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1 is the emissivity-averaged BLR 

radius20 and L44 is the 5,100 Å luminosity in units of 1044 erg s−1.
Unlike the tidal disruption of stars21, the captured clumps are 

undergoing a more complex process, governed additionally by other 
significant factors such as ram pressure, ablation due to friction, and 
evaporation from thermal conduction with a hot medium and drag 
forces of the surroundings22. The fates of the clumps are difficult to 
assess due to uncertainty regarding their internal states, but they 
are either distorted or partially disrupted. A brief discussion of this 
issue is given in the Methods. However, there is evidence that cloud 
G2 could be connected with G123,24, implying that the clumps may 
split as a result of the tidal force. If the clumps are supported by 
an internal magnetic field at a level of milli Gauss14,23,24, their fates 
will be similar to the case of stars: the tidal torque spins them up 
and imparts the orbital energy to the captured clumps until they 
split into two parts of unequal energy—one bound and the other 
unbound21. A fraction of the orbital energy is thus channelled into 
the ejection of gas. The ejection fraction (fC) of the captured clumps 
depends on their internal states (see Methods for an estimation of 
this dependence). Figure 1a shows a cartoon of the present scenario.

Generally, the bound clouds experience two phases: (1) spiral-in 
with an elliptical orbit and (2) circularization driven by the factors 
mentioned previously22,24. We refer to them as type A and B clouds, 
respectively. Here, circularized clouds mean their rotation domi-
nates over their infalling velocity. Type B clouds eventually merge 
into the accretion disc; otherwise, there is a pile-up of material 
from the tidal captures. The unbound material—type C clouds—are 
ejected. We can broadly characterize the type A, B and C clouds as 
infalling, rotating and outflowing, respectively.

We now present the profiles of these tidally disrupted clumps 
under the frame as shown by Fig. 1b. All quantities are explained 
in Supplementary Table  1. For type A clouds, ζ ξ γ Θi( , , , , )0 A A torus  
are the main determinants of their contribution to the emission-
line profile. ζ0 determines trajectories of type A clouds and hence 
their velocity structure. Fixing ξ γ Θ = . ∘ ∘i( , , , ) (0 9, 0, 60 ,70 )A A torus , 
we show the dependence of the resulting profiles on ζ0 in Fig. 2a. 
Clouds with small ζ0 fall rapidly inward; for example, infall domi-
nates the dynamics of clouds with ζ0 =  0.1. Profiles are dominated 
by the infalling component and generally show red-shifted peaks 
with ζ0 as shown by Fig. 2a. With decreasing ζ0, profiles change 
in two ways: (1) the red peak shifts increasingly redward and 
(2) asymmetry is decreased. Large ζ0 clouds spiral in slowly over 
many orbits, showing quasi-symmetric profiles similar to type 
B clouds (that is, more components from rotation-dominated 
clouds). These calculations show that tidally disrupted clumps 

observationally appear as asymmetric velocity profiles with cen-
troid shifts.

Figure  2b shows the profile dependence on γA for (ζ0, ξA, i,  
Θ torus) =  (1, 0.9, 60°, 70°). The number of high-speed clouds increases 
if γA increases, and profiles shift toward the red. Figure  2c shows 
the dependence on Θ torus. Small Θ torus makes the capture plane more 
likely to have large i as viewed by observers and decreases the pro-
jected velocities of the infall, and hence the red wings. Double peaks 
appear for cases with a geometrically thin torus (that is, a small Θ torus)  
and low-i observers. This has important implications, namely that 
AGNs with large torus angles have an excess of red emission relative to 
the blue. The dependence of profiles on orientation is shown in Fig. 2d. 
It is clear that the more face-on system leads to narrower profiles as 
discovered, but asymmetries remain, with excess emission on the red-
shifted side of the profile. Profiles also depend on ξA, but only linearly.

For type B clouds, the profiles, which are relatively simple com-
pared with those from type A clouds, are mainly determined by the 
inner radius (Rin) and the spatial distribution of clouds along the 
radius ∝ γN vB B

B as well as i. NB is the number of clouds per unit 
radius and γB is an index. We take = ∕ = .r R R 0 620 BLR T

0  for the cir-
cularized radius. Figure 2e,f shows the spectral dependences on γB 
and i, respectively. Given an i, the profiles broaden with increasing 
γB since more clouds are located in the inner regions. The higher the 
inclination i, the narrower the profiles. Type B clouds may contrib-
ute the majority of the total BLR emission, but they could be mixed 
with the type A profiles with high ζ0.

Generally, type C clouds simply show blue-shifted emission 
lines, as in Fig.  2g,h. Except for inclination, the ejection veloc-
ity and γC are the main parameters governing the profiles emit-
ted by these clouds. The larger γC, the less blue-shifted the profile 
because there are fewer high-speed than low-speed clouds. The 
blue peak shifts with inclination simply due to the projection of 
the net velocity of the clouds. Obviously, the clouds contribute  
to the blue excess of the total profiles shown in Fig.  2g,h for  
different parameters.

Emissions from type A, B and C clouds with different ratios and 
shifts generate a diverse range of BLR emission-line profiles. We 
took efforts to calculate profiles for a larger range of model param-
eters than that shown in Fig. 2 to find the nature of the dependence 
of the profiles on each parameter. From these exercises, we eventu-
ally chose ten of them as primary parameters and others as auxiliary 
parameters (which we held fixed in the fittings for all objects). We 
then applied the present model to Palomar–Green (PG) quasars to 
determine if it could account for the nature of the observed Hβ pro-
files (see the fitting scheme explained in the Methods).
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Fig. 1 | Scheme of the present model. a, Cartoon of the tidal disruption of clumps moving to the inner region of the torus. The red and blue colours indicate 
red shifts and blue shifts of line emissions after tidal disruption of clumps from the torus. b, Frame for calculations of profiles. Observers are in the YOZ 
plane of the XYZ frame. One of the clumps is orbiting in the XCOYC plane, which is obtained by rotating the X axis around the Z axis (φC) and rotating the 
OZ axis around the OXC axis (θC). The OYC axis is the major axis of the elliptical orbit and the OZC axis is the normal direction of the orbital plane. Capture 
planes are defined as the orbital planes of individual clumps. Θ torus is the torus angle, which is defined by the angle from the mid-plane to the inner edge of 
the torus (from the OY axis to the edge in the YOZ plane).
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Table 2. Dimensionless ratio of the luminosity above 1 Ry to the
monochromatic luminosity at 5100 Å. LR is defined as L1 Ry−100 keV/

λLλ(5100 Å).

Name LR
3C 120 7.89

3C 390.3 8.28
Akn 120 2.92
Fairall 9 2.34
Mrk 110 13.33

Mrk 279 (1) 8.71
Mrk 279 (2) 9.10
Mrk 279 (3) 8.73
Mrk 335 (1) 13.89
Mrk 335 (2) 23.14

Mrk 509 3.17
Mrk 590 6.75
Mrk 79 5.12

NGC 3227 (1) 6.28
NGC 3227 (2) 4.13

NGC 3516 2.10
NGC 3783 (1) 4.97
NGC 3783 (2) 4.05
NGC 4051 (1) 6.49

Name LR
NGC 4051 (2) 11.29
NGC 4151 (1) 7.92
NGC 4151 (2) 7.97
NGC 4151 (3) 9.04

NGC 4593 15.59
NGC 5548 4.09
NGC 7469 14.35

PG 0052+251 2.91
PG 0844+349 6.48
PG 0953+414 4.07

PG 1211+143 (1) 3.16
PG 1211+143 (2) 2.56

PG 1226+023 4.76
PG 1229+204 4.34
PG 1307+085 1.27
PG 1411+442 0.37
PG 1426+015 0.54
PG 1613+658 1.92
PG 2130+099 0.60

temperature did not differ from those obtained from all measure-
ments (Teff = 1029±88 K, with dispersion 441 K). As expected,
there is no correlation between the disk effective temperature and
any other parameter, e.g., the black hole mass, the bolometric lu-
minosity, and the Eddington ratio (the correlation coefficient was
equal to –0.16, 0.08 and 0.26, respectively).

We also calculated the ionizing flux for all of these sources,
using the broad-band spectrum from Vasudevan & Fabian
(2009). For all the broad-band spectra, we calculated the ratio
of the bolometric luminosity above 1 Ry to the monochromatic
luminosity at 5100 Å. This dimensionless parameter accurately
characterizes the expected differences in the ionizing properties
of continua in these sources. Our results are given in Table 2.
The average ratio is equal to 6.44 ± 0.78, but the dispersion is
large (4.8). If this ratio is given in log space, the dispersion is
equal to 0.40.

Therefore, the dispersion in the logarithm of the ionizing flux
in those sources is much larger than the dispersion in the scaling
with monochromatic luminosity, 0.21, as well as the dispersion
in the logarithm of the underlying disk temperature, 0.16. The
ratio is also systematically higher for NLS1 galaxies (10.6±2.6)
than for S1 objects (5.5 ± 0.7). Interestingly, there seems to be a
weak positive correlation between this ratio and Teff .

