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Abstract: Super-high spatial resolution observations in the infrared are now enabling major
advances in our understanding of supermassive black hole systems at the centers of galax-
ies. Infrared interferometry, reaching resolutions of milliarcseconds to sub-milliarcseconds,
is drastically changing our view of the central structure from a static to a very dynamic
one by spatially resolving to the pc-scale. We are also starting to measure the dynamical
structure of fast moving gas clouds around active supermassive black holes at a scale of less
than a light year. With further improvements on resolution and sensitivity, we will be able
to directly image the exact site of the black hole’s feedback to its host galaxy, and quantify
the effect of such interaction processes. Near-future high angular resolution studies will def-
initely advance our mass determinations for these black holes, and we might even witness
the existence of binary black hole systems at the center of galaxies.
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1 An emerging new picture for AGN structure

Over the last few years, the study of active galactic nuclei (AGNs) has been going through
a transformation. In the standard picture, which has been around for more than 30 years
(Antonucci & Miller 1985), an obscuring equatorial ‘torus’ is invoked and believed to sur-
round the accreting supermassive black hole at the center. The physical origin of this torus
has not been clear, but it is assumed to be more or less static. Its existence unifies the two
major AGN categories: those with a face-on, polar, direct view of the nucleus, called Type
1, and those with an edge-on, equatorial view, with the nucleus hidden, called Type 2.

However, recent mid-IR interferometry has shown that a major part of the mid-IR emis-
sion, believed to be from the outer warm (∼300K) part of this putative dusty torus, has a
polar-elongated morphology, rather than the expected equatorially elongated structure (e.g.,
Hönig et al. 2012, 2013; López-Gonzaga et al. 2014; Fig.1a,b). In addition, this polar-
elongated dusty gas is in fact considered to be UV-optically-thick, since the measured IR
emissivity is 0.2-0.3 and consistent with directly illuminated UV-optically-thick gas (e.g.,
Fig.3 in Hönig & Kishimoto 2010). Furthermore, at the same spatial scale, ALMA is finding
a polar outflow (Garćıa-Burillo et al. 2016; Gallimore et al. 2016; Fig.1c), likely to be an
inward extension of the 10-100 pc scale bipolar outflow directly resolved by HST (e.g., Cecil
et al. 2002).

Therefore it is quite likely that there is a nuclear, polar outflow which is UV-optically-
thick, i.e., participating in obscuring the nucleus. In fact, the interferometric data showing
the polar elongation of Type 1, and the whole infrared spectral energy distribution (SED),
can be simultaneously modeled by a clumpy torus + wind model (Hönig & Kishimoto 2017;
Fig.1d). Thus, a new observational scenario emerging here is that the torus is actually
an obscuring outflow, with the polar part hollow, in order to have a Type-1 line-of-sight
unobscured. This structure is probably driven by radiation pressure on dust grains from
the anisotropic, polar-strong UV radiation from the central accretion disk, as illustrated
in Fig.1e. This picture is quite consistent with the results of hydrodynamical simulations
(Wada 2012).

This dusty wind is likely giving strong feedback to the host galaxy, which could be
regulating the strong correlation between the bulge and black hole mass in galaxies (e.g.,
Ferrarese & Merritt 2000). This would mean that the ‘torus’ - a notion which has been
around for so many years - might actually be the exact location of the black hole’s feedback
to galaxy evolution. We might be able to directly quantify this feedback process by spatially
resolving the region itself.

The key for this big advance is the super high spatial resolution – the torus has been
extensively investigated with SED modeling efforts based on a ‘traditional’ equatorial torus
picture, but the high angular resolution enabled by IR interferometry is now radically chang-
ing the view of this torus structure. The current and coming instrumentation providing high
spatial resolution in the thermal infrared emission should thus have considerable discovery
potential.
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Figure 3. 2–90 µm broadband SED of NGC 3783. The gray line shows
the Spitzer IRS spectrum (spatial resolution ∼1.′′2–10 ′′), while the blue line
represents the VISIR spectrum from 2011 (spatial resolution ∼0.′′27–0.′′4). The
red circles with error bars are nuclear photometry from Prieto et al. (2010) using
the VLT/NACO instrument and corrected for flux contribution from the BBB
emission based on the decomposition presented in Weigelt et al. (2012). The
black diamonds represent far-IR photometry obtained by AKARI. The years in
which the observations were taken are indicated. The SED is overplotted by our
best-fit model (green dashed lines; see Section 4 for details).
(A color version of this figure is available in the online journal.)

