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AGN Reverberation Mapping 
•  Measuring the broad line lags à RM BH mass 
•  Calibrations for Single-epoch BH mass 
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Fig. 1 Optical continuum (top) and broad H! emission-line (bottom) light curves for Mrk
335. The variations in H! follow those in the continuum by 13.9 ± 0.9 days. Grier et al.
(2012a,2012b).

Some very basic observations allow us to make several simplifying assumptions:

1. The emission lines respond rapidly to continuum changes (Figure 1), showing that
the BLR is small (because the light-travel time is short) and the gas density in the
BLR is high (so the recombination time is much shorter than the light-travel time).
It is also noted that the dynamical timescale (of order RBLR/!V ) of the BLR is
much longer than the reverberation timescale (of order RBLR/c), so the BLR is
essentially stationary over a reverberation monitoring program.

2. The continuum-emitting region is so small compared to the BLR it can be consid-
ered to be a point source. It does not have to be assumed that the continuum emits
isotropically, though that is often a useful starting point.

3. There is a simple, though not necessarily linear or instantaneous, relationship be-
tween variations of the ionizing continuum (at " < 912 Å) and the observed con-
tinuum (typically at " ! 5100 Å). The fact the reverberation works at all justifies
this at some level of confidence.

3.2.2 The Transfer Equation

Over the duration of a reverberation monitoring program, the continuum behavior over
time can be written as C(t) = "C#+!C(t) and the emission-line response as a function
of line-of-sight velocity VLOS is L(VLOS, t) = "L(VLOS)#+ !L(VLOS, t) where "C# and
"L(VLOS)# represent mean values. On a reverberation timescale, both continuum and
emission-line variations are usually rather small (typically ! 10–20%) so even if their
relationship is non-linear, it can be modeled as linear on short timescales. In this case,
the relationship between the continuum and emission-line variations can be written as

!L(VLOS, t) =

!

#(VLOS, $)!C(t $ $) d$, (1)

which is usually known as the “transfer equation” and #(VLOS, $) is the “transfer
function.” Inspection of eq. (1) shows that #(VLOS, $) is the observed response to a
%-function continuum outburst.
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4 Reverberation-Based Black Hole Masses

4.1 Virial Mass Estimates

For every AGN for which emission-line lags and line widths have been measured, con-
sistency with the “virial relationship” is found (Peterson & Wandel 1999, 2000; Kol-
latschny 2003a; Peterson et al. 2004; Bentz et al. 2010a). This also appears to be true
when the lag and line width are measured for the same emission line when the AGN is
in very di!erent luminosity states. This strongly suggests that the BLR dynamics are
dominated by the central mass, which is then

MBH = f

!

!V 2R
G

"

, (9)

where !V is the line width and R is the reverberation radius c" . The quantity in paren-
theses that contains the two directly observable parameters has units of mass and is
sometimes referred to as the “virial product.” The e!ects of everything unknown —
the BLR geometry, kinematics, and inclination — are then subsumed into the dimen-
sionless factor f , which will be di!erent for each AGN, but is expected to be of order
unity. Presumably, individual values of f can be determined if there is some other way
of determining the black hole mass. In the absence of a second direct measurement,
it has been common practice to use the MBH–#! relationship for this purpose. The
relationship between central black hole mass and bulge velocity dispersion that is seen
in quiescent galaxies (Gebhardt et al. 2000a; Ferrarese & Merritt 2000) is also seen
in AGNs (Gebhardt et al. 2000b; Ferrarese et al. 2001; Nelson et al. 2004) though, of
course, the host-galaxy velocity dispersions are are much more di"cult to measure in
AGNs because of the bright active nucleus and because even the nearest AGNs are
typically quite distant (Dasyra et al. 2007; Watson et al. 2008). By assuming that the
MBH–#! relationship is the same in quiescent and active galaxies, it becomes possible
to compute a mean value for the scaling factor, which turns out to be !f" # 5 (Onken
et al. 2004; Woo et al. 2010; Park et al. 2012), although it is noted that Graham et
al. (2011) argue that in practice this process has been oversimplified. Figure 7 shows
the MBH–#! relationship for quiescent galaxies and AGNs using the assumption that
!f" = 5.25. The scatter around this relationship amounts to about # 0.4 dex, which is
a reasonable estimate of the accuracy of the “virial method” of estimating black hole
masses.

