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The Time-Domain Niche 

•  Reverberation mapping in Seyferts 
•  Radio loud quasars 
•  Optically violent variables 
•  X-ray timing 
•  Optical continuum monitoring of blazars 
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Multi-messenger Landscape 
Next decade and beyond 

aLIGO/Virgo (GW) 

IceCube (ν) 

LSST (optical – survey) 

GAIA satellite 

Optical – rapid response 

CTA (TeV) 

SKA (radio) 
Swift satellite(γ, X, optical  
Discovery & response) 



New Big Picture 
•  Active galactic nuclei by power 

•  Outflows, star formation and environment  
•  Illuminating inactive BHs  

•  Flares and tidal disruptions 
•  The time domain challenge 

•  Discovery & follow-up  
•  Technology and politics 

•  The multi-messenger landscape 



AGN in Context 

•  Obscuring torus 
~hundreds pc 

•  Host galaxy 
Out to 100 kpc 

•  Accretion disk 
10 - 100 AU 

BH-bulge correlation 
AGN & galaxy evolution 



First Direct Black-Hole Mass  

•  Masers in NGC4258 -> thin warped gas disk around BH  
  M = 4 x 107 M in r < 0.7 light year 

•  First direct measurement of black hole influence and mass 

Blue= AGN Jet; Red = hydrogen  
(Mundell et al. 2016 in prep.)  

Spectrum at 22 GHz - water masers 
(Greenhill et al. 1995) 

NGC 4258 



Shankar+16 

Black Holes biases 

•  BH mass – bulge relation biased high 
•  BH masses in AGN reduced 
•  BH densities reduced 
•  Radiative efficiencies/BH spin increased 
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Black Holes biases 

•  BH mass – bulge relation biased high 
•  BH masses in AGN reduced 
•  BH densities reduced 
•  Radiative efficiencies/BH spin increased 

•  Episodic activity 
•  AGN lifetime reduced 
•  Duty cycles/BH growth extended 

Barth et al. 2016; Greene et al. 2016; Shankar et al. 2016; Wang et al. 2011 



Feedback & AGN Duty Cycles 
 Chandra  soft X-ray emission to 

R = 2 kpc,  L(0.5-2keV)~1039 
erg/s (Wang et al. 2010) 

 Recent AGN:host interaction 

 Mechanical energy    deposited 
< 105 years or       

 Eddington-limited outburst
 luminosity ~ 10,000 yr ago 

  Live systems c.f. Milky Way 

 Short timescale – outbursts > 
1% AGN lifetime 

Hα  0.3 – 1 keV Chandra/ACIS 

Neutral Hydrogen 

Wang+ 2010, ApJ, 719, L208; Mundell et al. 2003 

NGC 4151 



Fueling black holes 



"   Seyfert 2 
"   SABb 
"   z = 0.0052 

~300 pc  

"   Features: 

"   Bar 
"   Global rotation 
"   Gas-streaming or

 outflow? 

NGC 5740 



"   Sy 1.5 / SB 

"   S0a 

"   z = 0.031 

"   Hydrogen disk damaged
 by outflow 

"   Oxygen flow speed:  
 300 km/s 

"   Extent:  ~2 kpc  

MKN 609 



"   NLAGN 

"   S0a 

"   z = 0.031 

"   Rotating SF disk  

"   Oxygen flow speed 
 200km/s  

"   Extent: ~2kpc 

SDSS J033955.68-063237.5 



Results 
•  Gas necessary, but not sufficient (also Mulchaey &

 Regan 98; Martini+ 03; Simoes Lopes+ 07) 

•  Ionised gas:  AGN 100% , Inactives - 35% 

•  Quiescent, star-forming rotating disks (Hα) 

•  Extensive, high-speed outflows ([OIII]) 

•  Not typical in local galaxies 

•  Evolution in AGN feedback already at  z=0.05 

•  No host stellar evolution to z<1, but rapid gas evolution 

•  Extend IFU study to z=0.1 and beyond 

Westoby+2007, ApJ, 382, 1541; Westoby+2012 ApJS, 199, 1 



Galactic outflows through
 cosmic time   

> 600 deep galaxy cubes 0.6 < z < 2.6 Gas regulator model 
Outflows ubiquitous but what dependence on SFR, Mstar, Mdyn … ? 