presented by Prieto et al. (2010) and corrected it for BBB
contamination according to the decomposition by Weigelt et al.
(2012). The corrected photometry is shown in Figure 3.

Despite the differences in angular resolution, all the data
connect continuously, indicating that the nuclear IR emission
originates predominantly from the AGN without contamination
from star formation or other host-galactic sources. This is further
supported by the absence of polycyclic aromatic hydrocarbon
(PAH) features, except for a weak 7.7 µm line. Wu et al. (2009)
propose a method to use the 11.2 µm PAH feature luminosity
to estimate the star formation contribution and, in turn, obtain
an AGN contribution to the mid-IR emission by comparing the
PAH luminosity to the observed 12 µm continuum luminosity.
Although not present in their sample, we can use the absence of
any detectable 11.2 µm PAH feature in NGC 3783 and compare
it with similar sources with comparable upper limits in Wu
et al. (2009). Based on this comparison, we estimate the AGN
contribution to the mid-IR emission to be >90%. Finally, the far-
IR SED is monotonically decreasing starting at ∼20 µm toward
long wavelengths, unlike starburst-contaminated sources that
show much redder far-IR SEDs. Therefore, the presented SED
can be considered to represent dust emission exclusively heated
by the AGN.

The IR SED in Figure 3 shows two distinct spectral bumps.
The first one peaks around 3–5 µm, the second one at ∼20 µm,
with a “depression” in the 7 µm range. Similar behavior is seen
in other type 1 AGNs (e.g., Edelson & Malkan 1986; Kishimoto
et al. 2011b), although a lack of continuous data from the near-
to mid-IR often does not reveal the two peaks as clear as in the
presented case of NGC 3783. This double-peaked SED suggests
that the AGN-heated IR emission does not originate from a
single, continuous distribution of dust.

Figure 4. Gaussian HWHM sizes of the mid-IR emission of NGC 3783 for
different wavelengths from 8.0 µm (blue circles) to 12.8 µm (red circles) at a
fixed baseline of 61 ± 5 m for a range of position angles. The colored dashed
lines are elliptical fits to the data at the corresponding wavelength bin.
(A color version of this figure is available in the online journal.)

3.2. The Size and Orientation of the Mid-IR
Emitting Source in NGC 3783

The visibilities and correlated fluxes of all 41 reduced data
sets are shown in Figure 9. These data are being analyzed in the
following.

As discussed in previous papers, sizes obtained from MIDI
interferometry are physically meaningful only when compared
either at the same intrinsic (e.g., half-light radius) or observed
(e.g., fixed baseline length) reference to account for the inhomo-
geneous uv coverage and the unknown brightness distribution
of the source (for more details, please follow the discussion in
Kishimoto et al. 2011b; Hönig et al. 2012). Owing to the lack of
suitable data, it is not possible to establish a size for the half-light
radius at all P.A.s directly from the observations (in Section 4
we will determine the half-light radius with the assistance of
a model). Therefore, we calculate the P.A.-dependent Gaussian
half-width at half-maximum (HWHM) sizes of the mid-IR emis-
sion source in NGC 3783 for a fixed baseline length of 61 m.
The results are shown in Figure 4. A two-dimensional Gaus-
sian has been fit to all data with projected baseline length of
61 ± 5 m. If data at shorter and longer baseline lengths were
available within a P.A. of ±5◦, we interpolated these data to
61 m (in log-space) and used it as further input to the fit. In
addition to the sizes in milliarcseconds (mas), the right ordinate
axis in Figure 4 provides a scale in parsecs. The dashed colored
lines are geometric fits for each wavelength bin using an ellip-
tical Gaussian model with the semi-major axis a, the ratio a/b
of major and minor axes, and the P.A. of the major axis as free
parameters.

