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• often flatter at 3-5 µm than in the mid-IR, or distinct bump  
                   → 3-5𝛍m bump 

• near-IR covering factor ~20-50% 
• more prominent in quasars/QSOs

II. CAT3D-WIND and ESO323 (sneak peak; Leftley+17)

• dominating 60% disk + 40% wind 

• high inclination of 60o consistent with polarimetry

II. CAT3D-WIND and NGC 3783

• Simultaneous fit of SEDs and visibilities              
• compact disk + shallow wind seen close to the wind edge 

• low inclination of 30o consistent with NLR kinematics & polarimetry 

• hot dust elongated in equatorial plane consistent with near-IR interferometry

The major motivation for the disk+wind model stems from
IR interferometry of nearby AGNs. Therefore, viability of the
new models rests on the ability to not only reproduce the SEDs
but also the interferometry measurements. In general, it can be
expected that a type 2 AGN seen edge-on will indeed show

elongation toward the polar region in these models. On the
other hand, radiative transfer effects might also produce some
polar emission in obscured AGNs in classical torus models
(e.g., Schartmann et al. 2005, 2008). The more challenging
objects are moderately inclined type 1 AGNs where classical
models would produce an elongated, disk-like structure with
orientation along the disk plane.
NGC3783 can be considered a prototypical inclined type 1

AGN with dominating polar IR emission. It has been
extensively covered with near- and mid-IR interferometry.
Hönig et al. (2013) report simple modeling of 41 VLTI MIDI
observations in the mid-IR and 6 VLTI AMBER measurements
in the near-IR (AMBER data originally from Weigelt
et al. 2012). The IR SED shows the characteristic 3–5 μm
bump with an estimated hot-dust covering factor of about 30%.
The near-to-mid-IR photometric and interferometric data are
best reproduced by two IR-emitting components, characterized
by two perpendicular elongated structures, with the polar-
oriented dominating in the mid-IR. The mid-IR emission is
very elongated with a major-to-minor axis ratio of ∼3:1, which
is challenging to achieve in classical torus models for an
unobscured type 1 AGN at moderate inclinations.
The best SED model fits (see gray contour in Figure 2, right)

were selected to simulate multi-wavelength images, which is
computationally expensive. Interferometric visibilities were
obtained for the model images at 12 μm and compared to the
corresponding interferometric visibilities of NGC3783 (see
Hönig et al. 2013, Figure7). It is immediately found that the
strong elongation seen in NGC3783 disfavors low inclinations
at 0°–15°, as expected. The strongest elongations are seen
either at higher inclination, where the cone is seen from the
side, or when the line-of-sight into the cone is close to its edge.
Stronger polar elongations are found for θw=30° than
for θw=45°.

Figure 2. Observed SED parameter space covered by the grid of CAT3D-WIND models (left) and the classical clumpy torus models of CAT3D (right). Each colored
circle represents one or more model SEDs from the respective model grid. While the position in the grid indicates the spectral indices in the mid-IR, αMIR, and near-to-
mid-IR, αIR covered by the models, the color represents the strength of the silicate feature, τSi, with negative numbers (=blue colors) noting an emission feature and
positive numbers (=red colors) an absorption feature. The dashed black line marks equal spectral indices. Below this line, the near-IR emission is bluer than the mid-
IR, which results in the presence of two distinct emission bumps. The gray contour denotes the model SEDs that are consistent with observations of NGC3783.

Figure 3. Comparison between the observed and model IR SEDs of NGC3783.
The observations are collected from 2MASS (light blue; Weigelt et al. 2012),
ISAAC (dark blue), Spitzer IRS (red line), and IRAC (orange, Hönig et al.
2013). The light gray band shows the range of model SEDs consistent with the
observed IR and mid-IR slopes of NGC3783. In addition, the dark gray line
indicates the model SED for the model used to reproduce the interferometric
observations (see Figure 4).
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Figure 4 shows model visibilities for several position angles
for a representative model with a=−3, aw=−0.5, N0=10,
θw=38°, σθ=10°, and fwd=1.2 seen under an inclination
of i=30°. This orientation and cone shape implied by this
model are in between the suggestions of Müller-Sánchez et al.
(2011) and Fischer et al. (2013), who infer i=60°/θw=30°
and i=15°/θw=45°, respectively. While Fischer et al.
(2013) argue that kinematics disfavor the high-inclination
solution, the strong elongation seen in IR interferometry might
indicate a higher inclination. On the other hand, it is shown
here that a configuration where the line-of-sight is close to the
cone edge produces strong elongations as well.

