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Science goal: How do supermassive 
black holes grow over cosmic time? 
•  What physics governs black hole accretion? 
•  What mechanisms generate quasar outflows? 
•  How do supermassive black holes & host galaxies 

co-develop? 
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•  Black hole mass 
measurements a 
key part of all 
the above. 
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What is a quasar? 
•  A luminous Active Galactic Nucleus (AGN) or 

quasar consists of a black hole (BH), an accretion 
disk+wind surrounding it which is hotter closer to 
the black hole, and a broad-line region (BLR) and 
narrow-line region which are located farther away 
from the black hole.   



Schema0c	quasar	diagram:	black	hole,	accre0on	disk+	
wind,	broad-	and	narrow-line	regions,	dusty	torus	

BELR	

Supermassive	
black	hole	
	

X-ray	corona	
	
	
	

Accre0on	disk	
	
	
	

Broad	
emission-line	
region	

4	Illustra0on	courtesy	Viraja	Khatu,	Western	University	



•  A luminous Active Galactic Nucleus (AGN) or quasar 
consists of a black hole (BH), an accretion disk+wind 
surrounding it which is hotter closer to the black hole, 
and a broad-line region (BLR) and narrow-line region 
which are located farther away from the black hole.   

•  Reverberation mapping uses broad emission lines to 
measure black hole masses. 

•  The number of ionizing photons emitted by the inner 
accretion disk varies with time. Ionizing photons heat 
the BLR, which emits more photons - but only after the 
light travel time delay from the inner disk to the BLR. 

Reverberation Mapping yields BH masses 
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Reverberation Mapping yields BH masses 
•  The time delay between a change in ionizing flux and 

a consequent change in broad-line flux depends on the 
light-travel time t (and thus the distance R=ct) 
from the inner accretion disk to the BLR.  Assuming 
the broad line velocity width ΔV tracks the orbital 
velocity at its location, the black hole mass is 
GMBH=fR(ΔV)2 (f is a scaling factor of order a few). 

•  The BLR emits in lines such as Hß, Mg II 2800 Å, 
and C IV 1550 Å.  More emission-line flux is seen if 
the ionizing flux increases, and less if it decreases.  
The UV-optical continuum has been shown to be a 
~good proxy for the extreme-UV ionizing continuum. 



Okay, but what good is RM? 
•  Accurately measured masses of supermassive black 

holes are needed for understanding the coevolution 
of AGN and massive galaxies, through detailed 
study of individual objects and of the evolution of 
the black hole mass function over cosmic time. 

•  Reverberation mapping (RM) is used to anchor the 
single-epoch method of black hole mass 
estimation, by relying on the correlation between 
radius R and luminosity L established with RM BH 
mass measurements. 

•  Future: quasar BLR structure, kinematics; cosmology? 



Is more RM data needed? 
•  Previous RM work on ~60 AGN concentrated on 

biased samples of known highly variable AGN. 
•  Furthermore, almost all previous RM work to 

date had been done on targets at redshifts z<0.3 
using Hß.  In contrast, most AGN are at z>1 and 
have only Mg II 2800 Å or C IV 1550 Å 
accessible in the observed optical band. 

•  To avoid extrapolating BH mass relationships to 
redshift ranges and lines for which they were not 
originally derived, there was and is a need for 
RM lag measurements at z>0.3 in several lines. 



What is the SDSS-RM project? 
•  SDSS-RM is a reverberation mapping study of 849 AGN 

selected only with i<21.7, running 2014-2020. 
•  2.5m SDSS telescope + spectrograph for spectroscopy 
•  849 AGN spectra are obtained simultaneously using 2’’ 

diameter optical fibers, along with 70 spectrophotometric 
standard stars and 81 sky fibers. 
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What is the SDSS-RM project? 
•  SDSS-RM is a reverberation mapping study of 849 AGN 

selected only with i<21.7, running 2014-2020. 
•  2.5m SDSS telescope + spectrograph for spectroscopy. 
•  849 AGN spectra are obtained simultaneously using 2’’ 

diameter optical fibers, along with 70 spectrophotometric 
standard stars and 81 sky fibers. 

•  MegaCam for dark time g & I photometry 2014-17; 
Steward Observatory 2.3m Bok telescope + 90Prime for 
bright time g, i photometry (Kinemuchi, Hall et al., in prep). 

•  The spectra track broad line fluxes (Hß at z<1, Mg II at 
z<2.2, and C IV at z>1.3) and the photometry and 
spectrophotometry track continuum flux. 
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36-chip 
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field layout: 
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(as time 
permitted), 

ideally every 
3-4 nights. 
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Grier et al. (2017), Hα and Hβ lags from 
SDSS-RM Year 1; Grier et al. (2019), 
C IV lags from SDSS-RM Years 1-4 

•  Model continuum variability between observations as a 
Damped Random Walk (DRW), Kelly et al. 2009. 