4. Discussion

The observed scaling between the size of the BLR and the square
root of the monochromatic flux at 5100 Å measured according
to the response of Hβ to the continuum works surprisingly well,
although the ionizing flux is not expected to be proportional to
the monochromatic optical flux because of observed variety of
SED shapes.

Using a simple analytic formula, we have demonstrated that
the observed scaling corresponds to a fixed-temperature, non-
irradiated Shakura-Sunyaev disk, independent of the black hole
mass and accretion rate. This temperature is about 1000 K, as
derived for several sources, and in agreement with the value ob-
tained directly from the BLR scaling by Bentz et al.

Fig. 1. The BLR region covers the range of the disk with an effective
temperature lower than 1000 K: the dusty wind rises and then breaks
down when exposed to the radiation from the central source. The dusty
torus is the disk range where the irradiation does not destroy the dust
and the wind flows out.

It is thus likely that the BLR forms when the local disk effec-
tive temperature becomes low enough for dust to form in the disk
atmosphere and the locally driven massive outflow to develop,
similar to the outflows observed from stars at the asymptotic gi-
ant branch. The pressure in the disk atmosphere, calculated with
the code for the vertical disk structure (Rozanska et al. 1999),
provides the conditions required for dust formation discussed
by Elvis et al. (2002). However, this wind cannot achieve large
heights, in contrast to stellar winds, since at larger heights the
wind is irradiated by the central source and the dust at these ra-
dial distances cannot exist, as this region is not yet at the distance
of the dusty torus. Therefore, the material, initially accelerated
very efficiently, may partially fall back owing to a decrease in
the driving force. This would indicate that the BLR – or at least
the low ionization line (LIL) part of it (Collin-Souffrin et al.
1988) – may consist of material, roughly in Keplerian motion,
but with clumps still outflowing and clumps flowing down. This
chaotic motion will smear the expected disk-like emission-line
profile equally efficiently as in the assumption of a very extended
flow, without producing considerable asymmetry. We visualize
the BLR geometry in Fig. 1.

This picture of a “boiling” BLR region is consistent with
two main lines of arguments, which have already been discussed
in the literature. First, the observational arguments for both in-
flow and outflow in BLR were given in a number of papers (e.g.
Done & Krolik 1996; Elvis 2000; Ferland et al. 2009; Gaskell
2009; Shapovalova et al. 2010). Second, there has been con-
siderable discussion of the heating efficiency of the LIL BLR:
radiative heating seems too low compared with the observed
radiation field, and additional mechanical heating seems to be
required (Collin-Souffrin et al. 1988; Bottorff & Ferland 2002;
Shapovalova et al. 2004; Shapovalova et al. 2010).

Our scenario of local dust-driven wind with subsequent dust
evaporation and inflow provides a physical basis for the devel-
opment of this turbulent medium, with considerable velocity

L8, page 3 of 4

Czerny & Hryniewicz (2011)

1984 A. Baskin and A. Laor

Figure 13. A side view of the dynamic solution disc profile, for M8 = 1, L46 = 0.1 and ϵ = 0.03. The AD is inflated due to the dust opacity, leading to a torus
structure. The illuminated face is composed of dustless gas, and is a natural origin for the observed BLR emission. In the dusty BLR region, only large grains
avoid sublimation, and given the reduced dust opacity in the UV, this region will produce both unreddened line emission and IR emission. The back side of the
torus is dusty and produces mostly hot dust emission. The dynamics due to the illuminating optical-UV from the central source is not included. This radiation
pressure will likely drive a tangential sheared wind off the surface photoionized layer, which will increase the CF of the BLR gas.

issue is addressed by assuming a hard ionizing source, which ei-
ther resides high enough above the AD or is scattered back on the
disc from an extended hot diffuse medium. Given the assumed hard
ionizing spectrum, and the relatively high density of the AD, this
model produces only low ionization lines. In order to get a non-
negligible CF, the height of the scattering medium needs to be a fair
fraction of RBLR. The high-ionization lines are assumed to originate
from shocks in a highly turbulent large-scale diffuse medium (e.g.
Collin-Souffrin et al. 1988). Although the above scenario is possi-
ble, it assumes the required components are there, and does not lead
to robust testable predictions.

A closer look at the outer AD height profile, including the effect
of the molecular gas opacity, was carried out by Hure et al. (1994),
which indeed revealed an inflated outer region. However, the maxi-
mal height implies H/R ∼ 10−2, which is far too small. Indeed, the
Planck mean opacity derived in that paper at 2000 K (fig. 3 there) is
about a factor of 100 smaller than derived here based on the MRN
dust model (see also Section 3).

Similarly, Czerny et al. (2017), which explore the broad line
profiles derived from the failed dusty wind model of CH11, note in
passing the problem of the small CF, which stems from the low dust
opacity used.
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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 
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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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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 
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perpendicular to the disk. Our GRAVITY data, which have higher 
precision by a factor of about 40, rule out such a large size (Extended 
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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 
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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 
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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 3. One-dimensional fitting of the reverberation mapping data since 2012 (avoiding contaminations of the relativistic jet, see details in
Appendix) through the BLR model. Fluxes of H� line are in units of 10�13 erg s�1 cm�2, and FV is in unit of 10�14 erg s�1 cm�2 Å�1

converted from V -band magnitudes. This yields the linear sizes of the BLR. Scattering points of the H� LC around beginning of 2012, 2013
significantly contributes to �

2 = 1.61, which is relatively larger than that of fitting the GRAVITY data.

Fig. 4. The median value and 1� error bar for each parameter are also given there and listed in Table 1. The reduced �
2 is 1.26 for

GRAVITY data, and 1.61 of the RM data1, respectively. We found kc = (7.9±0.2)⇥10
�5 in units of erg s

�1
cm

�2
Å

�1
days

�1

from the joint fitting. Some of parameters have the similar values with those of Gravity Collaboration et al. (2018) within error
bars, or different within reasonable ranges.

The present joint analysis generates angular and linear sizes of the BLR for the angular distances

DA = 551.5
+97.3
�78.7 Mpc, (14)

implying a relative statistical error bar of �DA/DA ⇡ 16% on averaged. This is a very encouraging accuracy for the first joint
analysis of the GRAVITY and the RM campaign. The most prominent advantage of this analysis is direct measurement without
calibrations of cosmic ladders. We demonstrate that the combination of the GRAVITY and RM observations is a feasible and
powerful tool of measuring AGN distances. Considering the future improvements of the GRAVITY (e.g., GRAVITY+ as the
next generation of the GRAVITY), the error bars of distances measured by the present scheme can be significantly reduced.

4. DISCUSSIONS

4.1. Quasars as cosmological probes

Quasars are the most luminous and long-lived celestial objects in the Universe. After discovery, they were instantly suggested
for cosmological distances (Sandage 1965; Hoyle 1966; Longair & Scheuer 1967; Baldwin 1977). However, these efforts were
not successful because of poorly understanding of quasar physics. Recently, interests of applications of quasars to cosmology
have arisen again by selecting special individuals or populations.

1 The �2 of RM data is a little bit higher than normal. We note that this could be caused by a couple of points significantly deviate from the model. Except for
these points, the �2 will be greatly reduced. Considering the major goals of the present paper, we keep this fitting with the �2 = 1.61 as resultant fittings.

Wang et al. (2019)
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Fig. 1. Overview and working principle of GRAVITY: the instrument coherently combines the light of the four 8 m UTs of the VLTI or the
four 1.8 m ATs. It provides infrared wavefront sensing to control the telescope adaptive optics, two interferometric beam combiners � one for
fringe-tracking and one for the science object �, an acquisition camera and various laser guiding systems for beam stabilization, and a dedicated
laser metrology to trace the optical path length di↵erences for narrow angle astrometry. The overview illustrates the light path and location of the
various subsystems. For clarity, we show only two telescopes, one beam combiner, and one wavefront sensor. The wavefront sensor star (green)
can be outside the VLTI field of view. Depending on the brightness of the science object (red), the fringe tracker is either fed by a beam splitter,
or � as illustrated in this figure � by a bright o↵-axis phase reference star (blue). The GRAVITY subsystems (light blue boxes) are embedded and
take advantage of the already existing VLTI infrastructure (light red boxes).

the ATs was carried out in June and September 2016, with first
results published in, for example, Le Bouquin et al. (2017) and
Kraus et al. (2017). Science operation with the ATs started in
October 2016, followed by the UTs in April 2017.

This paper provides a comprehensive description of the in-
strument (Sect. 2) and presents a set of early observations that
illustrate its power (Sect. 3). The detailed description of the in-
strument subsystems and software, and of the analysis and inter-
pretation of the observations, will be given in several forthcom-
ing papers.

2. The GRAVITY instrument

2.1. Overview and working principle

The goal of the GRAVITY design is to provide a largely self-
contained instrument for phase-referenced imaging of faint tar-
gets and precise narrow angle astrometry. Figure 1 illustrates the

GRAVITY concept. For clarity, only two of four telescopes, that
is, one out of six baselines, are shown.

