim
is the resolved onset of AGN feedback via dusty winds
and in agreement with the current disk+wind unified model
paradigm;

(4) measured the radial flux distribution of the 8.7 um emission,
identifying clear excesses beyond the radiative dust heating of
the classical AGN torus model (by the accretion disk) at 20 and
45 pc from the AGN, and postulating that this excess emission is
due to dust-jet interactions and shocks based on correspond-
ence with the 5 GHz emission and NIR emission lines;

(5) measured the optical depth of the inferred obscuring disk
of the disk+wind model to be 75, = 0.41 + 0.04 between 20
and 30 pcradial distance from the AGN. From this, we infer a
lower limit on the dust density of the obscuring material to be
Pause 29107 gem™,

These results show the interplay between jet-mode and quasar-
mode feedback, as we find signatures of dust-jetinteraction and dusty,
radiation-pressure driven winds in the ionization cone. The disentan-
glement of jet emission, shocks and dusty winds is important for the
interpretation of observations with telescopes such as JWST in which
the processes are blended due to lower resolution. We additionally con-
strain the obscuring disk in the disk+wind flavour of the unified model
of AGN. Future observations with this mode utilizing the L-band and/or
other narrow N-band filters will allow us to measure spatially resolved
dust temperatures and further constrain emission processes. Finally,
we have presented Extremely Large Telescope (ELT)-scaleimages of an
extragalactic source, developing the methods and tools necessary to
make this LBTI observing mode usable for general science cases and
tests for upcoming facilities.
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Fig.5|Schematic summary of the subparsecto >100 pcscale processes
measured with the MIR emission. a, A cartoon decomposition of the emission
processes we identify. b, The image from Fig. 1 with labels identifying features
observed in different wavelengths. The direction of the radio jet (including the
bend at cloud C) is shown in red. The edges of the ionization cone are shown in
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cyan. Thelocation of the SMBH is marked with a green X on the basis of the S1
positionin ref. 18. Finally, an obscuring dust disk is indicated with white ellipses;
this disk extends far enough to cover the assumed southern emission features
with an optical depth of 75 5,,, = 0.41+ 0.04.

Methods

Observations and calibration

On 6 November 2023, we observed NGC1068,1Tau and Procyon using
the NOMIC instrument on the LBTI in the open-loop Fizeau mode.
We used the W08699-9_122 filter (A. = 8.7 pm, range 8.13-9.35 pm)
and took a number of nodding cycles on the target and calibrators
consisting of 4,000 exposures of 0.014 s (2,000 exposures on target,
2,000 exposures on sky). Between 05:34:42 UTC and 08:48:58, 20
nodding cycles towards NGC 1068 were observed. Before and after
the science target, we observed 1 Tau and Procyon to serve as flux
and PSF calibrators.

To identify good and bad chop-nod cycles, we inspect the peak
flux of each cycle throughout the night. Bad cycles are expected to be
those with large thermal background variations or thin clouds. We plot
the peak flux over time of both NGC1068 and 1 Tau in Supplementary
Fig.1. From this we see that 1 Tau produced the same peak flux values
atthe beginning and end of the night, indicating a stable thermal back-
ground. We can, however, identify two cycles with low peak fluxes.
Uponinspection, we find that these were affected by thin cirrus clouds
causingavariable background and bad adaptive optics performance.
We discard these when computing statistics for the 1 Tau PSF. For both
1Tauand NGC1068, the cycle-to-cycle flux variations are found to be
similar to the peak flux variations within a cycle. We conclude that
neither the mean PSF nor the flux calibration changes throughout the
night. This allows us to work with stacked images.

The ideal PSF of the LBTI is the interference pattern of two 8.4 m
circular apertures separated by 14 m. The resulting 22.8 m maximum
baseline gives 78.7 mas resolution (5.5 pc) at 8.7 um. The interference
fringes exhibit a narrow central fringe peak, and a set of side lobes that
rapidly decrease in amplitude as one moves further from the centre.
We refer to the interference fringe pattern as a Fizeau PSF. Over the
span of approximately 3 hontarget, there was 59°field rotation. Field
rotation causes the 22.8 m baseline of the LBTI to probe the target at
different angles; after 180° field rotation this approximates a single
22.8 mtelescope. Simulated field rotation on areal Fizeau PSF exhibits
anapproximately circular, 22.8 m PSF after -60° (ref. 42). Robust esti-
mates of both the individual cycle PSF and the PSF after field rotation
arenecessary for properimage deconvolution to recover the true flux
distribution of the science target. The resulting corotated and stacked
target and PSF calibrator are each shown in Fig. 1.