3.3. Anisotropy of the Mid-IR Emission

An optically thick dusty torus causes significant anisotropy
of the emerging IR emission depending on inclination: more IR
radiation escapes toward low inclinations than toward highly
inclined line-of-sights. However, when taking the intrinsic
X-ray emission as an isotropic tracer for the AGN luminosity, it
has been shown that the mid-IR emission is surprisingly
isotropic (e.g., Lutz et al. 2004; Gandhi et al. 2009; Asmus
et al. 2015), unlike that expected from smooth torus models.
While this small scatter in the mid-IR-to-X-ray luminosity
correlation can be partly explained in the framework of clumpy
torus models, the range of torus parameters leading to low
anisotropy is very restricted, which would imply a physical
mechanism that restricts those parameters (e.g., Hönig
et al. 2011).

In the disk+wind picture, the hollow cone is visible to the
observer at any inclination, naturally leading to low anisotropy
of the mid-IR emission. Quantitatively, the peak of the
luminosity-normalized flux distributions at 12 μm shifts by
about 0.4 dex from 0° to 90°. When considering typical
inclinations of 30° for type 1 AGNs and 75° for type 2s, the

anisotropy is 0.24 dex0.16
0.11

-
+ . This is consistent with estimates

from the relation between X-ray and mid-IR luminosities in
AGNs, finding <0.3 dex (Asmus et al. 2015) and samples
isotropically selected in the radio at ∼0.22 dex (Hönig
et al. 2011).

4. Summary and Conclusions

In this Letter, a new radiative transfer model CAT3D-WIND
is presented to reconcile spatially resolved observations of
AGNs in the IR with model predictions. The model consists of
a geometrically thin disk of optically thick dust clumps and a
hollow cone of putatively outflowing dust clouds. It is
phenomenologically motivated by recent results in IR inter-
ferometry that hint toward such a two-component structure. In
this picture, dust clouds are accreted in the plane of the disk. As
dust partially sublimates near the sublimation radius (leading to
a dearth of silicates), some dust clouds are lifted up by radiation
pressure and flow out into the polar region. Based on a
parameterization of this picture, the following has been found:

1. The new disk+wind models cover a similar parameter
space in terms of mid-IR spectral slope and strength of
the silicate feature as classical clumpy torus models.

2. It is found that the new models are able to explain the
3–5 μm SED bump seen in many type 1 AGNs. This
local emission peak appears from the disk when it has a
more compact distribution of dust clouds than the wind.

3. Many of the disk+wind models do indeed show polar
elongation for inclinations typically associated with both
type 1 and type 2 AGNs. Indeed, a model has been found
to simultaneously reproduce the IR SED and IR
interferometry of the type 1 AGN NGC3783.

4. Exposure of the cone to the observer at all inclinations
naturally results in a low degree of anisotropy of the mid-
IR emission with respect to the inclination or viewing
angle. This is consistent with the observed low scatter of
the mid-IR/X-ray luminosity correlation.

The presented models are radiative transfer models of an
empirical hypothesis. However, the physical mechanisms to
drive the wind are not clear yet. It is possible that a
combination of radiation pressure on the dust and neutral gas,
both from the AGN radiation and from the IR-emitting medium
itself, will play a role. Furthermore, hydrodynamic pressure
close to the sublimation radius may help in launching such a
wind. Work on radiative–hydrodynamical simulations will be
needed to find a physical foundation for the observed polar
structure (e.g., Dorodnitsyn et al. 2012; Wada 2012, 2015;
Chan & Krolik 2016; Dorodnitsyn et al. 2016). The SEDs
presented in this Letter will be made available for download
at http://cat3d.sungrazer.org.