In Figure 5, we show confidence intervals for the semi-major
axis a and the axis ratio a/b for the 61 m data. For each
wavelength bin (color-coded with increasing wavelength from
blue to red), we calculate a probability distribution function
(PDF) based on the three-parameter geometric model. The left
panel of Figure 5 compares the 1σ (solid lines) and 2σ (dashed
lines) confidence intervals for a/b versus a, i.e., marginalized
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mid-plane z in units of rsub. The model space is limited from
rsub as the inner boundary to the outer radius Rout. Please note
that Rout should not be considered a free model parameter, but
rather a minimum boundary that has to be chosen to not cause
an artificial brightness cutoff in the wavelength range of
interest (for a detailed discussion of this issue, see Hönig and
Kishimoto 2010, Section4.1.4). Obscuration is defined by the
average number of dust clouds N0 along an equatorial line-of-
sight. The clouds are characterized by their optical depth τcl
and radius Rcl, but the size of the clouds only controls the total
number of clouds and not the typical model SED (we choose a
power law of the form Rcl=Rcl;0·r for numerical reasons; for
further details, see Hönig & Kishimoto 2010). Moreover, as
long as the cloud is optically thick in the IR, which most
clumpy models assume, the dominating emission from the hot
side of the clouds is insensitive to the exact choice of τcl. In
summary, these six parameters fully define typical clumpy
torus models.

Classical torus models do not account for the observed
predominance of polar emission in the mid-IR emission of
AGNs. Thus, a second component is added to the standard
model in the form of a polar outflow. This structure is modeled
as a hollow cone and characterized by three parameters: (1) the
radial distribution of dust clouds in the wind aw, (2) the half-
opening angle of the wind θw, and (3) its angular width σθ.
Finally, a wind-to-disk ratio fwd defines the ratio between
number of clouds along the cone and N0. Note that converting
fwd to a mass ratio would require knowledge of τcl and Rcl.
However, these are not constrained by the SEDs. For each set
of model parameters, the emission as seen from inclinations of
0°–90° is simulated, in steps of 15°. An illustration of the dust
distribution and typical view of a disk+wind is shown in
Figure 1.

The new model makes use of a more physical description of
dust sublimation near the AGN than the commonly assumed
single sublimation radius. It accounts for the fact that for any
given density, the silicate sublimation temperature is lower than

the graphite sublimation temperature (e.g., Phinney 1989) and
that small grains are hotter for a fixed distance from the AGN.
When the dust heats above 1200 K, silicates are removed from
the dust composition, leaving only graphites that can heat up to
1900 K. In the intermediate stage from 1200 K leading up to
1900 K, the smallest graphite grains are removed, so that at the
innermost radius where dust can survive only grains with a size
between 0.075 and 1 μm are present. In this framework, it is
possible to reconcile the observed small near-IR reverberation
mapping sizes and near-IR interferometry sizes with dust
sublimation physics (e.g., Kishimoto et al. 2007).
One specific aspect of the disk+wind hypothesis put forward

in Hönig et al. (2013) is that the wind is launched near the
sublimation zone of the dusty disk. Thus, the chemical
composition of the dust in the wind is expected to be very
similar to the one seen at about the sublimation radius.
Accordingly, the model dust clouds in the polar region are
devoid of silicates and small grains. This will also help near
edge-on views of the disk+wind structure to display silicate
absorption features at ∼10 μm from the disk despite the direct
view to hotter dust in the outflow region. Wind-only models
with standard silicate and graphite mixtures predominantly
show silicate emission features (e.g., Keating et al. 2012;
Gallagher et al. 2015). This is confirmed with the present
models when using normal ISM dust for the wind clouds. Such
models show exclusively silicate emission features for the
range of observed SED mid-IR slopes of both type 1 and type 2
AGNs (see Section 3.1).