The working principle of GRAVITY is as follows: a bright
wavefront reference star (e.g., in the Galactic center this is
GC IRS 7, a mK = 6.5 mag star at 5.500 separation from the su-
permassive black hole) outside the 200 field-of-view of the VLTI
is picked with the PRIMA star separator (Delplancke et al. 2004)
and imaged onto the GRAVITY Coudé infrared adaptive op-
tics (CIAO) wavefront sensors. The wavefront correction is ap-
plied using the MACAO deformable mirrors of the UTs. The
200 field-of-view of the VLTI contains both the science target
(Sgr A*) and the phase reference star (GC IRS 16C, 1.2300 sepa-
ration, mK = 9.7 mag). Both objects are re-imaged via the main
delay lines (Derie 2000) to the GRAVITY beam combiner in-
strument. Laser guiding beams are launched at the star separator
and telescope spider arms to trace the tip-tilt and pupil motion,
respectively, within the VLTI beam relay. The GRAVITY beam
combiner instrument has internal sensors and actuators to an-
alyze these beams and to apply the corresponding corrections.

A94, page 3 of 23
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can be outside the VLTI field of view. Depending on the brightness of the science object (red), the fringe tracker is either fed by a beam splitter,
or � as illustrated in this figure � by a bright o↵-axis phase reference star (blue). The GRAVITY subsystems (light blue boxes) are embedded and
take advantage of the already existing VLTI infrastructure (light red boxes).

the ATs was carried out in June and September 2016, with first
results published in, for example, Le Bouquin et al. (2017) and
Kraus et al. (2017). Science operation with the ATs started in
October 2016, followed by the UTs in April 2017.

This paper provides a comprehensive description of the in-
strument (Sect. 2) and presents a set of early observations that
illustrate its power (Sect. 3). The detailed description of the in-
strument subsystems and software, and of the analysis and inter-
pretation of the observations, will be given in several forthcom-
ing papers.

2. The GRAVITY instrument

2.1. Overview and working principle

The goal of the GRAVITY design is to provide a largely self-
contained instrument for phase-referenced imaging of faint tar-
gets and precise narrow angle astrometry. Figure 1 illustrates the

GRAVITY concept. For clarity, only two of four telescopes, that
is, one out of six baselines, are shown.

The working principle of GRAVITY is as follows: a bright
wavefront reference star (e.g., in the Galactic center this is
GC IRS 7, a mK = 6.5 mag star at 5.500 separation from the su-
permassive black hole) outside the 200 field-of-view of the VLTI
is picked with the PRIMA star separator (Delplancke et al. 2004)
and imaged onto the GRAVITY Coudé infrared adaptive op-
tics (CIAO) wavefront sensors. The wavefront correction is ap-
plied using the MACAO deformable mirrors of the UTs. The
200 field-of-view of the VLTI contains both the science target
(Sgr A*) and the phase reference star (GC IRS 16C, 1.2300 sepa-
ration, mK = 9.7 mag). Both objects are re-imaged via the main
delay lines (Derie 2000) to the GRAVITY beam combiner in-
strument. Laser guiding beams are launched at the star separator
and telescope spider arms to trace the tip-tilt and pupil motion,
respectively, within the VLTI beam relay. The GRAVITY beam
combiner instrument has internal sensors and actuators to an-
alyze these beams and to apply the corresponding corrections.
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Fig. 1. Overview and working principle of GRAVITY: the instrument coherently combines the light of the four 8 m UTs of the VLTI or the
four 1.8 m ATs. It provides infrared wavefront sensing to control the telescope adaptive optics, two interferometric beam combiners � one for
fringe-tracking and one for the science object �, an acquisition camera and various laser guiding systems for beam stabilization, and a dedicated
laser metrology to trace the optical path length di↵erences for narrow angle astrometry. The overview illustrates the light path and location of the
various subsystems. For clarity, we show only two telescopes, one beam combiner, and one wavefront sensor. The wavefront sensor star (green)
can be outside the VLTI field of view. Depending on the brightness of the science object (red), the fringe tracker is either fed by a beam splitter,
or � as illustrated in this figure � by a bright o↵-axis phase reference star (blue). The GRAVITY subsystems (light blue boxes) are embedded and
take advantage of the already existing VLTI infrastructure (light red boxes).

the ATs was carried out in June and September 2016, with first
results published in, for example, Le Bouquin et al. (2017) and
Kraus et al. (2017). Science operation with the ATs started in
October 2016, followed by the UTs in April 2017.

This paper provides a comprehensive description of the in-
strument (Sect. 2) and presents a set of early observations that
illustrate its power (Sect. 3). The detailed description of the in-
strument subsystems and software, and of the analysis and inter-
pretation of the observations, will be given in several forthcom-
ing papers.

2. The GRAVITY instrument

2.1. Overview and working principle

The goal of the GRAVITY design is to provide a largely self-
contained instrument for phase-referenced imaging of faint tar-
gets and precise narrow angle astrometry. Figure 1 illustrates the

GRAVITY concept. For clarity, only two of four telescopes, that
is, one out of six baselines, are shown.

The working principle of GRAVITY is as follows: a bright
wavefront reference star (e.g., in the Galactic center this is
GC IRS 7, a mK = 6.5 mag star at 5.500 separation from the su-
permassive black hole) outside the 200 field-of-view of the VLTI
is picked with the PRIMA star separator (Delplancke et al. 2004)
and imaged onto the GRAVITY Coudé infrared adaptive op-
tics (CIAO) wavefront sensors. The wavefront correction is ap-
plied using the MACAO deformable mirrors of the UTs. The
200 field-of-view of the VLTI contains both the science target
(Sgr A*) and the phase reference star (GC IRS 16C, 1.2300 sepa-
ration, mK = 9.7 mag). Both objects are re-imaged via the main
delay lines (Derie 2000) to the GRAVITY beam combiner in-
strument. Laser guiding beams are launched at the star separator
and telescope spider arms to trace the tip-tilt and pupil motion,
respectively, within the VLTI beam relay. The GRAVITY beam
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and ω the light pulsation, related to the wavelength λ and the speed of light c by
ω = 2πc/λ.

The light intensity at the focus of the instrument (see Fig. 1 for details) is the
result of the superposition of many electromagnetic waves coming from the pupil
of the instrument:

I(x⃗) =

〈∥∥∥E⃗(x⃗, t)
∥∥∥
2
〉
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(3.3)

The i index represent a number of arbitrarily chosen points in the plane of
interest. x⃗ is the 2D coordinate vector onto the focal plane, screen or detector.
For example, p⃗i is the coordinate vector onto the pupil plane. τi represents the
propagation delay between the different incoming electromagnetic waves.

When the pupil is split like in Fig. 1, it is convenient to define B⃗ the separation
vector between the sub-pupils. This vector, or its length, is often called “baseline”.

If one considers a point-source light emitter (i.e. the wavefront at the entrance
pupil is a plane), this expression can be integrated onto the pupil, instead of
summed as in eq. 3.3 to see what the shape of the intensity in the image plane is.

For example, in the case of a round pupil of diameter D, the light intensity
will follow an Airy pattern (see the demonstration in Perez 1988 page 288), which
writes:

differential 
phase
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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 
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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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Extended Data Fig. 1 | Differential phases and u–v coverage.  
a, Differential phase curves (coloured points with 1σ error bars) on the six 
VLTI baselines (rows) at four epochs (columns) and time-averaged 3C 273 
Paα line profile (black points, identical in each panel). The best-fitting 
BLR model to all data are shown as solid lines. b, u–v coverage for all of 

our data (in units of millions of λ, Mλ), with observed points  
(in colour) mirrored in grey. Note the close alignment between all 
baselines, particularly those without UT4, with the position angle of the 
large-scale radio jet of 3C 273.

© 2018 Springer Nature Limited. All rights reserved.
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dispersion of galaxy bulges σ25,26. Typically, = .f 4 3 for v = σline and 
= .f 1 1 for v = FWHMline. For the observed 3C 273 Paα line, we meas-

ure σline = 1,400 km s−1 (f = 4.7 ± 1.4) and FWHMline = 2,700 km s−1 
(f = 1.3 ± 0.2), both in good agreement with the mean values used for 
Hβ in the literature27.

Because they used a larger RBLR (260–380 light days)7,8,27 for 3C 273, 
previous studies found a mass of roughly double what we found. The 
mass is correlated with inclination: higher mass requires lower inclina-
tion to match the observed line width. Our RBLR and MBH could also in 
principle be underestimated: a larger BLR with added disorder may also 
be able to explain the phase signatures that we observe. Our highest- 
velocity photo-centre on the blue side (which has the lowest signal-to- 
noise ratio and is therefore not shown in Fig. 1) is offset (by 1σ–2σ) to 
the south and lies along the jet (Methods, Extended Data Fig. 2). This 
could be a hint of a second kinematic component contributing line flux.

