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Typical sizes of different components in AGN

Luminosity L ~ 1042 - 1046 erg s-1 

●Accretion disk (RAC ~ 0.001 pc) 
●Broad Emission line Region (BLR) (RBLR ~ 
0.01 - 0.1 pc) 

●Dust torus (RTorus ~ 0.01 - 1 pc) 
●Narrow Line Region (NLR)  (RNLR ~ 1 - few 10 
pc) 

●Relativistic Jets (Can extend upto Mpc scales) 

 

Urry and Padovani+1995
The central regions  of AGN are very compact



The Way
Indirect method: Reverberation mapping / Echo mapping technique 
(Blandford and Mackee 1982, Peterson 1993, 2014).

Time resolution can be swapped for 
spatial resolution: Reverberation 
mapping 
(Blandford and Mackee,1982; Peterson 
1993, 2014).  

This method uses an intrinsic property 
of AGN, i.e., flux variability.

Cackett et al., 2021

R < c Δt



Dust Reverberation Mapping (DRM): Current status

DRM is based on the delayed response 
of the IR continuum from torus to the 
optical/UV continuum from accretion 
disk.


Rdust,K ~ LV0.424 (based on K-band lags)


Limitations 
DRM (based on K-band) applied on ~ 40 AGNs
Limited to AGNs: 1042.5 < Lv < 1045 erg/s

Need to expand Rdust − L relation for both 
high (> 1045 erg/s) and low luminosity (< 
1042.5 erg/s) ends

unity. We adjusted the value of L0 so that the errors of α and β
approximately did not correlate with each other. For calculation
of the regression, we used the Marquardt method for the most
generalized multivariate least-squares process incorporating
normally distributed errors in all variables without any
approximations provided by Jefferys (1980, 1981).

The best-fit regression lines are presented in Figure 5, and
the resultant parameters are listed in Table 7. The best-fit linear
regression with the slope fixed at β=0.5, which is expected
from the radiation equilibrium of dust (Barvainis 1987), is
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This is consistent with the result for the Seyfert galaxies
presented in Koshida et al. (2014), as no offset nor break is
found between the radius–luminosity relation for the Seyfert
galaxies and that for the quasars.

When the slope β is set as a free parameter, the best-fit linear
regression is
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In addition to the primary method for the regression analysis,
we calculated the regression using two different methods to

examine possible uncertainties introduced by the fitting
methods. One is FITEXY estimator (Press et al. 1992) for a
bivariate least-squares process incorporating errors in depen-
dent and independent variables. We used the MPFITEXY
routine (Williams et al. 2010), which depends on the MPFIT
package (Markwardt 2009) in IDL. The other is a Bayesian
linear regression routine linmix_err in IDL developed by Kelly
(2007), which incorporates normally distributed errors in
dependent and independent variables. It models the distribution
of the independent variable by a mixture of Gaussian functions,
and we set the parameter NGAUSS=1 for the number of them.
Since it fits the data using a Markov Chain Monte Carlo
method, we determined the best estimate and the ±1σ errors for
the linear-regression parameters from the median, 15.9th
percentile, and 84.1th percentile of their likelihood distribu-
tions. Both methods simultaneously fit the intrinsic scatter,
which corresponds to σadd for the primary method. We
calculated the regression only for the slope β being set as a
free parameter by these methods, and the results are also listed
in Table 7. The results of the regression analysis by different
methods agree well with each other, thus they are thought to be
robust.
We find that the best-fit slope is smaller than 0.5 at about the