Wuyts, Genzel, Forster Schreiber, Wisnioski et al. 



Luminous Quasar Systems 

Villforth, Wild, Hewett et al. in prep 
Bayesian MCMC spectral decomposition of
 luminous quasars  (Lbol = 1045 erg/s) 



Luminous Quasar Systems 

Timescales & lifetimes:  SF vs accretion vs feedback vs duty cycles 

Host galaxy contributes ~10%
 of flux in wavelength range 

>4000 SDSS quasars analysed so far Villforth et al. in prep 



Jermak et al. 2016 

Real-time variability 

Precursor predictions for γ-ray flares? 



Jermak et al. 2016 Correlations from long-term monitoring 



AGN as Transients 

•  Gamma-ray flare triggers optical follow-up 
•  CTA + LSST 
•  Also GW + LSST 
•   LSST transients self-triggers – more

 challenging 
•  Filtering, classification, optimisation 

•  Other communities developing strategies 



Tracing quiescent black holes 
•  TDEs  

•  small number discovered so far; some puzzles 
•  Optical (non-relativistic?) – abundances

 patterns, origin of UV/optical from large r, low
 X-ray columns, post-starburst hosts, spectra
 could reveal type & mass of disrupted star
 (Cenko et al) 

•  3D AMR flash simulations for feeding rate 
•  Stellar tidal radius of M-S star inside RSch 
•  Peak timescale + peak mag – estimate type of

 disrupted star (Ramirez-Ruiz et al.) 



Tracing quiescent black holes 
•  TDEs  

•  small number discovered so far; some puzzles 
•  Optical (non-relativistic?) – abundances patterns,

 origin of UV/optical from large r, low X-ray
 columns, post-starburst hosts, spectra could
 reveal type & mass of disrupted star  

•  3D AMR flash simulations for feeding rate 
•  Stellar 
•  Tidal radius of M-S star inside RSch 

•  Peak timescale + peak mag – estimate type of
 disrupted star 

•  LSST will find thousands  
•  Classification & 

 follow-up vital but challenging 
•  Loss cone depleted for high BH mass, 

but full for low mass > search dwarf
 galaxies? 

•  High-energy (relativistic) TDEs rare 
• Multiwavelength co-ordination 

•  TDE unification scheme?! 



Tracing Quiescent Black Holes 
•  NGC4708 
•  3-mag nuclear flare (ATLAS

 0.5m detection – Tonry+2016
 Atel #9151) 

•  Liverpool Telescope follow-up 
•  Multi-colour imaging,

 spectroscopy, polarimetry 
•  Small bulge, good contrast 
•  Pre-peak SN 1a (Mundell +2016

 Atel #9165) 
*IR TDE flare – reprocessed dust at 0.1pc  
Van Velzen+17 AAS Meeting #229, id.207.03 
*Superluminal components 
Perlman+17 AAS Meeting #229, id.250.58   +many other TDE abstracts 



Variability Selected AGN in
 Difference Images 

Choi et al. 2014 

Difference images of variable  
Quasar, co-added template 

SF for X-ray selected point sources 
Colour coded by  g-band mag 
Faint sources = shorter timescales 



SDSS IV eBOSS - TDSS 
•  Spectroscopic ID of 220,000

 luminosity-variable objects across
 7500 deg2 

•  Variability complements colour
 selection 

•  Additional redder quasars 
•  Mitigates redshift biases 
•  More higher blazars BALQSO than

 from color-selected samples. 

(Morganson+16) 



•  ESO MOS on the 4-m VISTA telescope
 (Paranal) to be commissioned by 2022. 

