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RECONCILATION OF TYPE-1 AGN IR SED 27

2007). In regions far away from the nucleus, e.g., the galactic
ISM at (sub-)kpc scales, the influence of the AGN is mini-
mal so that classical dust properties are expected. Between
the torus and the galactic ISM, there exists an extended dust
component with low optical depth (τV !5) which causes the
LOS obscuration and the polar dust emission seen in type-1
AGNs. In reality, there should no clear boundaries between
these components and they can exchange dust by various
feedback mechanisms, e.g., inflows or outflows. Although
our sketch shows a clumpy environment, the actual configu-
ration could have other forms, such as filaments (Wada et al.
2009; Wada 2012). In addition, the shape of the polar dust
distribution could deviate strongly from isotropic symmetry,
e.g., having some dust covering factor.

Figure 18. Schematic drawing for the dust environment around a

typical Seyfert-like nuclei. See the text for details.

The intrinsic IR emission of AGNs at wide ranges of lu-
minosity (LAGN,bol ∼ 108–1014 L⊙) and redshift (z ∼0–
6) appears to be described well by a limited family of SED
shapes. In Lyu et al. (2017), we demonstrated that the in-
trinsic IR emission of unobscured quasars can be represented
by a similar set of templates independent of redshift. Based
on the low-z Palomar-Green sample, complete IR SED tem-
plates have been built and tested for AGNs with LAGN,bol "
1011 L⊙. With the results obtained in this work, their valid-
ity is extended to Seyfert-1 nuclei and some peculiar AGN
populations. Besides the torus SED variations, the IR SED
differences are caused by an extended dust component that
might reside in NLR clouds. Consequently, it is not neces-
sary to invoke any new component that is only found in some
special groups of AGNs.

6.5. The Diverse Dust Environments of AGNs

With our previous study of unobscured quasars (Lyu et al.
2017; Lyu & Rieke 2017) and the results on other type-1
AGN populations obtained here, we have found that the IR
properties of AGNs are not only determined by the observing
angles, but also caused by the intrinsic variations of the torus
and the different contributions of polar dust.

As illustrated in Figure 19, dust environments of AGNs
can be grouped into three different scenarios, characterized
by the obscuration along the face-on direction:

• unobscured AGNs:

The IR properties of such systems are dominated by
a torus-like structure without much dust distributed
along the polar direction. It is likely that AGN activity
is extremely strong, blowing out the dusty gas or sim-
ply destroying most dust along the polar direction. The
photons from the central engine can be directly seen
from a face-on observing angle. Typical examples are
luminous blue quasars, where there is little extinction
in the UV-optical bands.

Due to its relatively compact size, the behavior of the
torus is mainly determined by accretion parameters.
As shown in Lyu et al. (2017), the intrinsic IR SEDs of
unobscured quasars present clear variations and might
be related to different AGN properties (e.g., luminos-
ity and Eddington ratios). Among Seyfert nuclei, we
have also seen the appearance of both normal and dust-
deficient AGNs, suggesting the torus structures among
Seyfert-1 populations are not exactly the same.

• moderately-obscured AGNs:

Besides the torus, there exists an extended dust compo-
nent (r ∼ 102 pc) with low-optical depth (τV "0–5),
which could be AGN dusty outflows, winds or dusty
narrow line regions. Along the polar direction, the dust
obscures the central engine, resulting in mid-IR excess
emission and some moderate level of optical extinc-
tion if the observation is not made through some lucky
dust-free LOS.

Most AGNs, i.e., those in Seyfert galaxies, will fall
into this category. In relation to unobscured quasars,
our SED analysis suggested that Seyfert nuclei fre-
quently have strong polar dust emission, indicating an
extended dusty component that can be heated by the
central engine. In fact, there are observational sug-
gestions that the AGN NLR could disappear at very
high luminosities (Netzer et al. 2004). If we believe
these NLR clouds are dusty, a decreasing frequency of
AGNs with polar dust emission with increasing lumi-
nosity should be expected.

• highly-obscured AGNs:

The AGN-heated dust in such systems can be very ex-
tended (r ∼ 103 pc) with high optical depth (τV ∼5–
20), which might be a result of, e.g., galaxy mergers.
The gravitational torque of large-scale interaction can

Credit: Lyu & Rieke 2018

Seyfert 1

Seyfert 2
Dust absorbs UV–
visible radiation 
and re-emits in the 
IR

Dust in AGN
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Radius Luminosity Relationship