3. Results and Discussion

The parameter space of the model has been explored in the
range of parameters as listed in Table 1. A total of 132,300
model SEDs have been simulated. It should be noted that the
range of fwd is larger for θw=30° than for 45°. In general, the
covered surface for a cone with half-opening angle closer to the
polar axis is smaller than for a cone with a larger half-opening
angle. To counter this effect, the effectively filled area in the

Figure 1. Illustrating radiative transfer images of the dust cloud distribution in CAT3D-WIND for a compact disk (a=−3) and an extended wind (aw=−0.5) with a
half-opening angle of θw=35°. These images represent the histogram-equalized re-emission at 12 μm for inclinations i=25° (view into the cone) and i=75° (near
edge-on).
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Fig. 7. Images of the three component models for the mid-infrared emission at 12.0 µm of the nuclear region of NGC 1068 corresponding to
model 1 (left) and model 2 (right). The image was scaled using the square root of the brightness. Center: comparison between our first best model
and the 12.5 µm image of Bock et al. (2000), taken with the 10 m Keck Telescope. The dashed circles represent the FWHM of the field of view for
MIDI using the UTs (blue) or the ATs (orange). The letters indicate the positions of the [OIII] clouds according to Evans et al. (1991).

Fig. 8. Total flux of the three best-fit model components as a function of
wavelength.

from NE1, do our observations place useful constraints on the
morphology of NE1?

We have investigated whether positions of component 3 near
NE1 are consistent with our AT data. There are such solutions,
but we have discarded them as unphysical because (1) the third
component then requires very high temperatures (>800 K) to
fit the short baseline spectra and (2) the total flux of the third
component exceeds the values reported by Galliano et al. (2005)
and also the ones reported by Poncelet et al. (2008) at the two
closest northern quadrants (3.4 Jy, 4.8 Jy, and 7.5 Jy at 9.0 µm,
10.8 µm, and 12.8 µm for their 1NO region and 1.2 Jy, 1.8 Jy, and
3.1 Jy at the same wavelengths for the 2NO region). Evidence in
favor of the existence of a near-in third component is that the
first two interferometric components do not provide the large

flux (25 Jy) measured by these authors inside the 0.6′′ diameter
central aperture.

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

6.3. Cross-identification of the components

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

We identify the first, most compact component with the nu-
cleus for the following reasons: the hot temperature obtained
for the small component is consistent with the temperatures
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100km s−1(e.g., Blandford & Payne 1982; Emmering
et al. 1992; Kartje et al. 1999).

4. DISCUSSION

The misalignment between the maser and radio disks has
been a puzzle ever since the Gallimore et al. (2004) VLBA
observations. Our ALMA data show that the systemic-velocity
CO emission is closely aligned with the S1 radio disk,
enhancing the case for this to be the true orientation of the
AGN accretion disk. The maser inclination may be attributed to
the foundations of the emission process: strong maser
amplification requires tight velocity coherence along the line
of sight. It is possible that some transient process created
favorable conditions for such coherence on the disk inner
boundary at an angle to the disk plane. Either direction is nearly
orthogonal to the CO outflow axis, which is rotated 79°
clockwise from the S1 axis and 78° counterclockwise from the
maser axis. Thus, the NGC1068 nucleus has a bipolar outflow,
seen in the high-velocity CO, radio jet, and narrow optical
emission lines. The outflow is roughly orthogonal to the
accretion disk, which is traced by the systemic-velocity CO,
radio continuum emission, and H2O masers.
Having detected a single CO transition, it is difficult to

derive strong constraints on the physical parameters of emitting
clouds. Some indications can still be obtained from the
� lJ 6 5 brightness temperature, which peaks at 31.1 K.