Our results support the fundamental assumptions of reverberation 
mapping. The broad line width is dominated by bound motion in the 
gravitational potential of the black hole, and our inferred values of f 
match what is commonly found from the mean population. The size of 
the region is about half what is typically assumed, but within the large 
range of results reported for 3C 273. Quantitative size comparisons 
should be done using Seyfert galaxies with shorter lags, for which the 
radius is better determined from reverberation mapping. A compari-
son between velocity-resolved reverberation and (contemporaneous) 
interferometry in the same object would be particularly promising: 
reverberation mapping can unambiguously distinguish rotation from 
inflow and outflow, interferometry measures the orientation on the 
sky, and both techniques independently probe size and structure. The 
thick disk structure that we infer in 3C 273 could have a physical origin 
either in the inflowing surface layer of a geometrically thick accretion 
disk28 or in a rotating wind launched from the surface of a thin disk29. 
Distinguishing these scenarios will require detailed model predic-
tions, because strong outflows can still exhibit dominant signatures 
of rotation30.

The combination of low inclination angles, large opening angles, 
a small radius and the alignment of our baselines with the rotation 
axis reduces the observed phase amplitude (roughly 0.3°) from the 
predicted value (more than 1°). Nonetheless, we have shown that the 
sensitivity of GRAVITY allows measurements of the size and struc-
ture of the BLR. Future observations could aim to measure a rotation 
curve and search for additional (for example, outflow) components 
and structural variability. With current instrumentation, spectro- 
interferometry is limited to the brightest AGN (with near-infrared 
magnitudes of less than 12 and visible magnitudes of less than 15). 
With an on-going observing programme, we plan to measure the prop-
erties of line and torus emission regions in a small sample of quasars 
and Seyfert galaxies10. The angular size of each component scales with 
the observed optical flux6, making interferometry particularly well 
suited to exploring the physical origin of the broad-line region and 
to measuring black-hole masses in luminous quasars such as 3C 273, 
which are more representative of the supermassive black holes found 
in large samples out to high redshift.
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Table 1 | Estimates of the kinematic BLR model parameters
Parameter Value Description

RBLR (µas) 46 ± 10 Mean angular distance of the cloud 
from the black hole

Rmin (µas) 11 ± 3 Minimum angular distance of the 
cloud from the black hole

β 1.4 ± 0.2 Radial distribution shape parameter

θo (°) −
+45 6

9 Half-opening angle of the disk

i (°) 12 ± 2 Inclination angle of the observer

PA (° E of N) −
+210 9

6 Position angle on the sky

MBH (108M⊙) 2.6 ± 1.1 Black-hole mass

Values are medians and uncertainties represent 90% confidence ranges.
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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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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 −

+!
!
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45 6
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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 
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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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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 
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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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Fig. 11. Plot of normalized QSO’s galaxies spectra ordered according to their shapes from a stepeer spectrum (top) to a flatter one (bottom). Some
emission lines are also identified. For more details see text.
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Fig. 12. Plot of normalized Sy 2’s galaxies spectra ordered according to their shapes from a stepeer spectrum (top) to a flatter one (bottom). Some
emission lines are also identified. For more details see text.
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FIG. 2.ÈNumber of quasar spectra combined in each 1 bin of theA!
composite as a function of rest wavelength.

FIG. 3.ÈComposite quasar spectrum using median combining. Power-
law Ðts to the estimated continuum Ñux are shown. The resolution of the
input spectra is B1800, which gives a wavelength resolution of about 1 A!
in the rest frame.

spectra were shifted to the rest frame using the reÐned red-
shifts, then rebinned onto a common wavelength scale at
1 per bin, which is roughly the resolution of the observedA!
spectra shifted to the rest frame. The number of quasar
spectra that contribute to each 1 bin is shown as a func-A!
tion of wavelength in Figure 2. The median spectrum was
constructed from the entire data set in the same way as the
[O III] composite, as described in the previous section. The
spectral region blueward of the Lya emission line was
ignored when calculating the Ñux density scaling, since the
Lya forest Ñux density varies greatly from spectrum to spec-
trum. The Ðnal spectrum was truncated to 800 on theA!
short-wavelength end, since there was little or no usable Ñux
in the contributing spectra at shorter wavelengths. The
median Ñux density values of the shifted, rebinned, and
scaled spectra were determined for each wavelength bin to
form the Ðnal median composite quasar spectrum, shown in
Figure 3 on a logarithmic scale. An error array was calcu-

FIG. 4.ÈS/N per 1 bin for the median composite quasar spectrum.A!
The peak reaches almost 330 at 2800 A! .

lated by dividing the 68% semi-interquantile range of the
Ñux densities by the square root of the number of spectra
contributing to each bin. This estimate agrees well with the
uncertainty determined by measuring the variance in rela-
tively featureless sections of the combined spectrum. The
median spectrum extends from 800 to 8555 in the restA!
frame. Figure 4 shows the S/N per 1 bin, whichA!
approaches 330 at 2800 The wavelength, Ñux density,A! .
and uncertainty arrays of the median spectrum are given in
Table 1.

To generate the geometric mean spectrum, the shifted
and rebinned spectra were normalized to unit average Ñux
density over the rest-wavelength interval 3020È3100 A! ,
which contains no strong narrow emission lines and is
covered by about 90% of the spectra. The restriction that
the input spectra cover this interval results in a combined
spectrum that ranges from about 1300 to 7300 and isA!
composed of spectra with redshifts from z \ 0.26 to 1.92.

TABLE 1

MEDIAN COMPOSITE QUASAR SPECTRUM

j fj fj Uncertainty
(A! ) (arbitrary units) (arbitrary units)

800.5 . . . . . . 0.149 0.074
801.5 . . . . . . 0.000 0.260
802.5 . . . . . . 0.676 0.227
803.5 . . . . . . 0.000 0.222
804.5 . . . . . . 0.413 0.159
805.5 . . . . . . 0.338 0.326
806.5 . . . . . . 0.224 0.159
807.5 . . . . . . 0.122 0.360
808.5 . . . . . . 0.612 0.346
809.5 . . . . . . 0.752 0.304
810.5 . . . . . . 0.197 0.257
811.5 . . . . . . 0.187 0.189
812.5 . . . . . . 0.000 0.126
813.5 . . . . . . 0.000 0.171
814.5 . . . . . . 0.502 0.181

NOTES.ÈTable 1 is available in its entirety in the
electronic edition of the Astronomical Journal. A
portion is shown here for guidance regarding its form
and content.

Vanden Berk et al. (2001)

UV Optical Near-IR
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Close to 3C273 observation 
(e.g. Pietrini et al. 2008)

Constant density  
(Kaspi & Netzer 1999)

Constant total pressure  
(e.g., Baskin et al. 2014)

H density ~ const.

Outside 
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The Fvar of each light curve is listed in Table 2. The variation
amplitudes of the continuum and H� fluxes are 10.9% and
5.2%, respectively. In addition, we also list Rmax in Table 2,
which is defined as the ratio of the maximum to the minimum
in the light curve, as well as the median values of the light
curves and their standard deviations.

4.2. Time lags

The continuum light curve of 3C 273 shows long-term
variations that do not appear in the emission-line light curves

(see Figure 4). This long-term trend may bias the lag detec-
tion, and thus we “detrend” the 5100Å light curve by sub-
tracting a linear fit before the lag measurement (suggested
by Welsh 1999, see also, e.g., Peterson et al. 2004; Denney
et al. 2010). This fit is shown in Figure 4. The detrending
improves the correlation coefficients in the following cross-
correlation analysis. We tried to detrend the emission-line
light curves, but the slopes of their linear fits are all close to
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The Fvar of each light curve is listed in Table 2. The variation
amplitudes of the continuum and H� fluxes are 10.9% and
5.2%, respectively. In addition, we also list Rmax in Table 2,
which is defined as the ratio of the maximum to the minimum
in the light curve, as well as the median values of the light
curves and their standard deviations.

4.2. Time lags

The continuum light curve of 3C 273 shows long-term
variations that do not appear in the emission-line light curves

(see Figure 4). This long-term trend may bias the lag detec-
tion, and thus we “detrend” the 5100Å light curve by sub-
tracting a linear fit before the lag measurement (suggested
by Welsh 1999, see also, e.g., Peterson et al. 2004; Denney
et al. 2010). This fit is shown in Figure 4. The detrending
improves the correlation coefficients in the following cross-
correlation analysis. We tried to detrend the emission-line
light curves, but the slopes of their linear fits are all close to
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Resolving the hot dust emission with GRAVITY
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GRAVITY Collaboration: An image of the dust sublimation region in the nucleus of NGC 1068
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Fig. 1. Data for NGC 1068, showing the squared visibility. The light coloured filled data points were obtained with the AT array in compact
configuration (spatial frequencies 5 < f < 17 M�.). The high spatial frequency data were taken with the UT array. The small inset shows the
corresponding UV coordinates. The open blue and red symbols (spatial frequencies f < 4 M�) represent speckle data from Weigelt et al. (2004),
which are shown only for comparison; they were not used for the image reconstruction. The data point and error bar at a spatial frequency of
21 M�, lying above our new data, shows the only previous near-infrared VLTI detection of NGC 1068 (Wittkowski et al. 2004).
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Fig. 2. Closure phase data of NGC 1068. See Figure 1 for the explana-
tions of the symbols. The highly non-zero closure phases indicate strong
source asymmetries on all spatial scales.

molecules would lead to a thermalization of the population. Ul-
timately, the maser emission rate is limited by the loss or de-
struction rate of this accompanying far-infrared radiation (Rank

et al. 1971; Neufeld et al. 1994). This constrains the geometry of
the maser source because the surface area for cooling should be
optimised, favouring an elongated or flat structure (Lo 2005).