Fringe tracking was done in the so-called open-loop mode, which
means that not all frames are necessarily at the zero-order (or white-
light) fringe and may jump due to atmospheric shifts to higher-
order fringes that are not useful for this study. However, the source was
alsoimaged on the LMIRCam** detector in the Lband (2.8-4.1 pm) and
the Fizeau PSF was spectrally dispersed. The interferometric phase on
LMIRCam (which in Fizeau imaging has the same optical path delay
as NOMIC) was set to the white-light fringe, and phase shifts were
corrected manually by keeping the fringes straight. While the NOMIC
fringes moved due to atmospheric piston during and between expo-
sures, this ensured that the movement was generally centred around
the white-light fringe.

The Fizeau PSF may also move in the image plane or the two indi-
vidual telescope PSFs may become slightly misaligned due to residual
jitter from the AO system, although this effect is generally small com-
pared with the 8.4 mN-band PSF and the precision at which the two PSFs
canbe overlapped (-10 mas differential tip-tilt jitter*>**). We account
forboth of these effects using lucky Fizeau fringing, that is, we discard
exposures with misaligned fringes or poorly overlapped telescope
beams. We first compute the two-dimensional (2D) cross-correlation
function between the theoretical PSF and each frame of our observed
PSF calibration stars. In each nodding cycle, we keep the frames that
havethe10%largest cross-correlation values—in other words, the 10%
of frames most similar to the theoretical PSF (a similar approach was
used inref. 45). The selection of 10% is somewhat arbitrary, but larger
values tend to decrease the peak SNR of the PSF image by blurring the
PSF, and smaller values have too few frames to build up arobust empiri-
cal PSF estimate. Within each nodding cycle, the top 10% of frames are
stacked, with each frame having been shifted to the pixel location with
the highest 2D cross-correlation value, typically <3 pixels (pixel scale
is17.9 mas per pixel).

Two cycles of 1 Tau (cycles 5and 6) showed large deviations from
the theoretical PSF, with broad, blurred artefacts. Upon closer inspec-
tion, these cycles suffered from light cirrus passing through. We there-
fore discard them as outliers. The remaining target and calibrator
stacked PSFs show stability throughout the night. Finally, we compute
the mean PSF for each calibration star. The mean PSF for 1 Tauis used
in the following as our empirical PSF estimate because its flux (11.3 Jy
(ref. 46)) is more similar than Procyon’s (74 Jy (ref. 46)) to that of
NGC 1068 (10.2 + 3.6 Jy (ref. 47)), and so noise estimates are similar.
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The empirical PSF is shown in Fig. 1, illustrating the characteristic
triple-peak fringe pattern of the LBTI.

Good frames of NGC 1068 were selected in a similar way as for
the PSF calibrators. Within each nodding cycle, we compute the 2D
cross-correlation function between NGC 1068 and a nominal PSF
(in this case, the measured PSF from the calibrator star). The frames
with the 90th-percentile largest cross-correlation values are kept.
Asbefore, thetarget framesare recentred to the pixel location with the
peak 2D cross-correlation value and then stacked.

We obtain 20 stacked images of NGC 1068, one for each nod-
ding cycle throughout the night. The resulting stacked image from
each nodding cycle is shown inthe Methods. Ten per cent of frames
corresponds to 200 frames per cycle; this results in exposure time
0f 200 x 0.0137 s = 2.74 s per cycle or 54.8 s total exposure on NGC
1068. Before stacking each cycle, we corotated each subframe such
that north is oriented along the y axis in the frame. To create an
estimate of the final, rotated PSF, we corotated the PSF calibrator
frames by the same amount as the target subframes within each
cycle and stacked.

We use the MIR stellar diameters and fluxes compilation catalogue
(MDC*®) to obtain the N-band fluxes of the calibrators. As is typical, we
assumethat the unresolved stellar fluxis distributed completely within
the Fizeau PSF of the calibrator. This gives us a scaling between counts
andjanskyineach pixel that we apply to the science target. The results
are consistent between Procyon (74 Jy) and 1 Tau (11.3 Jy), but we use the
values from 1 Tau because it is closer to the nuclear flux of NGC 1068
(10.2+3.6]Jy (ref.47)) and, thus, has asimilar SNR.