Detailed radiative transfer calculations of CO line emission
show that such brightness temperature requires H2 density in

Figure 2. Left: the locations of CO emission peaks, marked by colored circles. The colors are coded by radial velocity bins relative to systemic: v>70 km s−1 (red),
−70�v�70 km s−1 (yellow), and v<−70 km s−1 (blue). Following the same velocity color coding, the positions of H2O maser spots (Greenhill & Gwinn 1997)
are plotted as diamonds within the central, white arcuate band. The location and scale of the VLBA radio continuum source is indicated by the green ellipse. The outer
gray ellipse illustrates the orientation of the resolved, low-velocity CO emission (see Figure 1). Grayscale contours are from MERLIN 5 GHz observations of the radio
jet (Gallimore et al. 2004); the MERLIN beam is 4.2 pc FWHM. Upper right: spectral map from a simulation of a bipolar outflow with the axis tilted 5° from the plane
of the sky and rotated to PA33° (see the text for details). Colors are as for the left panel.

Figure 3. CO position–velocity diagram, with position varying along the CO
major axis (the green dashed line at PA 112° in Figure 1). The data are shown
as grayscale with contours at −4.7, 4.7, 7.2, 11.0, 16.8, 25.7, 39.2, and 60
mJybeam−1. The beam width in the direction of the position slice is shown at
the lower left. The rainbow-colored circles mark the p–v measurements of the
H2O masers. The transparent violet shading traces the emission expected from
Keplerian rotation around a 1.5×107 Me central mass (see the text for
details).
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Figure 1: (a) Mid-IR Gaussian size observed for the southern brightest Type 1 AGN NGC3783
(from Hönig et al. 2013). The polar axis direction inferred from optical polarization measurements
is indicated. (b) Three-component Gaussian model image of NGC1068 based on mid-IR interfer-
ometry data (from López-Gonzaga et al. 2014), with the linear jet (i.e., polar) direction indicated.
(c) CO emission peaks observed in the sub-mm, indicated by circles and color-coded with velocities
(<−70 km/s in blue; >+70 km/s in red; from Gallimore et al. 2016). (d) Clumpy torus + wind
model for a Type 1 inclination of 25◦ (from Hönig & Kishimoto 2017). (e) Schematic picture of an
obscuring and outflowing torus.

2 AGN broad-line region

Further down in the spatial scale inside the ‘torus’, fast moving clouds are believed to reside
in a relatively low density region around the central supermassive black hole, emitting very
broad emission lines - the so-called broad-line region (BLR). The broadening of the lines has
been believed mainly due to the fast orbital motion of the clouds. Black hole masses in AGNs
have been inferred mostly from this supposed rotational speed of the clouds indicated by the
width of the lines, thus the region has been playing a major role in Astronomy. However,
the assumed ‘ordered’ rotation has never been directly shown until quite recently. Here, a
big advance has been achieved by GRAVITY, one of the second-generation instruments at
VLTI.

GRAVITY interferometrically combines the beams from the four 8.2 m telescopes at the
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Extended Data Fig. 2 | Observed centroid positions in several 
wavelength channels. Best-fitting centroids to the differential phase 
data in each wavelength channel are shown as in Fig. 1, but with contour 
ellipses containing 68% of the probability density. In addition, the extremal 
points to the blue (on the jet axis) and red are not shown in Fig. 1, because 

of their larger errors. Given the relatively low signal-to-noise ratio in each 
channel, we cannot measure the radial velocity as a function of position 
(for example, the rotation curve). ∆Dec, declination offset; ∆RA, right 
ascension offset.

© 2018 Springer Nature Limited. All rights reserved.
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the rotation axis of the BLR. Measurements17–19 of the inclination angle 
of the radio jet from superluminal motion range from 7° to 15°. The 
close two-dimensional alignment of the rotation axis and the radio jet 
confirms that the kinematics are dominated by ordered rotation. The 
half opening angle of the gas distribution is −

+!
!
!

45 6
9 .

The mean radius of the Paα emitting region is found to 
be RBLR = 46 ± 10 µas (0.12 ± 0.03 pc), with an inner edge at 
Rmin = 11 ± 3 µas (0.03 ± 0.01 pc) and a roughly exponential radial 
emission profile, with shape parameter β = 1.4 ± 0.2 (Methods). The 
measured mean radius corresponds to 145 ± 35 light days, roughly half 
the values obtained from previous reverberation mapping estimates 
(260–380 light days) using Hβ and Hγ emission lines7,8, but consistent 
with the lower limit of 100 light days found from a subsequent re- 
analysis9. The discrepancy is probably due to the difficulty in measuring 
long lags in the brightest quasars, and could be partially due to intrinsic 
source variability (Methods).