The fact that mega-masers are almost exclusively found in
Seyfert 2 galaxies (Ramolla et al. 2011) is consistent with the
picture that maser emission is produced and beamed in the
plane of the obscuring material. In NGC 1068, nuclear H2O
22 GHz maser emission is detected, spanning a velocity range of
600 km s�1 nearly symmetric about the systemic velocity of the
galaxy (Greenhill & Gwinn 1997; Gallimore et al. 2001). The
maser spots extend out to ⇠0.8 pc, aligned along a position angle
of roughly �45�. While symmetric in velocity, the masers at pos-
itive velocities ("red masers") are a factor ⇠4-5 brighter than the
"blue masers" (Gallimore et al. 2001). In particular H2O, 22 GHz
emission requires hydrogen densities of ⇠ 107 � 1011 cm�3 and
dust temperatures above ⇠ 400 K, but not too far in excess of
1000-1500 K (Neufeld 2000). The pump rate of di↵erent water
emission lines (22, 183, 321 and 325 GHz) depends sensitively
on the local density and temperature (Neufeld 2000). The detec-
tion of these higher transitions in the future (e.g. with ALMA)
can therefore provide valuable information on the conditions
close to the sublimation region.

Unfortunately the absolute astrometric accuracy (few
100 mas) of the infrared emission is not su�cient to align the
radio and the infrared emission on the scales of interest for this
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timately, the maser emission rate is limited by the loss or de-
struction rate of this accompanying far-infrared radiation (Rank

et al. 1971; Neufeld et al. 1994). This constrains the geometry of
the maser source because the surface area for cooling should be
optimised, favouring an elongated or flat structure (Lo 2005).

The fact that mega-masers are almost exclusively found in
Seyfert 2 galaxies (Ramolla et al. 2011) is consistent with the
picture that maser emission is produced and beamed in the
plane of the obscuring material. In NGC 1068, nuclear H2O
22 GHz maser emission is detected, spanning a velocity range of
600 km s�1 nearly symmetric about the systemic velocity of the
galaxy (Greenhill & Gwinn 1997; Gallimore et al. 2001). The
maser spots extend out to ⇠0.8 pc, aligned along a position angle
of roughly �45�. While symmetric in velocity, the masers at pos-
itive velocities ("red masers") are a factor ⇠4-5 brighter than the
"blue masers" (Gallimore et al. 2001). In particular H2O, 22 GHz
emission requires hydrogen densities of ⇠ 107 � 1011 cm�3 and
dust temperatures above ⇠ 400 K, but not too far in excess of
1000-1500 K (Neufeld 2000). The pump rate of di↵erent water
emission lines (22, 183, 321 and 325 GHz) depends sensitively
on the local density and temperature (Neufeld 2000). The detec-
tion of these higher transitions in the future (e.g. with ALMA)
can therefore provide valuable information on the conditions
close to the sublimation region.

Unfortunately the absolute astrometric accuracy (few
100 mas) of the infrared emission is not su�cient to align the
radio and the infrared emission on the scales of interest for this
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Fig. 3. Reconstructed image of the central 2.8 ⇥ 2.8 pc of NGC 1068. The elliptical beam, which was used to convolve the image, is shown in the
lower left.

paper, although the radio continuum and the maser emission can
be aligned to ⇠1.3 mas accuracy (Gallimore et al. 2004). A nat-
ural choice is to align the center of the striking ring-like struc-
ture in the K-band continuum with the kinematic center of the
masers (Gallimore & Impellizzeri, submitted). This leads to an
astonishing alignment between the south-western infrared ridge
(side facing the observer) and the maser spots. The overall mor-
phological match between the maser, radio-continuum and K-
band emission is remarkable (see Figure 4). This suggests that
the maser and the K-band emission originate from the same re-
gion, the dust sublimation ring. The fact that maser emission is
only detected on the side facing the observer is consistent with
the directional beaming of the maser emission (masing clouds
are located between the central source and observer). We only
find infrared counterparts of the “systemic-” and “red masers”.
The weaker “blue masers” show no infrared counterpart.

4. Infrared spectral energy distribution

Our K-band image of NGC 1068 shows the central emitting re-
gion at an unprecedented spatial resolution. This allows us to es-
timate the brightness temperature based on the observed NIR and
mid-infrared fluxes. The GRAVITY fringe-tracker samples the
K-band with five spectral elements between 1.95 and 2.35 µm.
The observed flux of NGC 1068 shows a very red colour across
the K-band. Based on the observed slope we can constrain the
e↵ective temperature and the extinction. Figure 5 shows the ob-

served K-band flux. We also included the published mid-infrared
(8-13 µm) SED for the central component (taken from Raban
et al. 2009; López-Gonzaga et al. 2014).

In the following subsections, we discuss several models that
might explain the observed K-band emission. We first provide a
short description of the key points of each model, where it can
succeed, and where it fails. We focus on whether each of the
models can explain the ring-like structure seen in the interfer-
ometric data, whether they match the slope of the NIR contin-
uum, and whether they are consistent with other observational
constraints (e.g. extinction, luminosity and covering factor).

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

2. Model 2 enables us to explain both the observed K-band and
mid-infrared emission with a single, rather cool dust struc-
ture of Te↵ ⇡ 720 K. The required NIR luminosity is rather
low, and hence so is the implied covering factor, which is nat-
urally the case for a co-planar thin disk. The major di�culty
is that this also implies too little foreground extinction.

3. Model 3 assumes hot dust of Te↵ ⇡ 1500 K absorbed by sig-
nificant foreground extinction. This is mainly motivated by
the observed emission size, which suggests hot dust close to
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GRAVITY Collaboration: An image of the dust sublimation region in the nucleus of NGC 1068
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Fig. 4. Reconstructed and deconvolved image of the central 2.1 ⇥ 2.1 pc of NGC 1068. The best fitting circular ring is shown in dashed white
(r = 0.24 pc (3.5 mas). The dust sublimation sizes for the range of bolometric luminosities (⇠0.08 - 0.27 pc) are shown in orange dotted ellipses
(Lbol = 0.4�4.7⇥1045 erg/s). The filled black circle indicates the position of the AGN, i.e. the kinematic center of the masers . The radio continuum
(grey contours) and the maser emission (filled coloured circles) were extracted from Gallimore et al. (2004) and aligned based on the re-analysis of
Gallimore & Impellizzeri (2019, submitted). The radio and IR images are aligned based on the continuum peaks. The green dashed lines indicate
the bipolar outflow cone observed in IR polarisation on scales of few hundred mas (Gratadour et al. 2015). The orientation of the polarisation cone
is very similar to the large scale ionisation cone found by Das et al. (2006). The gray dashed ellipse indicates the observed 10 µm emission size
(taken from Raban et al. 2009). The elliptical beam, used for the reconstruction, is shown in the lower left corner.

the sublimation region. This model requires that the bulk of
the mid-infrared continuum originates in separate structures
(consistent with the model proposed by Vollmer et al. 2018).
Its positive aspects are that it can match the observed steep
red slope of the NIR continuum, and that the required fore-
ground extinction is consistent with that expected from other
observations. The main di�culty is that the high NIR lumi-
nosity requires a large covering factor. But this can be re-
solved if the accretion disk is tilted with respect to the maser
disk as hinted at in point (4) of the introduction.

4. Model 4 is an alternative to Model 3, in which all of the
bright NIR continuum observed by GRAVITY originates
from the far side, rather than near-side, of the inner disk.
Rather than recognising the K-band ring as a physical struc-
ture as in Model 3, this model assigns the NIR morphology
to chance alignment due to clouds along the line of sight. In
particular, it requires unrelated patchy obscuration to create

an apparent ring-like structure with a position angle, aspect
ratio, and size that match the geometry given by the maser
disk and dust sublimation radius.

4.1. Model 1: Standard Torus

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

Here we consider the photometric aspect. We compare our
infrared SED to standard torus models of Stalevski et al. (2012).
These models use a two-phase medium of high density clumps
and low-density gas filling the space in between. The model as-
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Figure 6. Distributions of measured closure phases for NGC 3783 (orange) and other AGN
targets with su�cient data (3C 273, PDS 456, Mrk 509, IRAS 09149-6206).

We do not find evidence for 2D (elongated) or asymmetric structure in either the

SC or FT data, except in NGC 3783, which will be analyzed in more detail elsewhere.

Figure 6 shows distributions of closure phases combined for 3C 273, PDS 456, IRAS

09149-6206, and Mrk 509 (our sources with the most and highest precision data). The

distributions show a typical closure phase rms of ±1� with a median consistent with

zero, indicating symmetric structure on mas scales. The closure phases measured for

NGC 3783 are shown as a separate histogram, are always < 0�, and clearly indicative

of asymmetry. For consistency with the other sources, we report size measurements

for NGC 3783 from 1D Gaussian model fits, even though the model is inconsistent

with the observed non-zero closure phases.