As LBTIFizeauimagingis rather new to the community, we sum-
marize the main differences from traditional, single-aperture observa-
tions. First, the Fizeau PSF is characterized by a triple-peaked fringe
pattern, yielding 22.8 mresolutionin one direction and 8.4 mresolu-
tion in the orthogonal direction. We show that even small amounts
of field rotation allow one to obtain resolution better than 8.4 min
all directions, although a circular PSF would require 180° rotation*.
Second, for non-ideal field rotation (and generally for the non-circular
PSF of any segmented primary mirror), the effects of the resulting
elongated PSF can be removed using image deconvolution. While
image deconvolution is rather commonplace for observations with
for example, Keck” or JWST*®, we explore various methods below for
the specific LBTI configuration. Third, we used lucky fringing, keeping
only the best 10% of data. This extremely conservative approach was
feasible due to the brightness of the source, but recently published
LBTIresults have shown that 290% of frames can be keptin some cases
for Fizeau imaging*, greatly increasing observation efficiency. For
sources with K-band magnitude < 4.5 mag, fringe-tracked imaging
can be performed, removing the need for frame selection. A sched-
uled upgrade to the fringe tracking detector will increase this limit
to K<10 mag (ref. 49). Finally, because the Fizeau aperture consists
of two 8.4 m telescopes, the collecting area equivalent to that of an
11.9 mtelescope (111 m?). Upcoming facilities, such as the ELT and the
Giant Magellan Telescope (GMT), will have larger effective collecting
areas (978 m? and 368 m?, respectively) and, thus, higher sensitivity
than the LBTI.

Image deconvolution

Ascanbeclearly seeninFig. 1, the stacked and corotated science cycles
exhibit obvious artefacts due to the Fizeau PSF. Whereas extended flux
featuresarestill discernible, small-scale features near the centre of the
image are dominated by these artefacts. Usingempirical measurements
ofthe Fizeau PSFinindividual cycles and for the stacked image, we can
deconvolve the known PSF features to reveal the underlying source
flux. This was previously done in ref. 23 for observations of lo, but in
the intervening years there have been changes to the adaptive optics
performance of the LBTI” and we used the NOMIC detector instead of
LMIRCam. We therefore attempt Fizeau PSF deconvolution in three

different ways: the first two use Richardson-Lucy deconvolution as
inref. 23, and the third was developed for this work on the basis of the
Hogbom CLEAN algorithm®™,

Richardson-Lucy deconvolution. We proceed two different ways
using Richardson-Lucy deconvolution™**

(1) stackall corotated frames and deconvolve with a stacked,
corotated PSF estimate or

(2) deconvolve the image from each cycle with the PSF calibrator
and then stack the resulting images.

Thefirst method has the benefit of doing as few convolutions as possi-
ble (eachintroduces noise) at the expense of requiring that the estimate
ofthefinal PSFis robust. The second method uses arobust, single-cycle
PSF butrequires 20 (lower SNR) deconvolutions instead of one. Inboth
cases, we use Richardson-Lucy deconvolution (from scikit-image.
restore) because of its robustness to noise and efficiency. We find that
both sequences give similar results, which is a strong indication of
the validity and robustness of the target flux distribution we recover.
In practice, stacking before deconvolution (method 1) increased the
SNR of faint features, as noise is added destructively. This led to more
stable results when changing the parameters n_iter and filter_epsilon
(the number of iterations and the clipping value for avoiding division
by zero, respectively).

We estimate the uncertainty of each pixel in the resulting images
using abootstrap method; we perturbed the empirical PSF by Gaussian
noise and reperformed the deconvolution numerous times. For the
images presented in Figs. 2, 3, and 5 we used method 1 with n_iter =32
and filter_epsilon = 0.005; we show the results in Fig. 2. The total flux
of the image was not conserved during deconvolution, and there-
fore the deconvolved image is renormalized so that the total flux of
the resulting image equals the total flux of the corotated + stacked
image (specifically, it is scaled by a factor of 0.7). The resulting PSF is
46.8 x 90 mas FWHM.