•  Galactic & extragalactic surveys                       
•  UK consortium buy-in to lead TiDES

 250,000 fibre hours + TiDES core mission:
 follow-up and supplement LSST 

•  ‘Live’ transients, monitoring etc 
•  ESO operations mode change needed 
• Community developing follow-up strategy now 

ESO – VISTA 4MOST 



Instrument Specification 

Specification Concept Design value 

Field-of-View (hexagon) >4.0 degree2 (�>2.5°) 

Multiplex fiber positioner ~2400 
Medium Resolution Spectrographs 
  # Fibres 
  Passband 
  Velocity accuracy 

R~5000-8000 
  1600 fibres 
  390-930 nm 
  < 2 km/s 

High Resolution Spectrograph 
  # Fibres 
  Passband 
  Velocity accuracy 

R~20,000 
  800 fibres 
  395-456.5 & 587-673 nm 
  < 1 km/s 

# of fibers in �=2’ circle >3 

Area (5 year survey) >2h x 16,000 deg2  

Number of 20 min science spectra (5 year) ~100 million 

Roelof de Jong | 4MOST




Dust reverberation mapping 

•   Wien tail of hot dust emission reaches
 into (red) optical bands  
•  decompose ugrizy into disk and dust light

 curves                
•  use techniques similar to photometric

 emission line reverberation mapping (e.g.
 Chellouche & Daniel 2012; Chellouche &
 Zucker 2013) 



AGN hot dust lags with LSST

Hoenig 2014
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Figure 1. AGN template SED for a redshift of z = 0.03 in the wavelength range
from 2500–20000 Å. The dotted line is the BBB component and the dashed
line represents a blackbody with temperature T = 1500 K. The solid line is
the combination of both emission components. The colored solid lines illustrate
the transmission of the LSST u, g, r, i, z, and y3 wavebands (violet to red),
respectively. The dashed-red line shows the alternative y4 filter.
(A color version of this figure is available in the online journal.)

the optical can be approximated by

FAGN = FV ·
(

λ

0.55 µm

)−7/3

+
FBBB(1.2 µm)

πB1.2 µm(1400 K)
· πBλ(1400 K) (1)

where FV denotes the V-band flux at 0.55 µm, FBBB(1.2 µm)
is the BBB flux component at 1.2 µm, and πB1.2 µm (1400 K)
represents the flux of a 1400 K blackbody at 1.2 µm (observed
near-IR color temperature; Kishimoto et al. 2007, 2011b). The
normalization accounts for the fact that AGNs show a generic
turnover from BBB-dominated emission to host-dust emission
at about 1–1.2 µm (e.g., Neugebauer et al. 1979; Elvis et al.
1994).

Figure 1 shows the total AGN spectral energy distribution
(SED), the BBB, and hot-dust components for a simulated
object at redshift z = 0.03. Overplotted are the transmission
curves for the Large Synoptic Survey Telescope (LSST) filters
u, g, r, i, z, and y, where the latter may either be represented by
the y3 (referred to as y in the following) or y4 filter. The Wien
tail of the hot dust reaches into the z and y bands. However, the
fractional contribution of the dust is very sensitive to the object’s
redshift. In Table 1, hot-dust contributions to the total flux in i,
z, and y are listed for 0 < z < 0.3. Out to about z ∼ 0.1, the
dust contribution to the y band is !10% and drops to ∼5% at
z = 0.2. Therefore, the dust component may be detected above
the BBB out to z ∼ 0.1–0.2.

3. A DUST REVERBERATION MAPPING EXPERIMENT
FOR OPTICAL SURVEYS

In this Letter, I propose to use optical wavebands for dust
reverberation mapping of AGNs. Suitable telescope projects
are currently being explored or are under construction. The
most promising survey for this experiment will be the LSST. Its
cornerstones are high photometric quality (<1%), high cadence,
and multi-year operation. The feasibility for LSST will be

Table 1
Relative Contributions of Hot Dust to Wavebands at Different Redshifts

Redshift z = 0 z = 0.05 z = 0.1 z = 0.2 z = 0.3

i band 0.019 0.012 0.007 0.003 . . .

z band 0.073 0.052 0.031 0.014 0.004
y band (y3) 0.206 0.158 0.109 0.053 0.020
y band (y4) 0.168 0.126 0.085 0.041 0.015

illustrated in the following. It can be easily translated to other
surveys.