3σ level. A number of possible mechanisms may make the
slope smaller. For example, Kawaguchi & Mori (2010, 2011)
showed that anisotropic illumination of the accretion disk
makes the dust-sublimation radius smaller in the equatorial
plane than in the polar directions. If the fraction of the
geometrical thickness relative to the radius is smaller for more
luminous AGNs as suggested by many studies (e.g., Lawrence
1991; Ueda et al. 2003; Simpson 2005; Maiolino et al. 2007;
Merloni et al. 2014), their model predicts that the inner radius
of the dust torus relative to the square root of the luminosity is
smaller for more luminous AGNs.
On the other hand, the inner dust torus was found not to

contract immediately after the propagation of a drop in
luminosity of the accretion disk (Koshida et al. 2009; Pott
et al. 2010; Kishimoto et al. 2013; Oknyansky et al. 2014;
Kokubo & Minezaki 2019). If the response timescale to
complete the contraction is less than a few years, as reported by
Koshida et al. (2009) and Kokubo & Minezaki (2019), an AGN
whose accretion disk has already dimmed but for which the
dust torus still remains large would be observed more
frequently in less luminous AGNs, in which the timescale for
flux variation is expected to be small. In these objects, the inner
radius of the dust torus on average would be larger for less
luminous AGNs.17

A possible systematic change in the spectral shape of the
UV–optical continuum emission of the accretion disk with the
luminosity would also change the dust-sublimation radius from
the correlation with the square root of the V-band luminosity,
because the integrated input energy for dust grains normalized
by the V-band flux depends on the spectral shape of the
illumination (Barvainis 1987; Yoshii et al. 2014). The
luminosity dependence of the spectral energy distributions
(SEDs) of AGNs has been studied by many authors, but
Krawczyk et al. (2013) reported a somewhat complicated

Figure 5. Radii of the innermost dust torus and the BLR plotted against the V-
band luminosity. Red filled circles and brown filled boxes represent the dust-
reverberation radii of this work and Koshida et al. (2014), respectively. Red
open circles and the triangle represent the uncertain data and lower limit of the
dust-reverberation radii of this work, and brown open boxes represent the data
of Koshida et al. (2014) for which the difference between the lag times
obtained by JAVELIN and the CCF analysis was large. Blue crosses represent
the reverberation radii of broad Balmer emission lines taken from Bentz et al.
(2013). One data point per AGN is plotted, which was obtained by taking the
median of the BLR lags, and the luminosity at that epoch, if more than one lag
time was measured for an AGN. Solid and dashed lines represent the best-fit
regression lines for the dust-reverberation radii with the slope β being fixed at
0.5 and freed, respectively. The data marked by the filled circles and boxes
were used for the fitting.

17 Koshida et al. (2009) also reported that the inner dust torus did not expand
immediately after the propagation of an increase in luminosity of the accretion
disk. If the clumpy dust clouds located within the sublimation radius can
survive temporarily, an AGN whose accretion disk has already brightened but
for which the dust torus still remains small may be observed more frequently in
less luminous AGNs.

17

The Astrophysical Journal, 886:150 (24pp), 2019 December 1 Minezaki et al.

Minezaki et al. (2019)



DRM based on WISE W1 and W2 lags relative to optical band; used to constrain torus size in 
AGN

Rdust,W1 ~ Lbol
0.39, σ = 0.19 dex (RW1-Lbol) 

Rdust,W2 ~ Lbol
0.33, σ = 0.18 dex (RW2-Lbol) 

DRM based on WISE bands (high luminosity AGNs): Current status

Limitations: 

1. Rdust v/s Luminosity correlation 
is different among studies 

2. Poor sampling in IR-W1 and W2 
b a n d l i g h t c u r v e s d a t a 
(cadence~180 days) 

3. Optical light curves constructed 
from different surveys have 
different SNR 

4. The lags (below 200 days) are 
not well constrained, have large 
uncertainties 

Mandal et al., 2024, ApJ, 968, 28



Dust reverberation mapping: Future possibilites

LSST footprint (image credit: LSST community forum)

▪ North Deep Field (100 sq-deg)
▪ South Deep Field (100 sq-deg)

DEEP FIELDS AROUND THE ECLIPTIC POLES

SPHEREx Point Source Sensitivity

SPHEREx footprint: NEP and SEP deep field (Image credit:Ja Hwan 
King)

•  LSST FOV: 18000 degrees2


• Filters: u, g, r, i, z, y  

• SPHEREx: NEP,  SEP (~ each of 100 
degrees2)


• Cover 0.75 to 5 μm range with 96 
different colour bands


• Cadence ~ 6 days (with ~6 months 
seasonal gap)• Optical data from LSST (SEP field) + ZTF (NEP field)