•  JAVELIN (Just Another Vehicle for Estimating Lags 
In Nuclei), Zu et al. 2011.  Line light curves are scaled, 
shifted, smoothed versions of continuum light curves. 
More refined than the historical standard ICCF 
([Linearly] Interpolated Cross Correlation Function). 

•  CREAM (Continuum REprocessing AGN MCMC), 
Starkey et al. 2016.  Fits a driving light curve and disk 
response function, plus a mean flux & variable flux 
amplitude for each telescope+filter combination (using 
a simplified wavelength-independent disk response). 



• CREAM model fits to the 
lightcurve of SDSS-RM 272 
• Left: individual premerged light 
curves (black points) with 
CREAM model fit and 
uncertainties in red and gray. 
• Right: corresponding CREAM 
posterior distribution of 
observed-frame time lags for 
each light curve’s response 
function. The lag between the 
continuum light curves is fixed to 
zero to intercalibrate photometric 
& spectrophotometric data. 
• C IV lightcurves: same idea 
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•  Example C IV lag in one object. Continuum light curve 
on top, emission line light curve below.  Red: CREAM; 
Blue: JAVELIN.  Right panels: Cross-Correlation 
Function (CCF) and posterior distributions of lags. Lags 
falling in seasonal gaps are deweighted.  CCCD = ICCF 
Cross-Correlation Centroid Distribution. JAVELIN lag 
here is 230 days, or 70 (+5,-7) in the quasar rest frame. 



• Establish significance using thresholds in maximum correlation 
coefficient and line and continuum variability levels.  
• 47 (5) significant positive (negative) C IV lags, from 349 AGN 

with detectable C IV line variability, out of 492 AGN with C IV 



• RBLR=ctBLR; GMBH = f RBLR (ΔV)2; f is dimensionless  
scale factor dependent on BLR structure, kinematics, 
and orientation; f = 4.47 with ±40% scatter. 

RM black hole mass measurements & 
single-epoch black hole mass estimates 
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•  GMBH = f RBLR (ΔV)2 ; f is a dimensionless scale 
factor dependent on BLR structure, kinematics, and 
orientation; f = 4.47 with ±40% scatter. 

•  RM measurements establish a radius-luminosity 
relationship RBLR ∝ (λLλ)0.5 (set by ionization). 

•  The R-L relationship can be used for single-epoch 
estimates of MBH from Lλ and ΔV. 

•  Different lines have different relationships; C IV 
requires more care to use than Balmer lines. 

RM black hole mass measurements & 
single-epoch black hole mass estimates 



•  C IV Radius-Luminosity relationship: grey points & 
dashed lines=previous studies; blue/gold=SDSS-RM 
(detection limits in black). Measured slope is 0.52±0.05. 
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•  Grier+17 Hβ Radius-Luminosity relationship. Red line 
from Bentz+13.  Deviations of SDSS-RM and Du+16 
lags due to selection effect against long lags?  No… 



41 42 43 44 45 46 47
log λL5100

1

10

100

R
es
t-
fr
am

e
τ
fin

al
(d
ay
s)

Bentz & Katz 2015

Du et al 2016

this work

•  …SDSS-RM BLR lags assume no delays among g & i-
band lightcurves and driving EUV lightcurve; existence 
of same would increase BLR time lag and move points 
up. 



What next for RM? 

•  Much still to understand about quasar disks & BLRs 



Future possibilities for RM     
•  R-L relation might have low enough 

scatter to use for a distance-redshift 
relation (Watson et al. 2011). 

•  The ‘mapping’ part of RM: translating 
observed velocity-delay axes in velocity-
resolved emission-line RM to physical x-y 
axes on the disk surface (L: Horne et al. 
2004, R: Pancoast et al. 1803.02318) 

 



What next for RM? 
•  Much still to understand about quasar disks & BLRs 
•  BLR reverberation mapping requires time-series 

photometry and spectroscopy, plus robust analysis. 
•  Targeted observations with CFHT and smaller 

telescopes, as well as surveys such as Pan-STARRS, 
ZTF, LSST, etc. can provide photometry. 

•  SDSS-V spectroscopy will obtain many hundreds of 
RM masses in four fields from 2020-2025. 

•  What else might provide such spectroscopy? 
•  MSE!  Potentially many thousands of RM masses. 



Thank you!  Questions? 
•  Broad-line Region Reverberation Mapping with the 

Sloan Digital Sky Survey RM Project (SDSS-RM) 
– SDSS-RM technical paper: Shen et al., arXiv:1408.5970 
– SDSS-RM sample: Shen, Hall et al., arXiv:1810.01447 
– SDSS-RM Hα,Hβ: Grier et al. 2017, arXiv:1711.03114 
– SDSS-RM C IV: Grier et al. 2019, arXiv:1904.03199 
– SDSS-RM photometry: Kinemuchi, Hall et al. in prep 

•  SDSS-V Black Hole Mapper RM and MSE-RM 
– SDSS-V Overview: Kollmeier et al. arXiv: 1711.03234 
– Astro2020 White Paper: Shen et al. arXiv:1903.04533 
– MSE Detailed Science Case: arXiv:1904.04907 

 