3.1. Simulation of Observed Light Curves and
Construction of a Mock Survey

First, it is necessary to simulate survey data and find a
method that allows for recovering dust time lags. Kelly et al.
(2009) show that the optical variability is well reproduced by a
stochastic model based on a continuous autoregressive process
(Ornstein-Uhlenbeck process; see also Kelly et al. 2013). The
model consists of a white noise process with a characteristic
amplitude σ that drives exponentially decaying variability with
a time scale τ around a mean magnitude m0. The parameters σ
and τ have been found to scale with black hole mass MBH and/or
the luminosity L of the AGN (e.g., Kelly et al. 2009, 2013). For
the simulations, L and MBH are chosen and σ and τ are drawn
from the error distribution of the respective relation given in
Kelly et al. (2009). Since the amplitude of variability depends
on wavelength, it was adjusted by σ (λ) = σ × (λ/5500 Å)−0.28

as empirically found by Meusinger et al. (2011).
The BBB light curves are then propagated outward into

the dusty region. Its inner edge, Rsub, and thus the dust time
lag τ (Rsub), scales with L as Rsub ∝ τ (Rsub) ∝ L1/2. The
reaction of the dust on BBB variability is modeled using the
principles outlined in Section 2. For that, the dust is distributed
in a disk with a surface density distribution Σ(r) ∝ ra , and
the temperature of the dust at distance r from the AGN is
calculated using the blackbody approximation for LTE, T (r) =
Tsub × (r/Rsub)−0.5 (sublimation temperature Tsub = 1500 K).
The power law index a represents the compactness of the dust
distribution (a very negative = compact; a ∼ 0 = extended)
and results in a smearing out of the variability signal/transfer
function. Since its actual value is rather unconstrained, a random
value is picked in the range −2.5 < a < −0.5, motivated by
observations (Hönig et al. 2010, 2012, 2013; Kishimoto et al.
2011b). Using the dust variability model on actual data showed
that only a fraction of the incident variable BBB energy, weff ,
is converted into hot-dust variability (for details see Hönig &
Kishimoto 2011). Thus, a random weff is picked in the interval
weff ε [0.2, 0.8] for each simulated AGN. In summary, the
hot dust emission and its variability is fully characterized by
a and weff .

The magnitudes at all LSST wavebands are extracted for the
combined BBB + hot-dust emission for AGNs with luminosities
L at distances DL. The “mock observations” take into account
the expected statistical and systematic errors of the LSST.2 It
is assumed that each AGN is observed once every 7 days in
u, 3 days in g, 5 days in r, 10 days in i, 20 days in z, and
15 days in y.

To illustrate the proposed method, AGN properties observed
in the local universe (z " 0.1) were approximated as follows.

2 Based on the descriptions at http://ssg.astro.washington.edu/elsst/
magsfilters.shtml and http://ssg.astro.washington.edu/elsst/opsim.shtml?
skybrightness.
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Figure 2. Simulated AGN light curves in the g- (light blue) and y-band (light red)
filters for a period of two years. The blue and red circles with error bars represent
mock observations of these g- and y-band light curves, respectively, based on
the LSST photometric precision and an average sampling of 4 days (g band)
and 17 days (y band). The green line represents the dust-only model light curve
in the y band (magnitude scale on right axis). The AGN characteristics are listed
in the top-left corner.
(A color version of this figure is available in the online journal.)

First, a redshift is randomly picked from a (1 + z)3 distribu-
tion. Then, luminosities are drawn randomly from the interval
log L(erg s−1)ε[42.7, 44.3] and adjusted by 10 · z (quasars be-
come more abundant with z). MBH is determined based on L and
an Eddington ratio picked randomly around the L-dependent
mean log〈"Edd〉 = −1.0 + 0.3 × log L/〈L〉 (Gaussian with
standard deviation σlog " = 0.22 dex), producing an L–"Edd
correlation.