4.2. The hot dust is more extended than the BLR

In all sources where we detect a di↵erential amplitude signature, the amplitude

increases at the line, showing robustly that the broad emission line region is more

compact than the hot dust continuum. In the remaining targets we were limited by

sensitivity, e.g. the size di↵erence is not constraining. We confirm that the hot dust

emission region is much larger than the BLR, as inferred from past reverberation

and spectral measurements (e.g., Netzer 2015, and references therein). In 3C 273

we also have an interferometric BLR radius measured from kinematic modeling of

the detected velocity gradient in di↵erential phase data (Gravity Collaboration et al.

2018), which is a factor ' 3 smaller than that of the hot dust.

4.3. Hot dust size measurements

6 GRAVITY AGN team

Figure 3. Sample 1D Gaussian model fits (solid lines) to GRAVITY FT data (black
points).

increasing baseline length. For NGC 1365, the visibility at zero baseline reaches unity,

as it should for a model of a single compact source. In IRAS 09149-6206, it reaches

only V 2(0) ' 0.8. The zero baseline visibility varies between sources but also between

exposures and nights for the same target. We attribute this to a likely coherence loss,

although some fraction could also result from extended nuclear K band continuum

emission. To deal with this e↵ect, we fit for the zero baseline visibility along with the

source size in each exposure for each object over all nights. The function fit is then,

V 2 = V 2
0 exp (�4⇡2r2uv�

2), (1)

for zero baseline visibility V0, size parameter � in radians, and ruv the baseline length

in units of the observed wavelength �. We report sizes after converting � to FWHM

measured in mas. Sample fits are shown in Figure 3, plotted against all data from

one night for each source.

We determine average sizes and uncertainties from the median and rms scatter of

all measured sizes over all exposures. To account for correlated systematic errors

in calibration, possibly related to AO performance and seeing conditions, we choose

an uncertainty in the mean reduced by
p
Nepochs (nights) rather than by the total

number of exposures.

3.2. Di↵erential visibility amplitude analysis

We also independently estimate hot dust continuum visibility amplitudes from the

di↵erential amplitude measured in the continuum and spectral line (Gravity Col-

laboration et al. 2018). We normalize the visibility amplitude of each baseline and

exposure to its median value, flatten slopes across the wavelength range by filtering

out low frequency modes (dividing by a Gaussian convolved version of the amplitude

curve), and average over time with weights measured empirically as the inverse vari-

ance of the flattened amplitude curve in each exposure. The final uncertainties are

taken from the combination of those empirical weights.
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Figure 3. Sample 1D Gaussian model fits (solid lines) to GRAVITY FT data (black
points).
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exposures and nights for the same target. We attribute this to a likely coherence loss,

although some fraction could also result from extended nuclear K band continuum

emission. To deal with this e↵ect, we fit for the zero baseline visibility along with the

source size in each exposure for each object over all nights. The function fit is then,

V 2 = V 2
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2), (1)

for zero baseline visibility V0, size parameter � in radians, and ruv the baseline length

in units of the observed wavelength �. We report sizes after converting � to FWHM

measured in mas. Sample fits are shown in Figure 3, plotted against all data from

one night for each source.

We determine average sizes and uncertainties from the median and rms scatter of

all measured sizes over all exposures. To account for correlated systematic errors

in calibration, possibly related to AO performance and seeing conditions, we choose

an uncertainty in the mean reduced by
p

Nepochs (nights) rather than by the total

number of exposures.

3.2. Di↵erential visibility amplitude analysis

We also independently estimate hot dust continuum visibility amplitudes from the

di↵erential amplitude measured in the continuum and spectral line (Gravity Col-

laboration et al. 2018). We normalize the visibility amplitude of each baseline and

exposure to its median value, flatten slopes across the wavelength range by filtering

out low frequency modes (dividing by a Gaussian convolved version of the amplitude

curve), and average over time with weights measured empirically as the inverse vari-

ance of the flattened amplitude curve in each exposure. The final uncertainties are

taken from the combination of those empirical weights.
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Figure 7. Average source angular sizes (Gaussian FWHM) and their uncertainties mea-
sured from both continuum (FT) and spectral di↵erential (SC) data.

Table 2. Angular and physical size measurements, dust surface emissivities, and bolometric
luminosities used here. Angular sizes are reported as Gaussian FWHM, while physical radii
are measured for a thin ring model assuming a 20% point source fraction.

source FT size (mas) SC size (mas) radius (pc) emissivity logLbol

PDS 456 0.59± 0.08 0.42± 0.06 1.342± 0.179 0.13± 0.03 47.00
NGC 3783 0.82± 0.13 0.47± 0.17 0.114± 0.018 0.11± 0.03 44.52
3C 273 0.32± 0.06 0.28± 0.03 0.567± 0.106 0.71± 0.27 46.64
Mrk 509 0.54± 0.06 · · · 0.265± 0.028 0.13± 0.03 45.33
NGC 1365 0.55± 0.06 · · · 0.032± 0.004 0.24± 0.06 43.05
3C 120 0.71± 0.16 · · · 0.318± 0.071 0.03± 0.01 45.28
IRAS 09149-6206 0.54± 0.05 0.64± 0.06 0.405± 0.041 0.30± 0.06 45.29
Mrk 335 0.44± 0.12 · · · 0.149± 0.039 0.14± 0.07 44.80

FWHM 1D Gaussian size measurements for each source are shown in Figure 7 and

listed in Table 2 for the FT and where available also the SC measurements. All sources

are partially resolved with sizes . 1 mas, and as compact as ' 0.3 mas (3C 273).

Such small sizes relative to the VLTI interferometric beam are still detected due to the

high sensitivity and improved uv-coverage of GRAVITY. The sizes measured by the

SC and FT methods are generally consistent. The scatter in our size measurements is

dominated by systematic calibration errors, which cause scatter in the sizes measured

in individual exposures that are much larger than expected by the signal-to-noise of

the individual V 2 measurements.
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Figure 2. Sample V
2 GRAVITY FT data as a function of baseline length for two sources.

The data pointed are color-coded by baseline. In both cases the sources are partially
resolved, e.g. the visibilities fall with baseline length. For IRAS 09149-6206, the short
baselines do not approach V

2 = 1.

ation of the optical path di↵erences of the baselines. The purpose of the fringe tracker

is to provide the phase reference for the integration of the science data. Meanwhile,

the coherence loss is not optimized. If the tracking source is bright, most (& 90%)

of the FT group delays are . 3 µm. However, the group delay of a considerable

fraction (e.g., & 50%) of the AGN fringe tracking data are usually much larger, re-

sulting in considerable visibility loss. As an example in Figure 1, if we average all of

the FT data, the visibility is much lower than unity. The correlation of the visibility

squared and Strehl ratio implicates that the visibility loss is likely a↵ected by the

atmosphere. When we only select the DITs with group delay < 3µm, the averaged

visibility squared data are apparently improved. And the correlation of the visibility

squared and the Strehl ratio also vanishes. Although there are other e↵ects possibly

still keeping the visibility of the shortest baseline (UT3–UT2) below unity, the data

selection based on the group delay is apparently e↵ective to improve the data.

3. VISIBILITY MODEL FITTING

The typical size scales of hot dust in Type 1 AGN are . 1 mas while the maxi-

mum VLTI/UT baseline resolution is ' 3 mas. As a result, all of our targets are

only partially resolved. In that limit, all source models predict a similar trend of

visibility amplitude (or V 2) with uv distance (spatial frequency). The observable

property is then the characteristic size, related to the normalized second moment of

the image (e.g., Lachaume 2003; Johnson et al. 2018). We adopt Gaussian source

models throughout, and use both FT and SC data to measure the characteristic size

(FWHM) of the hot dust emission region.

3.1. Continuum visibility fitting

Sample FT continuum V 2 data for two sources are shown in Figure 2, color-coded

by baseline. In both cases the source is partially resolved, e.g. the visibilities fall with
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Figure 7. Average source angular sizes (Gaussian FWHM) and their uncertainties mea-
sured from both continuum (FT) and spectral di↵erential (SC) data.

Table 2. Angular and physical size measurements, dust surface emissivities, and bolometric
luminosities used here. Angular sizes are reported as Gaussian FWHM, while physical radii
are measured for a thin ring model assuming a 20% point source fraction.

source FT size (mas) SC size (mas) radius (pc) emissivity logLbol

PDS 456 0.59± 0.08 0.42± 0.06 1.342± 0.179 0.13± 0.03 47.00
NGC 3783 0.82± 0.13 0.47± 0.17 0.114± 0.018 0.11± 0.03 44.52
3C 273 0.32± 0.06 0.28± 0.03 0.567± 0.106 0.71± 0.27 46.64
Mrk 509 0.54± 0.06 · · · 0.265± 0.028 0.13± 0.03 45.33
NGC 1365 0.55± 0.06 · · · 0.032± 0.004 0.24± 0.06 43.05
3C 120 0.71± 0.16 · · · 0.318± 0.071 0.03± 0.01 45.28
IRAS 09149-6206 0.54± 0.05 0.64± 0.06 0.405± 0.041 0.30± 0.06 45.29
Mrk 335 0.44± 0.12 · · · 0.149± 0.039 0.14± 0.07 44.80

FWHM 1D Gaussian size measurements for each source are shown in Figure 7 and

listed in Table 2 for the FT and where available also the SC measurements. All sources

are partially resolved with sizes . 1 mas, and as compact as ' 0.3 mas (3C 273).