S.F.H. acknowledges support for this work from the
European Research Council Horizon 2020 grant DUST-IN-
THE-WIND (677117). Part of the numerical computations
were done on the Sciama High Performance Compute (HPC)
cluster, which is supported by the ICG, SEPNet, and the
University of Portsmouth. Special thanks go to D. Asmus, P.
Gandhi, C. Ricci, M. Stalevski, and K. Tristram for helpful
discussions.
Software: CAT3D (Hönig & Kishimoto 2010).

Figure 4. Comparison between observed and model 12 μm interferometry of
NGC3783. The different colors note the position angle for each visibility point
with 0° (red) along the polar axis and 90° (violet) parallel to the equatorial
plane. Model parameters are given in the text. The corresponding SED is
highlighted in Figure 3.
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N. López-Gonzaga et al.: Mid-infrared interferometry of 23 AGN tori: On the significance of polar-elongated emission

Fig. 4. Best-fit models for elongated objects. For every object, we show
the 12 µm image obtained from our best-fit model using a square root
scale. We add as a reference for the polar axis of the system, when
available, the PA obtained from optical polarimetry (green dashed line)
and from the symmetry axis of the ionization cone (red dotted line).

It has been long realized, however, that such a simple struc-
ture cannot represent the actual distribution of dust. Instead,
the dust must be in a clumpy configuration (e.g., Schartmann
et al. 2008) whose image, as simulated using radiative transfer,
is complex and its reduction to an “elongated Gaussian model”
is not at all obvious. If we also take hydrodynamical e↵ects
into account, even a more or less azimuthal dust configuration
can produce images that are polar elongated (e.g., Fig. 8 of
Schartmann et al. 2009; and Fig. 5 of Schartmann et al. 2014).
In fact, models that produce an infrared emission with a

Fig. 5. Top: comparison between the position angle of the mid-infrared
emission from the parsec-scale structure (PAMIR) and the inferred po-
sition angle of the system polar axis (PApolar) for the elongated ob-
jects. For completeness we also include the marginally elongated object
NGC 4507 (blue triangle), no error bars are determined for this object.
The dashed line represents a one-to-one relation for the position angles.
Bottom: histogram of the di↵erence between the inferred system polar
axis and the mid-infrared position angle obtained using interferometry.
The histogram including the marginally elongated object NGC 4507 is
shown in blue bars, while elongated objects are indicated with black
bars. Only objects with elongations obtained from interferometric data
have been used here.

X-shaped morphologies (e.g., Schartmann et al. 2005) also show
polar extension to the zeroth order. Slight asymmetries in the
density distribution produced by filaments or clouds could then
explain the lack of asymmetry around the polar axis system.
Additional information, such as kinematics, would be needed to
distinguish such a scenario from, for example, a disk wind sce-
nario, which would also produce polar-elongated emission (e.g.,
Wada 2012; Gallagher et al. 2013; Schartmann et al. 2014).

While with infrared images alone we cannot provide a com-
plete panorama about the structure of the torus, our result of the
polar extended emission should serve as a constraint for dusty
models that attempt to provide a description of the dusty en-
vironment in AGNs. Current SED fitting studies do not take
this into account as the SED does not provide any geometrical
information. Further investigation needs to be carried out to see
if derived torus properties, such as covering factors, torus sizes,
and cloud numbers from torus models that reproduce the polar-
like extended emission, are consistent with the current models
used by the community.
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• two dust-emitting components: disk + wind 
• hot dust emission a combination from both 
• BUT IR interferometry suggests near-IR dominated by disk
• sublimation zone is the origin of the dusty winds
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II. Dust reverberation mapping:  
the observer’s view



Clavel+89, Glass+92,97a,97b,98,04, Sitko+93, Oknyanskij+99,01,02,14,15, Suganuma+06, Koshia+09,14,17, 
Lira+11, Hoenig+11,14a,14b,17, Schnülle+13,15, Pozo-Nunez+14,15, Yoshii+14, Vazquez+15, Almeyda+17, …