3.2. How to Recover Dust Time Lags

A catalog with 301 AGNs has been simulated.3 Example light
curves in the g and y bands are presented in Figure 2. The circles
with error bars are the observed epochs that will be used as input
for the reverberation experiment. In the following, a very simple
cross-correlation approach will be used to successfully recover
dust lags. The intention is to provide a proof-of-concept, while
optimization or tests of better approaches (e.g., Chelouche &
Daniel 2012; Chelouche & Zucker 2013; Zu et al. 2013) are
encouraged for future studies.

First, the observed photometric light curves in each band
and with very different time resolution and inhomogeneous
coverage were resampled to a common ∆t = 1 day using the
stochastic interpolation technique described in Peterson et al.
(1998) and Suganuma et al. (2006). For each band, 10 random
realizations of the resampled light curves were simulated. From
the resampled ugri light curves, a reference BBB light curve
was extracted. For that, the mean fluxes and standard deviations
over the 10 random realizations of each band and epoch were
calculated and a simple power law fν ∝ νβ was fit to the
resulting ugri fluxes at each resampled epoch. Based on this
fit, a V-band flux at 0.55 µm was determined. This method
uses the maximum information of all bands simultaneously and

3 The catalog and analysis are available at http://dorm.sungrazer.org.

Figure 3. Six-day-smoothed cross-correlation function (CCF) of an AGN
(catalog ID 160). The red line shows the CCF between the y–BBB light curve
and the BBB light curve, while the blue and orange lines are auto-correlation
functions of the BBB and y–BBB light curves, respectively. The green line
is the y–BBB CCF after subtracting a scaled combination of the two ACFs.
The dotted line marks the CCF cutoff for automated time-delay detection. The
black solid and dash-dotted lines denote the auto-detected peak time lag τpeak
and center-of-mass time lag τcom, respectively. The dashed lines mark the error
regions where the CCF is half its peak value. For reference, the solid purple line
marks the time lag of the sublimation radius in the input model. The AGN input
properties are listed as well.
(A color version of this figure is available in the online journal.)

the resulting BBB light curve is very close to the input AGN
variability pattern.

In the next step, the BBB light curve was subtracted from
the y-band fluxes. This procedure can produce negative fluxes
and leaves some BBB variability in the result due to the
overestimation of the BBB underlying the y band and the
wavelength-dependence of the variability. However, as we are
interested only in the time delay signal, this does not need to
be of concern. The most important result from this procedure
is that a large part of the BBB signal has been removed in this
y–BBB light curve.

Finally, the observed epochs of the y–BBB light curve
are (discretely) cross-correlated with the BBB light curve by
interpolating the BBB flux at the observed y-band epochs and
accounting for different lags. An example cross-correlation
function (CCF) for a 10 year LSST survey, smoothed with a
box-car kernel with a width of 6 days, is shown in Figure 3.
The CCF shows a distinct negative/anti-correlation peak at zero
lag. This peak originates from the subtraction method discussed
above. As such, it closely follows the auto-correlation functions
(ACFs) of the BBB and y–BBB light curves. After linearily
combining both ACFs and scaling to the 0-lag negative peak,
the BBB effect on the CCF can be effectively removed.

To recover the dust lag, the highest peak in the CCF after ACF
subtraction was automatically identified. A positive detection is
considered if the peak CCF ! 0.2. An error region is defined as
the range over which the CCF is at least half the peak CCF. The
maximum CCF defines the time lag of the peak τpeak. A center-
of-mass time lag τcom is also determined at half the integrated
CCF within the error region.