• IR data from SPHEREx


•

LSST: Large Synoptic Survey Telescope

SPHEREx: Spectro-Photometer for the History of the Universe, Epoch of Reionization and Ices Explorer



Test with available data: ZTF light curves in SPHEREx NEP field

Distribution of g-band apparent magnitude for 2427 AGNs

• Catalog used for type 1 AGNs: Byun at al., 2023


• Number of type 1 AGNs in NEP: 2427


• Number of type 1 AGNs in SEP: 2383


• ZTF light curves (g,r,i-bands): For NEP


• Used ZTF DR-20 which starts from 2018


• Lightcurve available: 2230 (about 90% targets in 
NEP)


• No. of targets with m_g < 19: 409



Examples of optical light curves from ZTF



ZTF light curves in SPHEREx NEP field

Distribution of the number of data points present in the light 
curves in ZTF-g,r,i-bands.


Median number of data points (2018 - 2024,April): 
ZTF-g band: 636

ZTF-r band: 707

ZTF-i band: 160

Distribution of the mean cadence values in ZTF-g, r and I-
bands.


Median cadence values of the sample: 
ZTF-g band: 2.5 days

ZTF-r band: 2.3 days

ZTF-i band: 5.8 days



Fvar Vs luminosity

• Cover a wide range in luminosity: 1042.3 erg/s < Lg < 1047 erg/s (with Fvar > 10%)

From left to right: Distribution of Fvar as a function of luminosity in g-band in ZTF-g, r and i-bands

Fvar =
(σ2 − ¯ϵ2

err)
x̄2

σ2 =
1

N − 1

N

∑
i=1

(xi − x̄)2

Where x is the flux value



Expected dust torus size for the sample

• Expected torus size (Rdust,3.4μm) based on WISE W1-band (3.4 μm) lags are 
determined from Rdust - Lbol relation (Mandal et al., 2024)


• Sample size = 1650 (based on availability of redshift)


• 42.6 erg/s < log(Lg) < 47.1 erg/s


• Lbol = 10*Lg (is assumed)


• Median Rdust,3.4μm = 1035 light-days

Distribution of expected R_dust,3.4μm

• SPHEREx will continue observation 
for 2 years. To resolve larger dust 
l a g s ( > 1 . 5 y e a r s ) p r e v i o u s 
complementary IR data from WISE 
can be used. 



Summary of Dust Reverberation Mapping
Our preliminary variability tests with ZTF-light curves show that available AGNs 

in LSST+SPHEREx field are expected to show considerable flux variabilities 
suitable for RM analysis.


Using optical data from LSST and IR data from SPHEREx, we can find the 
extent of dust torus with Rdust < 600 light-days


To find torus size  Rdust > 600 light-days, we can combine data from previous 
surveys (CRTS, ASAS-SN, ZTF, PTF for optical; and WISE for IR).


Following the above two steps, we will be able to constrain the torus size - 
luminosity relationship over a large dynamic range of luminosity.



Accretion disk continuum Reverberation mapping with LSST
• A continuation of the previous talk by Prof. Bozena Czerny

Light curves in multiple optical bands can be used to constrain 
Size of the continuum emitting regions in AGN 

Image credit: Olivier+2006
r = r0 ( λ

λ0 )
β

− 1 where β = 4/3

r0: used to find the size of the 
continuum emitting region

Cackett+2018



Constrain disk size vs luminosity, BLR-size vs disk size relations with LSST 
data

Mandal et al., in preparation Mandal et al., in preparation

Need to constrain R5100 - L5100 and RBLR - R5100 relation 
over large dynamic range in luminosity: LSST can play an 
important role 

Once RBLR - R5100 relationship is established over large 
dynamic range, can be used as single epoch BH mass 
estimator.



Summary of continuum RM from LSST data
• Light curve data in u, g, r, i, z, y bands can be used to 

find size of the continuum emitting region in accretion 
disk


• Better constrain the disk size - luminosity and BLR 
size - disk size relations over large dynamic range 
using LSST data (specifically for the high luminosity 
AGNs)