As expected from previous observations, we see extended flux
along the north-south direction as well as abright point source to the
northeast at 600 mas (45 pc). However, the 78 mas PSF fromthe 22.8 m
baselineallows us toresolve the inner substructure near the AGN core.
Here, we see aspur of flux pointing towards the northeast out to~10 pc.
In the deconvolved-then-stacked (method 2) image, we see evidence
of anadditional, smaller spur to the northwest. These spurs are found
near the expected AGN location and are oriented ina similar direction
asextended N-band dust measured on smaller scales with MATISSE". In
method 2, we find that the bad channel (visible in Supplementary Fig.2
in the upper third of the images) causes more artefacts than in method 1.
InExtended DataFig. 1, we see a negative contour at the location of the
bad channel whenusing method 2. It seems that the stacking of images
inmethod 1washes out the effects of this channel. Due to the stability
ofthe PSF throughout the night that allows robustimage stacking and
the strongartefacts presentin method 2, we use method 1 for analysis
throughout this Article. We note, however, that the results change by
only afew per cent when using the other deconvolution method.

CLEAN-inspired method. The Hogbom CLEAN algorithm is an aper-
ture synthesis algorithm, developed to deconvolve aknown beam from
ameasured radio emission map affected by prominent and extended
sidelobes®™. Similarly, the known ideal Fizeau PSF produced by the
LBTI has prominent and extended sidelobes. Due to the high fidelity
of CLEANed radio images, we developed an experimental implemen-
tation for LBTI Fizeau images that iteratively removes the known,
extended PSF.

We use the following notation: Im, is the initial, dirty image to
deconvolve, beamis the known PSF estimate, gainis scaling applied to
the PSF toremove flux from the dirtyimageineachiteration, CUTOFF is
the fluxlevel to which the imageis cleaned, MAXITER is the maximum
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number of iterations to compute and peak is the maximum fluxin the
currentimage, I.. The algorithm then proceeds as follows:

START
WHILE peak > CUTOFF AND N, < MAXITER

(1) Find peak fluxinimage, at coordinates(x,, y,)
(2) Createlm,,

* Create a zero-image with same dimensions as Img

* Place a point source with flux = gainXpeak at
(x,,¥,) and convolve with beam

* Subtract this from Imto get Imy

(3) Put a point source at(x,),)in the CLEAN image
(4) niter=ni[er+1

ENDWHILE
END

We applied the above method with gain of 10~ and MAXITER of 10°
on each of the 20 exposure cycles. We also set CUTOFF as mean(Im,),
that is, stop when the iteration peak is just above the background
level. We finally corotate and stack theimages as above. The resulting,
deconvolvedimage is shownin Extended DataFig. 2. The results of this
method show more low-surface brightness features than the Richard-
son-Lucy deconvolutioninFig.2;in particular, the flux extending tothe
south of the photocentre and the flux within the northernmost arcare
more prominent in the CLEAN-inspired deconvolution. Importantly,
the spur extendingto the NE of the photocentre appearsin this decon-
volutionaswell, withasimilar opening angle and length. The fact that
thisfeature appearsinthisindependent deconvolution method gives
yet more credence toits fidelity.

Neural network deconvolution. The method presented hereisanew
algorithm developed to perform image deconvolution without using
an experimental PSF. Instead, we use a neural network trained on a
large dataset of simulated LBTI observations. This method is derived
fromtheinterferometricimage reconstructionalgorithm proposedin
ref. 53. The results are shown in Extended Data Fig. 3.

The algorithm steps are as follows:

(1) Generate alarge set of mock astrophysical images.

(2) Simulate random LBTI PSFs, convolve the images with these
PSFs and introduce noise.

(3) Trainaneural network to restore the original images using
only the simulated data.

(4) Apply the trained neural network to the actual astronomical
observation.

We elaborate on these steps in the subsequent paragraphs.

Generation of mock astrophysical images. The objective is to rapidly
produce a diverse set of images containing varied structures with
different spatial scales. We create each image by summing several
component images, each representing structures at a characteristic
spatial scale, A, randomly selected between one pixel and the full field
of view. The number of componentimages, N, varies randomly from 1
t020. For each component, we:

(1) Compute a2D discrete exponential power spectrum Pwith
characteristic scale A.

(2) Assignarandom phase ¢ to each pixel.

(3) Calculate the real part of the Fourier transform of P x e*? and
mask the negative values.

The Nimages are combined using random weights, and the total
flux of the resultant image is normalized to unity. This process is
repeated to generate 2?° unique images of dimensions (n;, X 1),
with n, =100.