As a final remark, a direct cross correlation between the
observed y band and any optical band did not recover a
time delay, although a corresponding peak is seen when
cross-correlating the input model light curves. In addition, the
“shifted reference” method by Chelouche & Daniel (2012)
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Figure 2. Simulated AGN light curves in the g- (light blue) and y-band (light red)
filters for a period of two years. The blue and red circles with error bars represent
mock observations of these g- and y-band light curves, respectively, based on
the LSST photometric precision and an average sampling of 4 days (g band)
and 17 days (y band). The green line represents the dust-only model light curve
in the y band (magnitude scale on right axis). The AGN characteristics are listed
in the top-left corner.
(A color version of this figure is available in the online journal.)
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come more abundant with z). MBH is determined based on L and
an Eddington ratio picked randomly around the L-dependent
mean log〈"Edd〉 = −1.0 + 0.3 × log L/〈L〉 (Gaussian with
standard deviation σlog " = 0.22 dex), producing an L–"Edd
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3.2. How to Recover Dust Time Lags

A catalog with 301 AGNs has been simulated.3 Example light
curves in the g and y bands are presented in Figure 2. The circles
with error bars are the observed epochs that will be used as input
for the reverberation experiment. In the following, a very simple
cross-correlation approach will be used to successfully recover
dust lags. The intention is to provide a proof-of-concept, while
optimization or tests of better approaches (e.g., Chelouche &
Daniel 2012; Chelouche & Zucker 2013; Zu et al. 2013) are
encouraged for future studies.

First, the observed photometric light curves in each band
and with very different time resolution and inhomogeneous
coverage were resampled to a common ∆t = 1 day using the
stochastic interpolation technique described in Peterson et al.
(1998) and Suganuma et al. (2006). For each band, 10 random
realizations of the resampled light curves were simulated. From
the resampled ugri light curves, a reference BBB light curve
was extracted. For that, the mean fluxes and standard deviations
over the 10 random realizations of each band and epoch were
calculated and a simple power law fν ∝ νβ was fit to the
resulting ugri fluxes at each resampled epoch. Based on this
fit, a V-band flux at 0.55 µm was determined. This method
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and center-of-mass time lag τcom, respectively. The dashed lines mark the error
regions where the CCF is half its peak value. For reference, the solid purple line
marks the time lag of the sublimation radius in the input model. The AGN input
properties are listed as well.
(A color version of this figure is available in the online journal.)

the resulting BBB light curve is very close to the input AGN
variability pattern.

In the next step, the BBB light curve was subtracted from
the y-band fluxes. This procedure can produce negative fluxes
and leaves some BBB variability in the result due to the
overestimation of the BBB underlying the y band and the
wavelength-dependence of the variability. However, as we are
interested only in the time delay signal, this does not need to
be of concern. The most important result from this procedure
is that a large part of the BBB signal has been removed in this
y–BBB light curve.

Finally, the observed epochs of the y–BBB light curve
are (discretely) cross-correlated with the BBB light curve by
interpolating the BBB flux at the observed y-band epochs and
accounting for different lags. An example cross-correlation
function (CCF) for a 10 year LSST survey, smoothed with a
box-car kernel with a width of 6 days, is shown in Figure 3.
The CCF shows a distinct negative/anti-correlation peak at zero
lag. This peak originates from the subtraction method discussed
above. As such, it closely follows the auto-correlation functions
(ACFs) of the BBB and y–BBB light curves. After linearily
combining both ACFs and scaling to the 0-lag negative peak,
the BBB effect on the CCF can be effectively removed.

To recover the dust lag, the highest peak in the CCF after ACF
subtraction was automatically identified. A positive detection is
considered if the peak CCF ! 0.2. An error region is defined as
the range over which the CCF is at least half the peak CCF. The
maximum CCF defines the time lag of the peak τpeak. A center-
of-mass time lag τcom is also determined at half the integrated
CCF within the error region.