■ Observed radii are 
~2 time smaller 
than theoretical dust 
sublimation radius

(Kishimoto et al. 2007, 
Vazquez et al. 2015)
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adapted from Vazquez et al. 2015
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The Spitzer light curves for 11 of the 12 AGN are shown in Fig. 1. Only one 
object, Akn 524, exhibited no significant IR variability during the campaign. 
The most spectacular variations were seen in NGC6418, which underwent 
an outburst early in 2013 during which its 3.6 and 4.5 µm fluxes increased 
by factors ~2 in ~100 days (see Fig. 2 and panel below). Maximum variation 
amplitudes ΔF/<F> ~10% are more typical (see Table above), with 
timescales ranging from ~1 month to ~ 1 year. There is no clear 
correspondence with luminosity.  
Cross-correlation analyses of the 4.5 and 3.6 µm light curve yields 
significant positive lags in 9/12 objects, ranging from ≈1  to 30 days (see 
Table and Figs 3 and 4).  In addition, colour changes are seen in several 
cases, usually in the sense that the 4.5 µm flux exhibits stronger variability 
than the 3.6 µm flux (see Fig. 2, lower panel).  
Vazquez 2015, Ph.D. Thesis, Rochester Institute of Technology (in prep.) 
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The 3.6 and 4.5 µm reverberation radii fall above 
the R~L0.5 relation found for previous K-band 
results (Fig. 8), as expected, but are similarly 
smaller (by a factor ~2) than the dust sublimation 
radius predicted for a typical ISM silicate grain 
mix. The increase in the lags following the optical 
outburst scales approximately with L0.5. 

Cross-correlation analysis of the Cycle 8 optical and IR light curves (Fig. 5) shows that IR flux variations lag behind those of the optical 
continuum by ≈37±2 (3.6 µm) and ≈47±3 days (4.5 µm) indicating that the emitting dust is located at a distance ~1 light-month (~0.03 
pc) from the AGN accretion disk. The lag between the 4.5 and 3.6 µm light curves is only ≈14 days, consistent with with clumpy torus 
models, in which individual optically thick clouds emit strongly over a broad wavelength range (see Vazquez et al. 2015 ApJ, 801, 127). 
Near the beginning of Cycle 9, a major outburst occurred during which the optical flux increased by a factor >2 in ≤100 days, before 
fading back to a level comparable with the mean Cycle 8 flux, while undergoing several lower amplitude variations (Fig. 6). A post-
outburst optical spectrum exhibits much stronger broad lines and a much bluer continuum than are apparent in earlier observations (Fig. 
7). The 3.6 µm and 4.5 µm fluxes responded with increased lags of 52 (+7,-4) and 74 (+2, -3) days, respectively. The lag between 4.5 µm 
and 3.6 µm fluxes increased to 20 ± 1 days (consistent with the difference between the 4.5 µm–optical and 3.6 µm–optical lags). The 4.5 
µm/3.6 µm flux ratio also shows dramatic variations, which follow the 3.6 µm flux variations with a lag ~50 days (Fig. 2, lower panel). 
Evidently, this is because the 3.6 µm flux responds with a shorter delay but lower amplitude to the optical continuum.  

We present preliminary results from a ~2.5 year Spitzer “Warm Phase” 
monitoring campaign on 12 broad-line AGN, with the goal of determining 
the size of the torus at 3.6 and 4.5 µm by “reverberation mapping”. The 
Spitzer observations were obtained during Cycle 8 (Aug 2011 – Jan 2013)  at 
≈3-day intervals and Cycle 9 (Feb. 2013 – Jan 2014) at 30-day intervals. 
Supporting optical B and V band observations were obtained with the 
Liverpool Telescope and the Faulkes Telescope North. We are also using 
Catalina Sky Survey data to supplement our optical observations. This panel 
presents some results from the time series analysis of the IR light curves for 
the entire sample. Below we present the optical–IR reverberation analysis for 
the most variable object, NGC 6418.  

Fig. 2. Upper panel: as Fig. 1 for NGC6418. Lower panel: 
NGC6418 and several other objects (not shown) exhibit 
significant variations in the 4.5/3.6 flux ratio (red), which in this 
case, follows the 3.6 µm flux variations (blue) with a lag of ~50 
days.  

Fig. 4. Reverberation lag between 4.5 and 3.6 µm light 
curves. Variations in the 4.5 µm flux tend to lag behind those 
at 3.6 µm, by ~10 days. There appears to be no relation with 
luminosity.  

A 2.5-year Spitzer monitoring campaign 

Reverberation mapping NGC6418 
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Fig. 1. Light curves at 3.6 µm (blue) and 4.5 µm (red) for 11 
AGN (see Fig. 2 for NGC6418). Representative error bars are 
plotted for the first point in each case..  

Fig. 5. Cross-correlation centroid distributions 
for Spitzer Cycle 8. The lag (indicated by the red 
line) is taken to be the median of the CCCD, 
with uncertainties given by the interquartile 
range. The 3.6 µm vs. 4.5 µm CCCD has been 
shifted by 37.2 days, the time lag between the 
3.6 µm and optical light curves. 
 