Simulation of observations. Each generated image is then used to
simulate an observation cube with dimension (Rgmes, Mpixs Mpin), With
Niames = 32. The decision to use data cubes with ng,, e rather than a
single frame is driven by two factors: first, this approach allows the
neural network to prioritize data from the highest-quality frames,
thereby optimizingimage selection; second, it enables the differentia-
tion of PSF variations—which change from frame to frame—from static
astrophysical elements.

Instantaneous PSFs are computed as the Fourier transform of
Pup x exp(i X ¢res), Where Pupis the telescope pupil and ¢, is the resid-
ual atmospheric phase postadaptive optics correction. The pupil is
modelled astwo 8.4 mdisks, each with a central 0.9 m obstruction, and
a14.4 m centre-to-centre separation. ¢, is calculated from a sum of
Zernike polynomials with coefficients randomly selected following a
power-law distribution P(n) < n™%, where n is the radial order of the
polynomial.

A number n, of these instantaneous PSFs, drawn uniformly
between1and 100, are averaged to create a semi-long exposure PSF.
Eachimageis then convolved with ng,,.. such PSFs, creating an obser-
vation data cube.

Two types of normal noise are added to the datacube, one pro-
portional to the square root of the surface brightness of the images
(photon noise of the source) and one uniform across the field of view
(photon noise of the subtracted sky). The overall noise level israndomly
drawn for each observation to produce a SNR between 1 and 50 for
individual frames.

Neural network and training. After generating the training dataset,
consisting of 2*° randomimages and the corresponding observations,
we train aneural network to reconstruct the originalimages from these
convolved, simulated datasets.

We use a simplified version of the U-Net architecture, which is
fully convolutional and includes skip layers. A schematic is shown in
Supplementary Fig. 4.

The training is done on 50 epochs, each one including the entire
datasetin batches of 16 observations. We use the Adam optimizer with
amean absoluteloss functionand aninitial learning rate of 5 x 10™*. This
learning rate is halved each time there is no improvement in the loss
after five consecutive epochs. The final mean absolute error, indicat-
ing the difference between the network’s prediction and the actual
originalimages, is 0.09 for both the validation and the training dataset,
demonstrating that the training did not result in overfitting.

IV.Applicationto the actual observations. The observations consist of
20 cycles, corresponding to 20 different orientations of the source
in the plane of the sky, each of these cycles corresponding to 2,000
individual short-exposure frames.

We split each of these 2,000 frame sets into 62 data cubes each
with 32 frames, which were fed to the trained neural network, hence
producing 62 deconvolved images for each orientation. These 62
deconvolutions are then averaged to produce one image per orienta-
tion. The 20 resulting images are then derotated, and the final image
iscomputed as the median of these images (Extended DataFig.3). The
low-surface-brightness features are better recovered than in Fig. 2
and resemble those of the CLEAN approach in Extended Data Fig. 2.
The central emission is more compact thanthe CLEAN deconvolution
results but shows a similar northwest-southeast extension. The NEX
feature, however, is not as readily apparent in these results, athough
the flux envelope near the centre traces roughly the opening angle of
theionization cone.

Estimating image significance. The standard deviation of the cycle
PSFsis used as an uncertainty estimate, allowing us to bootstrap errors
ofthe deconvolution we perform on the target frames. In Supplemen-
tary Fig. 5, we show the PSF images and flux profiles of all 1 Tau cycles.
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We compute the per-pixel mean and standard deviation of all cycles
(excluding cycles 5 and 6 owing to thin cirrus). In 1,000 bootstrap
iterations, we perturb the empirical PSF (Fig. 1) with random noise set
by the standard deviation at each pixel. We then stack and corotate the
perturbed PSF to match the rotations of the 20 target observing cycles.
Fromthe1,000iterations, we can compute the uncertainty per pixel for
therecovered deconvolved images below; from this we conclude that
all primary structures inthe image (the central component with aspur,
the southern point source, the northern extended structure and the
northernmost pointsource) are robustly recovered at 2100,,o¢strap,px- AS
anexample, we display the SNR map for deconvolution method 1with
8.7 um image contours overlaid in Supplementary Fig. 6; this shows
that all primary features of the image are found at SNR >10.

(Non)thermal dust emission along the radio jet
With apertures having adiameter of 8 pixels (0.144 arcsec,10.1 pc), we
measurethe flux at severalimage locations. We measure the flux of the
SN to be Fyo, = 39.6 + 2.4 mJy, with the aperture centred 25.1 pc to the
south of the centre. At the same distance to the north (in cloud C), we
measure the flux to be Fy,, =100.6 + 6.2 mJy.