As a final remark, a direct cross correlation between the
observed y band and any optical band did not recover a
time delay, although a corresponding peak is seen when
cross-correlating the input model light curves. In addition, the
“shifted reference” method by Chelouche & Daniel (2012)
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Figure 1. AGN template SED for a redshift of z = 0.03 in the wavelength range
from 2500–20000 Å. The dotted line is the BBB component and the dashed
line represents a blackbody with temperature T = 1500 K. The solid line is
the combination of both emission components. The colored solid lines illustrate
the transmission of the LSST u, g, r, i, z, and y3 wavebands (violet to red),
respectively. The dashed-red line shows the alternative y4 filter.
(A color version of this figure is available in the online journal.)

the optical can be approximated by

FAGN = FV ·
(

λ

0.55 µm

)−7/3

+
FBBB(1.2 µm)

πB1.2 µm(1400 K)
· πBλ(1400 K) (1)

where FV denotes the V-band flux at 0.55 µm, FBBB(1.2 µm)
is the BBB flux component at 1.2 µm, and πB1.2 µm (1400 K)
represents the flux of a 1400 K blackbody at 1.2 µm (observed
near-IR color temperature; Kishimoto et al. 2007, 2011b). The
normalization accounts for the fact that AGNs show a generic
turnover from BBB-dominated emission to host-dust emission
at about 1–1.2 µm (e.g., Neugebauer et al. 1979; Elvis et al.
1994).

Figure 1 shows the total AGN spectral energy distribution
(SED), the BBB, and hot-dust components for a simulated
object at redshift z = 0.03. Overplotted are the transmission
curves for the Large Synoptic Survey Telescope (LSST) filters
u, g, r, i, z, and y, where the latter may either be represented by
the y3 (referred to as y in the following) or y4 filter. The Wien
tail of the hot dust reaches into the z and y bands. However, the
fractional contribution of the dust is very sensitive to the object’s
redshift. In Table 1, hot-dust contributions to the total flux in i,
z, and y are listed for 0 < z < 0.3. Out to about z ∼ 0.1, the
dust contribution to the y band is !10% and drops to ∼5% at
z = 0.2. Therefore, the dust component may be detected above
the BBB out to z ∼ 0.1–0.2.

3. A DUST REVERBERATION MAPPING EXPERIMENT
FOR OPTICAL SURVEYS

In this Letter, I propose to use optical wavebands for dust
reverberation mapping of AGNs. Suitable telescope projects
are currently being explored or are under construction. The
most promising survey for this experiment will be the LSST. Its
cornerstones are high photometric quality (<1%), high cadence,
and multi-year operation. The feasibility for LSST will be

Table 1
Relative Contributions of Hot Dust to Wavebands at Different Redshifts

Redshift z = 0 z = 0.05 z = 0.1 z = 0.2 z = 0.3

i band 0.019 0.012 0.007 0.003 . . .

z band 0.073 0.052 0.031 0.014 0.004
y band (y3) 0.206 0.158 0.109 0.053 0.020
y band (y4) 0.168 0.126 0.085 0.041 0.015

illustrated in the following. It can be easily translated to other
surveys.

3.1. Simulation of Observed Light Curves and
Construction of a Mock Survey

First, it is necessary to simulate survey data and find a
method that allows for recovering dust time lags. Kelly et al.
(2009) show that the optical variability is well reproduced by a
stochastic model based on a continuous autoregressive process
(Ornstein-Uhlenbeck process; see also Kelly et al. 2013). The
model consists of a white noise process with a characteristic
amplitude σ that drives exponentially decaying variability with
a time scale τ around a mean magnitude m0. The parameters σ
and τ have been found to scale with black hole mass MBH and/or
the luminosity L of the AGN (e.g., Kelly et al. 2009, 2013). For
the simulations, L and MBH are chosen and σ and τ are drawn
from the error distribution of the respective relation given in
Kelly et al. (2009). Since the amplitude of variability depends
on wavelength, it was adjusted by σ (λ) = σ × (λ/5500 Å)−0.28

as empirically found by Meusinger et al. (2011).
The BBB light curves are then propagated outward into