II. Dust reverberation has a long history
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Fig. 1.—Light curves of the UV continuum (a) at 1338 Â, 
F(1338), (h) in the optical FES band, at 2.10 /¿m, (c) F(K) and 
(d) of the Lya 1216 line. Intensities are plotted with their 
associated error bars. Units are 10“14 ergs cm-2 s~1 Â -1 for 
F(1338), counts for the FES flux, mJy for F(K), and 10“14 ergs 
cm-2 s“1 for Lya ¿1216. Units on the horizontal axis are 
Julian days minus 2,443,000. Note the similarity of all four 
light curves, their amplitude, and their regularity. 
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II. Dust reverberation has a long history
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Fig. 3.—CCF of the optical flux, as measured with the FES, and the 1338 Â continuum (solid line). Dashed line is the ACF of F(1338). The very high correlation 

coefficient at the peak of the ACF (r = 0.95) and the absence of a lag show that the optical and UV variations are simultaneous. The small shoulder at about +140 
days could be due to a minor Balmer line contribution to the FES flux. 

Lag (Days) 
Fig. 4.—The CCF of the fluxes at J (solid line), H (dashed line), K (dot-dashed line), and L (solid line) with the UV continuum intensity at 1338Â, showing that the 

IR flux beyond 1.15 /un lags behind the ultraviolet and that the delay increases with wavelength, up to 410 days at 3.35 /un. We interpret this as evidence for thermal 
emission from hot dust located at ~ 400 lt-days from the UV source. 
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II. The size-luminosity relationship

• inner radius of torus scales with L1/2  (as expected from dust) 
• brightness and colour temperatures ~ 1500 K  (as expected from dust) 
• absolute sizes are smaller than expected by factor ~3 
• emissivity + sizes: large graphite grains

Kishimoto, Hoenig et al. 2011a

expected
KI sizes

RM lag sizes



II. The (non-)varying sublimation radius

• sublimation radius changes with varying AGN luminosity (Koshida+09, Pott+10, 
Kishimoto+11a) 

• BUT: ~5 year integrated flux, not instantaneous flux (Kishimoto+13) 

• consistent with “melting snowball” model (Hoenig & Kishimoto+11) 

• gas density nH ~109 cm-3,  i.e. similar to BLR

Kishimoto et al. 2013



III. The theorist’s point of view



III. What we learn from the smearing

• projected radial distribution causes asymmetric transfer function 
               → with model: constraints 1D brightness distribution 
               → bias towards longer lags 

• inclination only broadens response (to first order)

0.55μm 2.2μm

Lira et al. 2011

NGC3783



III. What we learn from the smearing

0.55μm

2.2μm

Hoenig et al. 2014
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A dust-parallax distance of 19 megaparsecs to the
supermassive black hole in NGC 4151
Sebastian F. Hönig1,2, Darach Watson1, Makoto Kishimoto3 & Jens Hjorth1

The active galaxy NGC 4151 has a crucial role as one of only two ac-
tive galactic nuclei for which black hole mass measurements based
on emission line reverberation mapping can be calibrated against
other dynamical techniques1–3. Unfortunately, effective calibration
requires accurate knowledge of the distance to NGC 4151, which is
not at present available4. Recently reported distances range from 4 to
29 megaparsecs5–7. Strong peculiar motions make a redshift-based dis-
tance very uncertain, and the geometry of the galaxy and its nucleus
prohibit accurate measurements using other techniques. Here we re-
port a dust-parallax distance to NGC 4151 of 19:0z2:4

{2:6 megaparsecs.
The measurement is based on an adaptation of a geometric method
that uses the emission line regions of active galaxies8. Because these
regions are too small to be imaged with present technology, we use
instead the ratio of the physical and angular sizes of the more ex-
tended hot-dust emission9 as determined from time delays10 and in-
frared interferometry11–14. This distance leads to an approximately
1.4-fold increase in the dynamical black hole mass, implying a cor-
responding correction to emission line reverberation masses of black
holes if they are calibrated against the two objects with additional
dynamical masses.