Utilizing equation1fromref.34, we can estimate dust temperature
asafunction of radius

1/5.6

Lai pCZ ) e~Tw/S6K 1§

2 1001,

To(r) = 1,650(

whereL, . isthe luminosity of the accretion diskin L, ris the distance
from the accretion disk in parsec and 7, is the optical depth to the
ultraviolet continuum. The luminosity of grains of this temperature is
then L,o(r) = o/vii x T(r)* Wm™Hz ' sr™". The predicted thermal dust
fluxinanapertureis Fg 7ym therm = Ly,o(r)A, where Aisthe aperture area. We
showinFig. 4 that there are statistically significant flux excesses 20 and
45 pcfromthe core thatare associated with 5 GHz featuresS2, Cand NE.

The contribution from non-thermal sources within cloud Cis
very small in the MIR. The authors in ref. 54 present several possible
dust-heating mechanisms within shocks for NGC 1068, but there has
been some disagreement in the literature about the prevalence of
shocks along the radio jet in NGC 1068. The authors of ref. 55 claim
that shocks are necessary to heat the dense clouds at their position 2
(cloud Cinref.18), but the authors of ref. 56 claim that photoionization
could be sufficient with different assumptions of cloud densities. More
recently, ref. 57 showed high cloud column densities, indicating that
shocks areindeed required.

The MIR emission of NGC 1068 in the central 50 pc seemingly
requires contributions fromseveral distinct thermal and non-thermal
processes. Future LBTIobservations of this and other AGN, either with
anumber of L-, M- or N-band filters to obtain dust colour temperatures
or with narrow filters targeting emission lines (for example, [S IV]
10.5 pm and [Ne 11]112.8 um), will be able to distinguish the emission
or heating mechanisms.

Radiation transfer modelling

The models that most closely match interferometric data of nearby
Seyferts (for example, refs. 32,37) consist of a compact, dusty disk
and a hollow hyperbolic cone extending in the polar direction. Here,
we modify the best-fitting disk+wind model of ref. 37 to use the lumi-
nosity of NGC 1068 (102 L,) and the opening angle and inclination fit
by ref.32. We then increase the box size of the preexisting small-scale
circumnuclear model to measure the flux at 15 pc scale. Except when
otherwiselisted, the parameters of the disk+wind model are the same as
usedinref.11. Weuse i =75°,ahyperbolic cone opening angle 8,,,., = 45°,
an outer extent of the hyperbolic cone of r,,y,, .. = 24 pc, a disk optical
depth of 7446, =15 (the same asinref. 11) and a disk outer radial extent
of rgig oue = 10 pc. We also set the instrument field of view to 30 pcand the
number of pixels in each direction to 600 pixels. The resulting model

isshownin Extended Data Fig. 4, and we also extract radial flux profiles
to compare with our measured emission profiles.

The main goal of the RT modelling was to determine whether
the NEX in our images could realistically be centrally heated dustin
awindy outflow. Morphologically, thereis indeed a similar structure
due to edge brightening of the wind. To test whether the flux was
plausible, we placed an aperture (3.8 pc radius) at approximately
the same location in both the Fizeau image and the RT model. The
aperture was placed on the southern edge of the ionization cone in
both cases, 7 pc from the nucleus. The RT model aperture contains
~100 mJy of flux with a peak flux density of 1.2 mJy per pixel. The
observation aperture contains 49 + 3 mJy with a peak flux density of
1.5 mJy per pixel. While a detailed comparison of the resulting fluxes
is not meaningful, the disk+wind RT model shows that it is plausible
that the emission in the NEX is AGN-heated dust at the edge of the
outflow cone. A detailed RT model parameter study, comparing with
the combined VLTI/GRAVITY, VLTI/MATISSE and LBTI data, will be the
subject of future work.

Opticaldepth

The dusty wind, ionization cone and radio jet are all presumed to be
symmetric above and below the accretion disk. Based on correspond-
ence with the radio data, we place the SMBH at the location marked
with agreen X in Fig. 5, near the bottom of the brightest flux region.
If we then assume that similar structure should extend to the north
andsouth, itisimmediately apparent that some absorbing mediumis
present—probably the disk-like component of the dusty torus.