the dusty region. Its inner edge, Rsub, and thus the dust time
lag τ (Rsub), scales with L as Rsub ∝ τ (Rsub) ∝ L1/2. The
reaction of the dust on BBB variability is modeled using the
principles outlined in Section 2. For that, the dust is distributed
in a disk with a surface density distribution Σ(r) ∝ ra , and
the temperature of the dust at distance r from the AGN is
calculated using the blackbody approximation for LTE, T (r) =
Tsub × (r/Rsub)−0.5 (sublimation temperature Tsub = 1500 K).
The power law index a represents the compactness of the dust
distribution (a very negative = compact; a ∼ 0 = extended)
and results in a smearing out of the variability signal/transfer
function. Since its actual value is rather unconstrained, a random
value is picked in the range −2.5 < a < −0.5, motivated by
observations (Hönig et al. 2010, 2012, 2013; Kishimoto et al.
2011b). Using the dust variability model on actual data showed
that only a fraction of the incident variable BBB energy, weff ,
is converted into hot-dust variability (for details see Hönig &
Kishimoto 2011). Thus, a random weff is picked in the interval
weff ε [0.2, 0.8] for each simulated AGN. In summary, the
hot dust emission and its variability is fully characterized by
a and weff .

The magnitudes at all LSST wavebands are extracted for the
combined BBB + hot-dust emission for AGNs with luminosities
L at distances DL. The “mock observations” take into account
the expected statistical and systematic errors of the LSST.2 It
is assumed that each AGN is observed once every 7 days in
u, 3 days in g, 5 days in r, 10 days in i, 20 days in z, and
15 days in y.

To illustrate the proposed method, AGN properties observed
in the local universe (z " 0.1) were approximated as follows.

2 Based on the descriptions at http://ssg.astro.washington.edu/elsst/
magsfilters.shtml and http://ssg.astro.washington.edu/elsst/opsim.shtml?
skybrightness.
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Dust reverberation mapping 

•  Dust lag-luminosity relation now used
 as a standardisable candle (e.g.
 Hoenig et al. 2017, MNRAS 464, 1639)
 —> requires local set of AGN  

•  Immediate action: Need to adjust AGN
 simulator to include dust as a variable
 source, not just constant (Hoenig- work
 in progress) 



Reverberation Mapping 

•   Reverberation mapping campaign
 within TiDES: monitor about 1,000
 AGN for broad-line reverberation
 mapping; 0 < z < 4 (mostly at z < 2.5) 

•   Determine kinematic black hole
 masses  into early universe, e.g. galaxy
 evolution            





Reverberation Mapping 

•   Broad-line lag-luminosity relation now
 used as standardisable candle (e.g.
 Watson et al. 2011; King et al. 2014,
 2015; Shen et al. 2015)  

•   ~12,000 TiDES fibre hours reserved
 LSST complements with high-quality
 multi-band continuum light curves with
 systematics independent of TiDES                                 



•  Precursor surveys 
•  AGN identification and classification 
•  Alerts – into and out of LSST 
•  Dynamic range – AGN accute problem   
•  PSF, faint features, variability, LCs 
•  Addition of spectroscopic information 
•  Feasible in real time? 

Challenges 



Summary 

•  AGN with LSST perhaps most diverse
 technical/scientific case 

•  Host galaxy to nucleus + dynamic range 
•  Variability + spectroscopy helps 
•  Fast transients – AGN flares, TDEs

 probe new physics 
•  Autonomous follow-up after filtering 
•  Community co-ordination key 
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UK Community 

•  Observational (static) 
•  Strong multi-wavelength leadership 
•  Imaging & spectroscopic surveys 
•  Local galaxies 
•  Kinematics 
•  AGN and galaxy evolution 



UK Community 
•  Observational (time domain) 

•  Strong multi-wavelength leadership 
•  Imaging & spectroscopic surveys  
•  Rapid-response follow-up  

• High-energy nuclear flares 
•  TDEs will trace quiescent black hole population

 cf GW BHs 
•  Reverberation mapping 
•  AGN for cosmology (RM to z~2.5; z’-band

 dropouts to z~6.5-7.5) 



UK Community 

•  Theoretical  
•  Major simulation frameworks 
•  Key for embedding new data 
•  Predictions for optimisation of obs. strategy 
•  BH growth, accretion & duty cycles 

•  Machine learning, obs-theory interface 
•  AGN ID/classification cf SN (ISSC) 
•  Response to alerts (10 million per night?) 



Thank you! 