Such small sizes relative to the VLTI interferometric beam are still detected due to the

high sensitivity and improved uv-coverage of GRAVITY. The sizes measured by the

SC and FT methods are generally consistent. The scatter in our size measurements is

dominated by systematic calibration errors, which cause scatter in the sizes measured

in individual exposures that are much larger than expected by the signal-to-noise of

the individual V 2 measurements.
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Figure 4. Di↵erential visibility amplitude for PDS 456 from 2018-08-26 averaged over
long baselines. The orange curve shows a model of an unresolved BLR and a Gaussian
continuum.

Figure 5. Sample squared visibilities measured for FT (small circles colored by baseline)
compared to those derived from SC di↵erential amplitudes (black circles and averages as
large squares) for 3C 273 (left) and IRAS 09149-6206 (right). The FT data have been
divided by the best fitting zero baseline visibility, so that V 2(0) = 1. With that scaling, the
two independent measurements are generally consistent.

The normalized visibility at a spectral channel with line flux f relative to a contin-

uum level of 1 is then

v =
1 + fVl/Vc

1 + f
, (2)

where Vc and Vl are the continuum and line visibilities. At the spectral line, f >

0. We see then that comparing v at continuum to line channels is sensitive to the

relative visibilities of the line and spectral channels. In the partially resolved limit,
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LETTERRESEARCH

Extended Data Fig. 4 | Additional BLR size constraints. We averaged the 
differential visibility amplitude (blue, ‘visamp’) for 3C 273 over all epochs 
and between the two longest baselines (UT4-1 and UT3-1). Error bars are 
1σ. The amplitude increases at the spectral line (black), demonstrating 
that the hot dust continuum (which has a radius of about 150 µas) is 

much larger in size than the BLR. This result rules out a previous claim 
of a large region size in 3C 27312, and is consistent with the compact size 
(RBLR ≈ 50 µas) that we find independently from modelling interferometric 
phase and spectral-line data.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 4 | Additional BLR size constraints. We averaged the 
differential visibility amplitude (blue, ‘visamp’) for 3C 273 over all epochs 
and between the two longest baselines (UT4-1 and UT3-1). Error bars are 
1σ. The amplitude increases at the spectral line (black), demonstrating 
that the hot dust continuum (which has a radius of about 150 µas) is 

much larger in size than the BLR. This result rules out a previous claim 
of a large region size in 3C 27312, and is consistent with the compact size 
(RBLR ≈ 50 µas) that we find independently from modelling interferometric 
phase and spectral-line data.

© 2018 Springer Nature Limited. All rights reserved.
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Figure 4. Di↵erential visibility amplitude for PDS 456 from 2018-08-26 averaged over
long baselines. The orange curve shows a model of an unresolved BLR and a Gaussian
continuum.

Figure 5. Sample squared visibilities measured for FT (small circles colored by baseline)
compared to those derived from SC di↵erential amplitudes (black circles and averages as
large squares) for 3C 273 (left) and IRAS 09149-6206 (right). The FT data have been
divided by the best fitting zero baseline visibility, so that V 2(0) = 1. With that scaling, the
two independent measurements are generally consistent.

The normalized visibility at a spectral channel with line flux f relative to a contin-

uum level of 1 is then

v =
1 + fVl/Vc

1 + f
, (2)

where Vc and Vl are the continuum and line visibilities. At the spectral line, f >

0. We see then that comparing v at continuum to line channels is sensitive to the

relative visibilities of the line and spectral channels. In the partially resolved limit,
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Figure 9. Radius from GRAVITY and Keck/AMBER near-infrared interferometry, mea-
sured relative to the empirical radius-luminosity relation from reverberation mapping (Sug-
anuma et al. 2006; Koshida et al. 2014). Reverberation sizes are shown for comparison and
the error bars correspond to 1� in all cases. Both interferometry data sets show a larger
median size R/Rin > 1 and decreasing relative size with increasing luminosity, particularly
evident as R/Rin . 1 for quasars.

size distribution with mean grain size < 0.1µm. This is consistent with di↵erential

grain sublimation in the AGN vicinity (Hönig & Kishimoto 2017).

5.2. The hot dust radius-luminosity relation

Reverberation (Glass 1992; Suganuma et al. 2006; Koshida et al. 2014) and near-

infrared interferometry (Kishimoto et al. 2009, 2011a; Weigelt et al. 2012) observations

have used hot dust continuum sizes to measure a radius-luminosity relation, R ⇠ L1/2,

consistent with the scaling for hot dust originating near the sublimation radius. At the

same time, the normalization of that relation indicates a more compact than expected

dust region, perhaps explained by the presence of large graphite grains (Kishimoto

et al. 2007). A relationship R ⇠ L1/2 predicts equal angular size at constant observed

flux (e.g., Elvis & Karovska 2002). Here all objects are K ' 10, and their relatively

constant angular sizes ' 0.3 � 0.8 mas over 4 orders of magnitude in bolometric

luminosity show that the physical radius is indeed increasing with luminosity.

Our observations double the size of the near-infrared interferometry sample, with

significantly improved uv-coverage and sensitivity. For comparison with past work,

we measure physical radii by converting our Gaussian HWHM measurements to thin

Luminosity-size relation of hot dust emission
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Figure 8. Radius�luminosity relation for literature reverberation and interferometry size
measurements (blue and orange x’s) compared to our new GRAVITY measurements (filled
circles). The dashed line is the best fitting R ⇠ L

1/2 fit to reverberation measurements
(Suganuma et al. 2006; Koshida et al. 2014). We use FT measurements and our own
bolometric luminosity estimates in all cases. The radii reported here for all interferometry
measurements is that of a thin ring with an assumed unresolved point source flux fraction
of 20% (see subsection 5.2 for details).

the BLR is more compact than the hot dust emission from direct measurements of

the spectral di↵erential visibility amplitude. Here we discuss the implications of our

results for the size, structure, and physical properties of hot dust near AGN.

5.1. Hot dust surface emissivity

We measure the hot dust surface emissivity ✏⌫ ⌘ I⌫/B⌫ (product of grain emissivity

and surface filling factor) for objects in our sample, assuming a true dust temperature

T = 1500 K (Table 2). This metric is equivalent to the surface brightness reported by

Kishimoto et al. (2011b). Since our range of angular sizes is mostly consistent with

past work, the dust surface emissivity values are as well ✏⌫ ' 0.1� 0.2. The compact

angular size of 3C 273 leads to a higher emissivity.

Since we do not resolve the emission region, our inferred values correspond to aver-

ages over the source image, and are lower limits to the peak hot dust emissivity. The

correction could be large, if a significant amount of the K band emission originates in

a narrow ring (Kishimoto et al. 2009, Gravity Collaboration et al., submitted). Such

large surface emissivities close to blackbody emission can be expected if the dust

emission is dominated by large grains & 0.2µm as compared to a standard ISM grain



Summary
• Near-IR interferometry is powerful to measure the BH 

mass and to use quasars as probes of the cosmology


• Implement a BLR model and include the photoionization 
physics

‣ Covering factor is larger than expected


• Direct imaging of NGC 1068 K-band emission reveals a 
ring structure aligned with the maser disk


• 8 new GRAVITY hot dust sizes: strong R-L relation as 
found in previous works


• Continuum emission is always more extended than BLR

• Hot dust size drops relatively towards bright AGNs

Thanks!



GRAVITY Collaboration: An image of the dust sublimation region in the nucleus of NGC 1068
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Fig. 6. Comparison of Models 3 and 4. Left: The favoured interpretation of a (partially) optically thin image (same as in Fig.4). In this case, ring-
like structure in the K-band continuum, which has the expected position angle and aspect ratio as the inner geometry of NGC 1068, is co-planar
with the maser emission and traces the dust sublimation ring. Right: For the optically thick model, the alignment of the mid-plane (indicated by
the large dashed ring) to the near-infrared continuum observed with GRAVITY is given by radiative transfer simulations using the CAT3D-WIND
model (Hönig & Kishimoto 2017). In this model, the masers also trace the near side of the mid-plane, which is completely obscured in the K-band.
The K-band emission originates from the ⌧ = 1 surface of the hot disk, that is still geometrically thin. But all the structure in the image is assigned
to chance e↵ects of patchy obscuration.

hot thin disk

line-of-sight

thick molecular gas disk

maser clouds

mid-IR dust

! = 70
°

&' () ≈ 1

0 0.25 1 5
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Fig. 7. Sketch of the observed central structures. The K-band emission traces the inner rim of a thin disk of hot gas and dust, at or close to the
dust sublimation radius r ⇡ 0.24 pc. The inner water masers are cospatial with the hot K-band dust. The masers stretch out to r ⇡ 1 pc (Gallimore
et al. 2001). Mid-infrared observations show warm dust on similar scales as the outer masers (e.g. Raban et al. 2009), likely originating from
the disk periphery. ALMA observations of HCN and HCO+ show a turbulent structure, which rotates in the opposite direction as the maser disk
(Imanishi et al. 2018). The vc/� of the molecular gas structure argues for a thick disk, which contains enough gas mass to reach column densities
of NH ⇡ 1023 cm�2 that screen the central region by AV ⇡ 90 (AK ⇡ 5.5) from the observer.