The optical depthis given by

F. South

T=-In = INo = Ixp, )

North

where Fg, . and Fy,, are the fluxes equidistant south and north of the
SMBH, Nis the number density of the obscuring material, gis the mate-
rial’s cross-section, kis the mass extinction coefficient of the material,
lis the path length of the absorbing material and p is the density of
the material. Assuming a specific dust composition, we are left with
two free parameters representing the density of the dust and the path
length (that is, the thickness of the obscuring structure). Taking the
measurements from the same apertures as above (Methods §4), we
find that the southern emitting region would need to be obscured by
anobject withan optical depth of 75, = 0.41 £ 0.04.

The optical depth of such a structure should increase as one gets
closer to the SMBH. We measure the average value at 25.1 pc within
a10.1-pc-diameter aperture. Previous measurements' at <1 pc give
Tg7um = 0.94-1.51 (their measurementis at aslightly longer wavelength,
so we scaled their reported optical depth by a factor 0.74 to compare
at 8.7 um, based on the extinction curve from ref. 58). Assuming a
linear change in t, we obtain an optical depth gradient of -0.05 pc™ <
ATg7,m<-0.02pc™.

Since the optical depth 7 is related to dust density, composition
and path length through the obscuring material, we explore what
a gradient might imply. The dust composition is probably approxi-
mately constant, so we focus on dust density and path length. Current
disk+wind RT models should naively lead to anincreased optical depth
atlarger radii because the constant-density disk becomes thicker with
an opening angle of 5°, leading to a longer path length. However, we
observe the opposite trend. The RT modelling in this work assumes a
constant dust density in the disk (based on comparisons with Circinus
onmuch smaller scales'>*’). Our new measurements imply the neces-
sity of adecreasing density gradient counteracting the increase in path
length. An exploration of RT parameters would be greatly aided by
more constraints on dust temperatures and emission mechanisms, so
this will be explored in future work after LBTI observations with more
filters have been obtained.
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Rearranging equation (2), we find the relation p = 7g 7,/ (IKg 7,m)-
Because NGC 1068 is inclined ~75° from face on, we can compute
an upper limit on the path length (/) corresponding to a lower
limit on the dust density: pioyer = Tg7um Sini/(dkg 7ym) . FOT i=75°,
Kg7um =12,116.5 m* kg™ from ref. 58, 75, = 0.41+ 0.04 as above, and
d =25 pcas measured from theimage, we obtain pg,, > 9 X107 gcm™.
The ISM has a mean gas density of 1 atom per cubic centimetre, or
Pism = 1.6 x 10724 gcm~3 (ref. 59). This corresponds to a dust-to-gas ratio
25 pcfromthe AGN of 6 x 1072, Thisis 0.6 times the mean ISM dust-gas
ratio of ~1% (ref. 38). A study of 36 X-ray-observed AGNs yielded
dust-to-gas ratios in the range 0.01-1times the standard ISM value™;
our measurement falls well within this range.

Data availability
Raw and processed data corresponding to the current study are avail-
able from the corresponding author uponrequest.

Code availability

The algorithms used for data processing are described in this work,
but data processing Python scripts and data processing instructions
areavailable via GitHub at https://github.com/jwisbell/Ibti_fizeau.
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Extended Data Fig. 1| LBTI Fizeau image of NGC1068 after deconvolution are overall similar to Method 1 (Fig. 2), but with slightly narrower features
using Method 2. Panel a) Deconvolved LBTI Fizeau image of NGC1068 at 8.7 and a negative flux contour to the north due to a bad pixel channel (visible in
pum Panelb) The[2,3,4,5,10, 20, 50] x o contours of the same image. Method 2 Supplementary Figure 2).

used Richardson-Lucy on each observing cycle and then stacking. The results
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Extended Data Fig. 2 | Results of the CLEAN- inspired deconvolution measured from the image background. The FWHM of the restoring beamis given
algorithm. Panel a) the point source locations produced by the CLEANing inthe bottom left corner. Resulting structures resemble those of Fig. 2, albeit
iterations. Panel b) the CLEAN-inspired image convolved with the restoring with more prominent low-surface-brightness features.

beam. Panel c)the[8,16,32, 64] x o contours of the restored CLEAN-image, with o
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Extended Data Fig. 3 | Stacked and corotated results of the neural network maximum contour. Low surface brightness features similar to those in Extended
deconvolution. Left) surface brightness of the recovered emission, normalized DataFig.2 are recovered, though the central emission appears to be slightly
to the peak flux. Right) Contours of the surface brightness, beginning from less extended.

90% of the peak and decreasing by factors of 2down to a factor 128 below the
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