Our inferred BLR radius is also a factor of roughly three smaller 
than the continuum dust radius found from previous interferometry 
measurements20 and from our own data. This has been found to be the 
case for many AGN21. The size is also much smaller than that found 
tentatively from previous spectro-interferometry of 3C 273 using the 
VLTI instrument AMBER12 (RBLR ≈ 200 µas). The object was too 
faint for fringe tracking in those observations. In addition, one of the 

three baselines used by AMBER was in the direction of the jet, that is,  
perpendicular to the disk. Our GRAVITY data, which have higher 
precision by a factor of about 40, rule out such a large size (Extended 
Data Fig. 4).

The inferred inner edge of the Paα emission region is a result of 
the cut-off in the line profile at ±4,000 km s−1, which probably corre-
sponds to the location where Balmer and Paschen emission becomes 
weak compared with that of higher-ionization lines22. The best-fitting 
structure is similar to that found from velocity-resolved reverberation 
mapping of nearby Seyfert 1 galaxies23,24, which suggests that the prop-
erties of BLRs may not vary strongly with the luminosity or Eddington 
ratio of AGN.

We infer the black-hole mass of 3C 273 directly from the model to 
be MBH = (2.6 ± 1.1) × 108M⊙, where M⊙ is the solar mass. In rever-
beration mapping experiments, MBH is obtained by combining Balmer-
line time-delay measurements with the gas velocity obtained from the 
line profile. This requires the use of a velocity-inclination factor 
f = GMBH/(v2RBLR), where G is the gravitational constant and v is the 
gas velocity, which is usually defined as either the second moment of 
the line profile σline or the full-width at half-maximum of the line 
FWHMline. Empirical mean values of f f( )  are obtained by matching 
the mass estimates from reverberation mapping with those from the 
relationship between the black-hole mass MBH and the stellar velocity 

2.14 2.15 2.16 2.17 2.18 2.19 2.20

Observed wavelength (μm)

–0.4

–0.2

0.0

0.2

0.4

0.6

0.8
D

iff
er

en
tia

lp
ha

se

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

N
or

m
al

iz
ed

flu
x

Paα flux

Phase

BLR model

a
–4,000 –2,000 0 2,000 4,000

Radial velocity (km s–1)

–30–20–100102030

Right ascension offset (μas)

–30

–20

–10

0

10

20

30

D
ec

lin
at

io
n 

of
fs

et
 (μ

as
)

BLR model

b

PAjet = 222°

2.168

2.170

2.172

2.174

2.176

2.178

O
bs

er
ve

d
w

av
el

en
gt

h
(μ

m
)

–150–100–50050100150

Right ascension offset (μas)

–150

–100

–50

0

50

100

150

D
ec

lin
at

io
n 

of
fs

et
 (μ

as
)

PAjet = 222°

dc

–3

–2

–1

0

1

2

3

R
ad

ia
lv

el
oc

ity
(1

03  
km

 s
–1

)

PA

Cloud

Radial
cloud

density

Angular
cloud

density

MBH

1

Rmin RBLR r

i

z′

E

T′

T′/To

To

z

Fig. 1 | Main observational and modelling results. a, Paα line profile 
(black points; right axis) of 3C 273 observed by GRAVITY, along with the 
differential phase averaged over three baselines (blue points; left axis), 
showing the ‘S’ shape that is typical for a velocity gradient. The error bars 
represent 1σ. A thick-disk model of the BLR (dashed pink lines, see also c 
and d) provides an excellent joint fit to the data. b, The observed centroid 
position of the photo-centre in several wavelength channels (indicated 
by the colour scale; symbol size is proportional to the signal-to-noise 
ratio) show a clear spatial separation between redshifted and blueshifted 
emission: a velocity gradient at a position angle (PA) nearly perpendicular 
to that of the radio jet (PAjet; solid black line). The centroid track of the 