Fig. 3. Example cross-
correlation centroid 
distributions (CCCD) for 
the 4.5 vs 3.6µm light 
curves. The CCCDs were 
constructed using a 
development of the  the 
“Flux Randomization” 
technique of Peterson et al. 
(1998, PASP 110, 660). 
The lag values given in the 
table are derived from the 
histograms shown in red, 
for which the uncertainties 
on the flux measurements 
were derived from the light 
curve statistics rather than 
the standard poisson 
uncertainties on individual 
measurements. 

Fig. 6. Normalized optical (blue) and 3.6 µm (red) light curves 
for NGC6418. Unfortunately, the onset of the flare occurred 
when NGC6418 was unobservable from the ground. The peak 
is represented by only one measurement, but this is robust.   

Fig. 7. Optical spectra of NGC6418 
obtained by SDSS in Apr. 2001 (red) and 
by J. Gallimore at the APO 3.6 m in Jan. 
2014 (black), approximately ~1 year after 
the outburst.  

Fig. 8. Reverberation lag distance as a function of optical AGN 
luminosity. The plot shows K-band lags from Clavel et al. (1989, 
ApJ 337, 236), Suganuma et al. (2006, ApJ 639, 46) and Koshida 
et al. (2014, ApJ 788, 159), and the 3.6 and 4.5 µm lags for NGC 
6418 (plotted as lower limits in luminosity as we only have a 
lower limit for the extinction). The dot-dashed line represents the 
R~L0.5 fit to the K-band lags of Kishimoto et al. (2007, A&A 476, 
713). The solid blue and black lines represent the sublimation 
radius for silicate and graphite dust grains, respectively.  

R-L relation 
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TORMAC: Torus Reverberation 
Mapping Code

■ Model Features:
– Inner Radius set to Dust 

Sublimation Radius
– Sharp or “fuzzy” boundary
– Isotropic or anisotropic 

illumination, s
– ISM dust composition

■ Free Parameters:
– Spherical or disk, σ=0-90°
– Inclination, i=0-90°
– Radial distribution of clouds, 
– Radial depth, Y=Ro/Rd

– Optical depth, τV
– Volume filling factor, Φ

5

∝ r p

Nenkova et al. 2008a,b; Almeyda et al. 2017



Radiative Transfer Effects
■ Cloud orientation

■ Cloud shadowing

■ Cloud occultation

6

Shadowed clouds

Non-shadowed 
clouds

Occulted clouds

Non-occulted clouds

To observer

To observer



Descriptive Parameters
■ Response Weighted Delay (RWD)
– Characteristic lag of transfer function

■ Luminosity Weighted Radius (LWR)
– Effective radius of the torus

■ When torus is composed of isotropically emitting clouds, 
RWD=LWR 

¨ True for both sphere and disk

7



RWD vs LWR

8Almeyda et al, in prep

0.4LWR<RWD<1.8LWR

u Model Parameters:
u ; p=-2−4

u Y=Ro/Rd =2-50

u i=0-90°

u σ =15-60°

u s=0.01-1

u τV=5-100

u Φ =0.0001-0.1

u Sharp and fuzzy

∝ r p



RWD vs LWR

9Almeyda et al, in prep



R-L Relationship

10Almeyda et al, in prep



Current Capabilities
■ TORMAC compatible with any radiative transfer grid/database

■ Polar dust distribution

■ “hot dust” component
– Gradient in composition of clouds from Carbon-dominated to 

full ISM composition
■ *http://cat3d.sungrazer.org/

■ Dust emission response light curves

11



NGC 3783

12Light curves courtesy of Paulina Lira



NGC 3783: Models
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CURRENT WORK:
VEILS+VOILETTE

Collaborators:
Sebastian Hönig

Bella Boulderstone (see talk at 5pm)
Ella Guise (see poster)
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DES
VEILS

VEILS: VISTA Extragalactic 
Infrared Legacy Survey

Repeatedly image 
9 sq-deg in J and 
Ks bands

15Adapted from presentation by Manda Banerji at UK LSST-AGN Consortium Meeting Oct 2017



VISTA 
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• 4.2m wide field survey 
telescope

• 1.5deg diameter field of view
• VIRCAM Infrared camera: 16 

2Kx2K detectors

6 offset ‘pawprints’ gives a
1.5 x 1.0 sq-deg tile



VOILETTE

■ VEILS Optical Lightcurves of 
Extragalactic Transient Events

■ OmegaCAM on the VST
– 32 – 2K x 4K pixel detectors
– 1deg field of view

17

https://www.eso.org/public/images/
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Preliminary IR Light Curves
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VEILS: Cosmology with AGN Dust 
Lags

21Honig et al, 2017, MNRAS, 464, 2



Summary

■ TORMAC capabilities
– Multiwavelength dust emission response for cloud ensemble using 

radiative transfer models
– Simulate IR response LC given any driving LC
– Incorporates anisotropic illumination, global opacity effects
– 0.4LWR<RWD<2LWR

■ VEILS
– Increase IR reverberation mapped AGN by orders of magnitude
– Establish AGN as an independent cosmological standard candle 

22