The central black hole in an active galactic nucleus (AGN) is sur-
rounded by a putative accretion disk that emits predominantly in ultra-
violet and optical wavelengths. At large distances from this central emission
source, the gas is cool enough for dust to survive (temperature= 1,500 K).
This ‘dusty torus’ absorbs the ultraviolet–optical radiation and ther-
mally reemits the energy in the infrared. Thus, any variability in the
ultraviolet–optical emission will be detected in the dust emission with
some time delay. Near-infrared reverberation mapping measures the
time lag, t, between the ultraviolet–optical variability and the corres-
ponding changes in emission of the hot dust. The hottest dust is located
at about the sublimation radius, Rsub 5 R(T < 1,500 K). The time lag
can be converted into a physical size using Rt 5 tc, where c is the speed
of light. Typically, time lags are in the range of several tens to hundreds
of days, which corresponds to physical sizes of the order of 0.1 pc, with
a square-root dependence on luminosity12,15.

In parallel, infrared interferometry at the same wavelength measures
the angular size, r, of the same emission region. The angular and phys-
ical sizes are trigonometrically related by sin(r) 5 Rt/DA, where DA is
the angular-diameter distance to the object. For small angles, sin(r) < r
and, accounting for cosmological time dilation, we obtain DA(Mpc) 5
0.173t(days)/(r(mas)(1 1 z)), which forms the basis of the distance
measurement presented here (Fig. 1). A geometric technique was first
proposed for broad emission lines8. Unfortunately, the typical angular
size of the broad-emission regions of bright AGNs is of the order of
0.001–0.01 mas, which is too small to be spatially resolved with today’s
optical long-baseline interferometers. The dust continuum emission,
however, is larger by a factor of ,4, and infrared interferometers have
now managed to resolve about a dozen AGNs11,12,14,16. Moreover, using
dust emission requires only photometric reverberation mapping instead
of the spectral resolution of emission lines. Finally, dust physics is ar-
guably easier to model than gas line emission.

To determine the distance to the supermassive black hole in NGC 4151,
we make use of interferometry obtained with the two Keck telescopes
and monitoring data from the literature. V-(wavelength 0.55 mm) and
K-band (2.2mm) photometric monitoring from 2001 to 200610 traces
the ultraviolet–optical and hot-dust emission, respectively. Because
long-term brightness changes can cause t and r to increase or decrease,
monitoring and interferometry data should be recorded more or less
contemporaneously. We use six Keck interferometry measurements made
between 2003 and 201011–14. These overlap with the monitoring data,
and inspection of long-term brightness trends showed that fluctuations
were moderate between 2000 and 201016. Indeed, no significant change
in size has been detected for this set of interferometry and variability
data16,17.

When comparing angular and physical sizes, it is important to make
sure that they refer to the same physical region. First, observations of the
dust emission are preferably made at the same waveband (here the
K band). Second, the spatial distribution of the dust around the AGN
affects the observed sizes (Fig. 1): dust that is homogeneously distributed
will result in a larger apparent size than will a compact dusty region,

1Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, 2100 Copenhagen Ø, Denmark. 2School of Physics & Astronomy, University of Southampton, Southampton
SO17 1BJ, UK. 3Department of Physics, Faculty of Science, Kyoto Sangyo University, Kamigamo-motoyama, Kita-ku, Kyoto 603-8555, Japan.
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Figure 1 | Effect of the brightness distribution on the observed sizes and
time lags. The bottom row (b) illustrates effects on the time lag signal of
varying the brightness distribution (blue, optical; red, near-infrared), and the
upper row (a) outlines the corresponding (interferometric) brightness
distribution in the near-infrared. Compact distributions lead to shorter time
lags and smaller interferometric radii than do shallow profiles. This
information is encoded in the shape (width, amplitude) of the light curve. With
a simple power-law parameterization, this smearing effect can be accounted
for to determine the time lag and angular size of the innermost radius of
the brightness distribution. The simultaneous modelling of light curves and
interferometry results in a very precise angular distance measurement.
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• projected radial distribution causes asymmetric transfer function 
               → with model: constraints 1D brightness distribution 
               → bias towards longer lags 

• inclination only broadens response (to first order)

2.2μm



• response peak not necessarily shifting much with wavelength  
               → Wien tail of hot dust emission  
               → possible in multi-component dusty environment

• beware of accretion disk contamination!