BLR model is shown as a dashed line. c, Schematic representation of the 
model parameters. The green shaded area shows the geometry of the gas 
that surrounds the supermassive black hole (of mass MBH), with the blue 
circle indicating an individual gas cloud. The angular (θ′; normalized by 
the opening angle of the disk θo) and radial (r) distributions of the gas 
clouds are plotted on the left and below, respectively. The rotation axis of 
the disk points along z′, which is inclined by an angle i to the line of sight z. 
d, Velocity map (colour scale) of the model that best fits the discrete clouds 
(points)—a thick disk geometry viewed nearly face-on. Disorder in the 
velocity map reduces the observed shifts in the photo-centre (b) compared 
to the angular size of the BLR (d).
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Figure 2: (a) Differential phase spectra of 3C273, showing a systematic phase shift across the Pα
line. (b) Photo-center at each wavelength bin over Pα line wavelengths with ellipticals representing
uncertainties. Both figures are from Gravity Collaboration et al. (2018).

VLT site, and it can now produce images at a few mas (milli-arcsecond) resolution. This is
already fantastic, but this resolution in fact is not good enough for spatially resolving the
BLR. Fortunately, the instrument can accurately measure the variation of interferometric
phase with wavelength, meaning that it can measure the relative position of the image
photo-center within emission lines. Using this capability, the instrument has now captured
the BLR of the brightest quasar on the sky, 3C273 at redshift 0.156 – measuring photo-center
displacements across the broad Pα line at ∼10 micro-arcsecond (Fig.2) precision. From the
red side to the blue side of the line, the photo-center gradually moves perpendicularly to the
system polar axis (known from the jet), indicating an ordered rotation of the BLR (perhaps
except for the bluest point; see sect.3.2 below). This really shows that IR interferometry
has reached a state of maturity where we can now explore the innermost regions of AGNs
in exquisite detail.

3 Quest for sub-milliarcsec resolution imaging in the infrared

3.1 Morphological studies using continuum

In the new emerging picture of AGNs described in section 1, the outflow is understood to be
driven by the radiation pressure on dust, which has been considered as a plausible candidate
for the acceleration source (e.g., Fabian et al. 2008). In this case, the wind launching region
is the innermost dusty region, or the dust sublimation region, and this site must be the origin
of the AGN feedback on the ambient gas in the host galaxy. We argue here that we will be
able to spatially resolve and scrutinize this critical region, and possibly quantify the effect
of such interaction processes, if we push our resolving power and sensitivity further.

Since the dust sublimation temperature is expected to be ∼1500 K, the continuum emis-
sion of the region must be brightest in the near-IR (∼2 µm). Over the last several years,
intensive efforts have been made to spatially resolve this region with interferometers in the
near-IR. With the Keck interferometer and the first generation instrument AMBER at VLTI
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Figure 3: (a) Spatial resolutions of current facilities are shown on the plane of observing wavelength
λ and baseline b, where the dotted lines indicate the limit given by λ/b. Approximate scales of
various regions for nearby AGNs are also shown. (b) AGN targets on the plane of nuclear K mag
vs nuclear J mag. The latter approximately represents the optical AO performance. Current and
future interferometric observations’ limits are indicated.

having ∼100 m baselines, the region has been marginally resolved – the slight visibility drops
show that the overall size of the region is ∼1 mas or less for the brightest AGNs (Kishimoto
et al. 2011, 2013; Weigelt et al. 2012). This is depicted in Fig.3a, which shows the approxi-
mate size scale of each layer of the structure and compares various instruments on the plane
of wavelength and baseline.