National Hautes Energies (PNHE) of the Centre National de la Recherche Sci-
entifique (CNRS).
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Appendix: NGC 1068 
Alternative scenario

GRAVITY Collaboration: An image of the dust sublimation region in the nucleus of NGC 1068
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Fig. 4. Reconstructed and deconvolved image of the central 2.1 ⇥ 2.1 pc of NGC 1068. The best fitting circular ring is shown in dashed white
(r = 0.24 pc (3.5 mas). The dust sublimation sizes for the range of bolometric luminosities (⇠0.08 - 0.27 pc) are shown in orange dotted ellipses
(Lbol = 0.4�4.7⇥1045 erg/s). The filled black circle indicates the position of the AGN, i.e. the kinematic center of the masers . The radio continuum
(grey contours) and the maser emission (filled coloured circles) were extracted from Gallimore et al. (2004) and aligned based on the re-analysis of
Gallimore & Impellizzeri (2019, submitted). The radio and IR images are aligned based on the continuum peaks. The green dashed lines indicate
the bipolar outflow cone observed in IR polarisation on scales of few hundred mas (Gratadour et al. 2015). The orientation of the polarisation cone
is very similar to the large scale ionisation cone found by Das et al. (2006). The gray dashed ellipse indicates the observed 10 µm emission size
(taken from Raban et al. 2009). The elliptical beam, used for the reconstruction, is shown in the lower left corner.

the sublimation region. This model requires that the bulk of
the mid-infrared continuum originates in separate structures
(consistent with the model proposed by Vollmer et al. 2018).
Its positive aspects are that it can match the observed steep
red slope of the NIR continuum, and that the required fore-
ground extinction is consistent with that expected from other
observations. The main di�culty is that the high NIR lumi-
nosity requires a large covering factor. But this can be re-
solved if the accretion disk is tilted with respect to the maser
disk as hinted at in point (4) of the introduction.

4. Model 4 is an alternative to Model 3, in which all of the
bright NIR continuum observed by GRAVITY originates
from the far side, rather than near-side, of the inner disk.
Rather than recognising the K-band ring as a physical struc-
ture as in Model 3, this model assigns the NIR morphology
to chance alignment due to clouds along the line of sight. In
particular, it requires unrelated patchy obscuration to create

an apparent ring-like structure with a position angle, aspect
ratio, and size that match the geometry given by the maser
disk and dust sublimation radius.

4.1. Model 1: Standard Torus

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

Here we consider the photometric aspect. We compare our
infrared SED to standard torus models of Stalevski et al. (2012).
These models use a two-phase medium of high density clumps
and low-density gas filling the space in between. The model as-
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Figure 1. Sample V
2 data of PDS 456 on 2018-08-27 before and after the data selection.

Without the data selection (a), the averaged visibility squared data are . 0.65. There is a
trend that visibility squared increases as the Strehl ratio increases for each baseline (e.g.,
UT4–UT3 and UT4–UT2). In contrast, the visibility squared reaches ' 0.8 after the data
selection with no clear trend with Strehl ratio.

The data are reduced with the standard GRAVITY pipeline in two separate modes.

For the continuum FT visibility data we use the default pipeline settings. The low

signal-to-noise and reduced SC visibility amplitude (loss of coherence) often result

in the pipeline flagging SC DITs or entire exposures. In analyzing those data, we

have found a substantial improvement in performance by disabling all pipeline flags

and averaging all DITs by the inverse variance of their di↵erential phases (Gravity

Collaboration et al. 2018). The di↵erential phase is constructed by removing a mean

and slope across the spectrum. We use a method where the mean and slope are

computed separately for each spectral channel, excluding that channel itself from

the measurement (Millour et al. 2008). This method improves our di↵erential phase

precision by ' 10� 20%.

2.3. Acquisition Camera Images and Photometry

We estimate the AGN H band magnitude using the GRAVITY acquisition camera.

We fit a 2D Gaussian model to the image from each telescope in each exposure,

and estimate the source flux as that integrated over the Gaussian model. We then

flux calibrate using the same acquisition camera measurements of calibrator stars of

known magnitude. The results are listed in Table 1. From looking at the same source

on successive nights, or using di↵erent calibrators within the same night, we estimate

the uncertainty in these measurements as 0.2 mag.

2.4. Data Selection

The fringe tracker (FT) keeps the record of fringe measurement in every DIT of

3.3 ms. The group delay and phase delay are calculated in real time to track the vari-
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Figure 7. Average source angular sizes (Gaussian FWHM) and their uncertainties mea-
sured from both continuum (FT) and spectral di↵erential (SC) data.

Table 2. Angular and physical size measurements, dust surface emissivities, and bolometric
luminosities used here. Angular sizes are reported as Gaussian FWHM, while physical radii
are measured for a thin ring model assuming a 20% point source fraction.

source FT size (mas) SC size (mas) radius (pc) emissivity logLbol

PDS 456 0.59± 0.08 0.42± 0.06 1.342± 0.179 0.13± 0.03 47.00
NGC 3783 0.82± 0.13 0.47± 0.17 0.114± 0.018 0.11± 0.03 44.52
3C 273 0.32± 0.06 0.28± 0.03 0.567± 0.106 0.71± 0.27 46.64
Mrk 509 0.54± 0.06 · · · 0.265± 0.028 0.13± 0.03 45.33
NGC 1365 0.55± 0.06 · · · 0.032± 0.004 0.24± 0.06 43.05
3C 120 0.71± 0.16 · · · 0.318± 0.071 0.03± 0.01 45.28
IRAS 09149-6206 0.54± 0.05 0.64± 0.06 0.405± 0.041 0.30± 0.06 45.29
Mrk 335 0.44± 0.12 · · · 0.149± 0.039 0.14± 0.07 44.80

FWHM 1D Gaussian size measurements for each source are shown in Figure 7 and

listed in Table 2 for the FT and where available also the SC measurements. All sources

are partially resolved with sizes . 1 mas, and as compact as ' 0.3 mas (3C 273).

Such small sizes relative to the VLTI interferometric beam are still detected due to the

high sensitivity and improved uv-coverage of GRAVITY. The sizes measured by the

SC and FT methods are generally consistent. The scatter in our size measurements is

dominated by systematic calibration errors, which cause scatter in the sizes measured

in individual exposures that are much larger than expected by the signal-to-noise of

the individual V 2 measurements.
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Figure 4. Di↵erential visibility amplitude for PDS 456 from 2018-08-26 averaged over
long baselines. The orange curve shows a model of an unresolved BLR and a Gaussian
continuum.

Figure 5. Sample squared visibilities measured for FT (small circles colored by baseline)
compared to those derived from SC di↵erential amplitudes (black circles and averages as
large squares) for 3C 273 (left) and IRAS 09149-6206 (right). The FT data have been
divided by the best fitting zero baseline visibility, so that V 2(0) = 1. With that scaling, the
two independent measurements are generally consistent.

The normalized visibility at a spectral channel with line flux f relative to a contin-

uum level of 1 is then

v =
1 + fVl/Vc

1 + f
, (2)

where Vc and Vl are the continuum and line visibilities. At the spectral line, f >

0. We see then that comparing v at continuum to line channels is sensitive to the

relative visibilities of the line and spectral channels. In the partially resolved limit,
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Figure 6. Distributions of measured closure phases for NGC 3783 (orange) and other AGN
targets with su�cient data (3C 273, PDS 456, Mrk 509, IRAS 09149-6206).

We do not find evidence for 2D (elongated) or asymmetric structure in either the

SC or FT data, except in NGC 3783, which will be analyzed in more detail elsewhere.

Figure 6 shows distributions of closure phases combined for 3C 273, PDS 456, IRAS

09149-6206, and Mrk 509 (our sources with the most and highest precision data). The

distributions show a typical closure phase rms of ±1� with a median consistent with

zero, indicating symmetric structure on mas scales. The closure phases measured for

NGC 3783 are shown as a separate histogram, are always < 0�, and clearly indicative

of asymmetry. For consistency with the other sources, we report size measurements

for NGC 3783 from 1D Gaussian model fits, even though the model is inconsistent

with the observed non-zero closure phases.

4.2. The hot dust is more extended than the BLR

In all sources where we detect a di↵erential amplitude signature, the amplitude

increases at the line, showing robustly that the broad emission line region is more

compact than the hot dust continuum. In the remaining targets we were limited by

sensitivity, e.g. the size di↵erence is not constraining. We confirm that the hot dust

emission region is much larger than the BLR, as inferred from past reverberation

and spectral measurements (e.g., Netzer 2015, and references therein). In 3C 273

we also have an interferometric BLR radius measured from kinematic modeling of

the detected velocity gradient in di↵erential phase data (Gravity Collaboration et al.

2018), which is a factor ' 3 smaller than that of the hot dust.

4.3. Hot dust size measurements