III. Do wavelength-dependent lags trace the T profile?

Hoenig & Kishimoto 2011

S. F. Hönig and M. Kishimoto: IR variability in dusty environments

“self-heating term” has to be included on the left side of Eq. (1)
and the treatment becomes iterative. However, even for a clumpy
dust torus, where the primary emitting regions in the near- and
mid-IR are the directly illuminated, optically thin layers of oth-
erwise optically thick dust clouds, the temperature and emission
profile is dominated by direct heating from the central source
(Hönig & Kishimoto 2010) and the presented treatment should
be applicable.

3. IR variability in AGN

3.1. Type 1 variability model

One of the applications of a variability model can be reverber-
ation mapping measurements of AGN. Fluctuations in the in-
cident radiation from the accretion disk, which primarily emits
at UV/optical wavelengths, causes the re-emission of the dust
in the torus to change over time (e.g., Glass 2004). Because the
dust is located at some distance from the accretion disk, the vari-
ability in the IR is delayed with respect to the optical emission
by the light-travel time from the disk to the dust. This method
has been exploited to measure the near-IR radius in nearby AGN
(e.g., Glass 2004; Suganuma et al. 2006).

Reverberation mapping is usually performed in type 1 AGN
where obscuration effects are, in general, significantly lower
than in type 2 AGN. In these objects the dust-/brightness dis-
tribution is projected onto a “disk” where the hottest dust emits
at the smallest radii and the cooler dust at longer distances.
Kishimoto et al. (2009a) presented a simple analytic model for
the IR emission, which has been shown to be a good representa-
tion of a clumpy dust torus in type 1 AGN (Hönig & Kishimoto
2010). In this concept the dust emission S ν(r) (dominated by the
optically thin layer of an otherwise optically thick dust cloud;
see Sect. 2) at a distance r from the AGN is characterized by
the corresponding radiative equilibrium temperature T . The to-
tal emission L(tor)ν of the torus is then calculated by integrating
from the sublimation radius to a (well-selected; see Hönig &
Kishimoto 2010) outer radius rout, and accounting for a radial
dust distribution that is parametrized as a power law with index
α:

L(tor)ν = 4π
∫ rout

rsub

πBν(T (r))
(

r
rsub

)α+1

dr. (5)

In this concept the term (r/rsub)α is directly related to the surface
filling factor of the torus (for details see the discussion in Hönig
& Kishimoto 2010, Sect. 2.2). The dust equilibrium temperature
can be obtained either by approximating a power-law (Barvainis
1987) or self-consistently from Eq. (1) (and using the sublima-
tion radius and temperature as reference values) by solving the
following equation:

Qabs;P(T )
Qabs;P(Tsub)

(
T

Tsub

)4

=
( rsub

r

)2
· (6)

For practical purposes this equation can be solved using a pre-
calculated look-up table for the left term and interpolating for
the respective r.

With these prerequisites it is possible to calculate
wavelength-dependent light curves of type 1 AGN based on
Eq. (3), considering the traveling time of any variability through
the torus.

Fig. 2. Model light curves at 2.2 µm (red) and 8.5 µm (blue) for differ-
ent values of the radial brightness distribution power law index α. From
dark to light the distribution changes from very extended to very com-
pact. The black dashed line illustrates the variability signal from the
accretion disk.

3.2. Model results

The model presented in Sect. 3.1 has only one parameter, α, that
represents the radial brightness distribution of the torus. We have
shown that this parameter is well-correlated with the actual ra-
dial distribution of the dust at least in type 1 AGN even in more
complicated models (Hönig & Kishimoto 2010). In consequence
the radial dust distribution can be probed by observables such as
the mid-IR spectral index or the comparison between mid-IR and
near-IR interferometric size (Hönig et al. 2010; Kishimoto et al.
2011b). Here we analyze the effect of radial brightness distribu-
tion (and, in turn, radial dust distribution) on IR light curves of
AGN.