The second-generation instrument GRAVITY at VLTI is gradually reaching the stage to
resolve at least the outer part of the region, with a real imaging capability at a resolution of a
few mas. The CHARA interferometer, which has a factor of ∼3 longer baselines (330 m), but
with 1-m telescopes, has already seen a first fringe for an AGN, and the installation of full
adaptive optics is now in progress. If it goes through further, already proposed, sensitivity
enhancements, we will be able to image the wind-launching region of a few AGNs. The
study will be complemented by observations at slightly longer wavelengths in the mid-IR
probing slightly lower temperature dust with the newly commissioned second-generation mid-
IR interferometer MATISSE at VLTI (Fig.3a). Then, with longer-baseline interferometers,
reaching resolutions of 100 micro-arcseconds and beyond, such as the Planet Formation
Imager (PFI) planned both for mid-IR and near-IR with higher sensitivity, we can study
a substantial sample. We will know whether the dust continuum emission shows a polar
elongation even at this innermost scale, gain knowledge of how the wind is launched, and
fully characterize this critical scale, approaching the origin of the AGN torus and feedback.

3.2 Kinematical studies using emission lines

Together with the morphological continuum study, we should also identify the outflow kine-
matically, using emission lines from the ionized gas associated with the accelerated dust
grains. Any velocity gradient detection spatially coincident with a polar elongation would
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greatly advance our knowledge. Such observations will also help quantify the feedback effect.
In fact, with the photo-center shifts from the GRAVITY differential phase data, in ad-

dition to the ordered rotation, we might actually be seeing a hint of high-velocity outflow
along the jet (see the bluest data point in Fig.2b), though with a large uncertainty. At least,
imaging of emission-line kinematics at this super high spatial resolution is becoming realistic.
Note that this is the data for a broad permitted line, i.e., for the BLR — the torus outflow
might thus be fundamentally and physically related to the BLR. Spatially resolving these
scales will definitely advance the way we measure the black hole masses. We would need
very long baselines to reach these scales, and high sensitivities to receive enough number of
photons to facilitate good spectral resolution for kinematics (Fig.3a,b), but we do believe
that the discovery potential lies here at high angular resolutions.

The morphology and kinematics of the bright, illuminated side of the torus would be
nicely complemented by molecular line studies of the “dark” side with ALMA, which comes
quite close in spatial scales at its longest baseline (Fig.3a). The torus should also be sup-
plying material to the central black hole, and the route is perhaps at the mid-plane. In
fact, an equatorial rotation component is found with high-density tracers of molecular lines
(Imanishi et al. 2018) in addition to the lower-density polar outflow (Garćıa-Burillo et al.
2016; Gallimore et al. 2016).

Current sensitivity of near-IR interferometry is shown in Fig.3b on the plane of nuclear
K-band and J-band magnitudes, the latter representing coarsely the quality of the AO per-
formance which is a must in IR interferometry. The distribution of AGNs on this plane
demonstrates that we are reaching the “tipping point”: the number of potential targets will
soon explode with the future sensitivity improvements — and note that we will have images
— we are at the dawn of the field.

4 Binary supermassive black holes

There is also a substantial, but very different, aspect to this new exploration of the galactic
nuclei at a very high angular resolution. A supermassive black hole is now believed to reside
in essentially every galaxy. Naturally, after collision and merger of two such galaxies, a
binary black hole would form at the center. Theoretical studies with numerical simulations
have suggested that the binary separation quickly decreases by ejection of surrounding stars.
However, the shrinking orbit could stall at 0.1 pc scale owing to the absence of a sizable
population of stars in the small region – this is known as the “final parsec problem” (e.g.,
Merritt & Milosavljević 2005). Indeed, this inference seems consistent with recent Pulsar
Timing Array constraints: low-frequency gravitational waves, expected from supermassive
black hole mergers, are not yet detected (e.g., Shannon et al. 2015).

This spatial scale of ∼0.1 pc is exactly the scale which has not been explored in thermal
emission. A radio wavelength search for binary structure relies on the presence of two sets
of jets, which might not necessarily always be the case. We do not have enough spatially
resolved constraints in thermal emission simply because it has not been possible to achieve
the required resolving power. We do not really know if there is a binary at the center in
the active phase of the black hole accretion. Long-baseline interferometry in the infrared
will enable us for the first time to explore this major question of whether there are massive
binaries at the center.
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