3.2.1. Light curves

In Fig. 2 we show light curves ∆ f (t)/ f0 (where f0 = f (t0)
is the flux at time t0, the starting time of the monitoring, and
∆ f (t) = f (t) − f (t0) is the flux difference between t0 and t) at
2.2 µm and 8.5 µm for various radial brightness distributions,
parametrized by the power-law index α. The initial AGN vari-
ability signal is a step function with a width of 0.5 rsub/c and
an amplitude of 0.5∆L/L, and the light curves essentially show
the transfer function of this signal. The lighter colors correspond
to more compact distributions. In these cases most of the light
is coming from a region close to the sublimation radius, i.e. the
dust is concentrated in the inner torus. The darker colors have
more extended brightness distributions. Here a significant frac-
tion of the total dust mass is located at larger radii and directly
heated by the AGN.

We plot the light curves as a function of the intrinsic time
scale tsub = rsub/c, which corresponds to the light-travel time
from the source to the sublimation radius rsub. In this way the
variability signal from the AGN can be considered a tomo-
graphic device to map out the brightness distribution in the torus,
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IV. Cosmology



IV. The size-luminosity relationship

• lag-luminosity relationship makes hot dust emission a standardisable candle  
(Oknijansky & Horne 2001, Yoshii et al. 2004)

• probably narrower than the BLR relation
• remember: “simple physics”

Koshida et al. 2011a

BLR

hot dust



IV. Introduction to VEILS
• Deep infrared survey of extragalactic legacy deep fields
• First ever infrared time domain survey on this scale

• Static science (= science from co-added data)

‣ Sources of re-ionisation in the universe 
‣ Massive galaxy assembly at high (z~6-7) redshift 
‣ Quenching of star formation at mid- to high redshifts  

• Transient science (= variable objects from individual epochs)
‣ Supernovae (SNe) cosmology with type Ia supernovae 
‣ AGN dust time lags as standard(isable) candles 
‣ Infrared transients (with no or faint optical counterpart) 

• Combination with Dark Energy Survey (DES) optical data
• 9 sqrdeg (= two 1.5x1” pointings per field) in deep fields

‣ per epoch depths: J=23.5 mag, Ks=22.5 mag; 14 day cadence 



IV. VEILS AGN simulations



IV. VEILS SNe+AGN cosmology



IV. The hard working realtime VEILS data reduction & 
analysis team

Triana Almeyda
postdoc 

VEILS realtime data reduction 
AGN light curves

Ella Guise
PhD student 

VOILETTE realtime data reduction 
AGN light curves



30”

J-band
m(AB) < 23.89 mag



IV. Survey progress: Data quality



• Single-epoch depth
‣ Ks-band: 22.63 mag (-0.25,+0.19); expected: 22.5 mag → ✓ 
‣ J-band: 23.44 mag (-0.35,+0.26); expected: 23.5 mag → (✓) 

• PSF FWHM
‣ Ks-band: 0.92” (-0.07”,+0.12”); expected: 1.1” → ✓ 
‣ J-band: 0.98” (-0.10”,+0.18”); expected: 1.1” → ✓  

• Notes
‣ conditions have been exceptionally bad in 2017 southern summer 
‣ ~98% of OBs/epochs executed
‣ VOILETTE issues in Year 2

IV. Survey progress: Data quality



• Based on OzDES catalogue: 77 variable AGN identified 
‣ estimate:  450+/-50 AGN for 3-year VEILS 

• Some variability already usable for reverberation mapping 

• Interesting individual sources

III. Early light curves



V. Some further thoughts



dust ring 
physical size

hot dust ring

gas disk
dust ring 

angular size

galaxy distance

near-infrared interferometry: 
angular size

near-infrared reverberation mapping: 
absolute size

geometric distance  = 
absolute size

angular size
(±10-13% including systematics)

V. Direct distances to AGN



• precision cosmology: measuring direct distances in the Hubble flow

V. Direct distances to AGN



Summary

• What we learned…
‣ dust reverberation probes dusty, molecular accretion flow and  

dusty wind launching region 
‣ dust emission shows expected lag-luminosity relation…
‣ …but is dominated by large graphite grains  
‣ lags not necessarily temperature dependent
‣ constraints on the gas density and radial mass distribution 

• What we will be learning on cosmology soon…
‣ dust lag Hubble diagram   

       → VEILS 
‣ direct distances to AGN  

       → GRAVITY + 5-year SMARTS ANDICAM campaign 
       → Hubble constant  