Sometimes concern is expressed that the empirical value of !f" seems uncomfort-
ably large for a truly virialized system. However, it must be kept in mind that AGN
unification stipulates that Type 1 AGNs are generally observed at low values of incli-
nation, much closer to face-on than edge-on. Actually, the fact that !f" is as small as it
is tells us that the BLR must have a fairly significant velocity component in the polar
direction; it is surely not a flat disk.

To return to a point made earlier, reverberation mapping is a direct measure of
black hole mass, but it is a secondary method because, at the present time, it relies on
an independent method, the MBH–#! relationship, to calibrate the mass scale through
determination of !f".

Broad line 
region (BLR) 

Primary (direct) method to measure BH 
mass in AGN/quasars or at z>0.3.  

continuum 

broad line 



Limitations of the current RM AGN sample 

Two decades 
of effort !! 

The limitations of the current RM sample severely impact the 
reliability of the single-epoch BH mass estimators at high-redshift. 
 
Need to substantially improve the RM sample, in a more efficient 
way.  



SDSS-RM in a nutshell 
•  Motivation: expanding the RM 

AGN sample in both size and 
luminosity-redshift range 

•  Simultaneous monitoring a 
uniform sample of 849 quasars 
at 0.1<z<4.5 in a single 7 deg2 
field with the SDSS-BOSS 
spectrograph; 32 epochs 
completed in 2014A; continue 
through 2017 with reduced 
cadence 

•  Dense photometric light curves 
(~2-4 day cadence) since 2010 
(PanSTARRS 1 + SDSS-RM 
imaging) 

SDSS-RM Project: http://www.sdssrm.org 



Science from SDSS-RM 
Primary Science 
•  BLR RM lags and BH 

masses at z>0.3 
•  Structure and kinematics 

of the BLR 
•  The R-L relations for 

different lines 
•  Better calibrations of SE 

BH mass estimators 

Ancillary Science 
•  Photometric and spectral 

quasar variability 
•  Quasar/host 

decomposition of 
coadded spectra and 
imaging 

•  BALQSO trough 
variability 

•  Quasar narrow metal 
absorption lines 

Pathfinder RM program for the big-data era! 



SDSS-RM: Promises and Challenges 
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SDSS-RM: Promises and Challenges 

Expected lag detections from SDSS-RM 

6-month 

Shen et al. (2015a) 
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Some early science papers: 
•  First RM broad-line lag detections at z>0.3: Shen et al. 2015b 
•  Discovery of a M-sigma relation at z~0.6: Shen et al. 2015c 
•  Structure functions of broad-line variability: Sun et al. 2015 
•  Rapid trough variability in a broad absorption line quasar: Grier et 

al. 2015 
•  Stellar populations of quasar hosts from coadded SDSS-RM spectra: 

Matsuoka et al. 2015 

 



Early science results: first lag detections at 
z>~0.3 

Shen et al. (2015b, in prep) 

Based on 6-month spectroscopy only 



Coadded spectra from 32 
epochs: ~ 6-8 hrs on 
6-8m telescopes – 
hundreds of them! 

Early science results: stellar velocity 
dispersion (sigma) in high-z quasar hosts 

Broad
-line 
mask 

Shen et al. (2015c, submitted) 



Previous quasar samples with sigma 
measurements 

SDSS 
KECK 



Improvement over previous samples 

Shen et al. (2015c, submitted) 

88 quasars at 
0.1<z<1 (<z>=0.6) 
with sigma 
measurements.  
 
46 are at z>0.6, 
where no sigma has 
been measured in 
quasars before 



Shen et al. (2015c, submitted) 

A M-sigma relation at z~0.6 

The much shallower 
slope is consistent 
with selection 
biases; no evidence 
for evolution in the 
M-sigma relation to 
z~1 

First robust 
detection at 
z>0.3 



Summary 
•  SDSS-RM:  

– more efficient RM with MOS surveys 
–  expanding the redshift-luminosity range of the 

RM AGN sample 
– new insights on AGN physics and galaxy-BH co-

evolution 
•  Future opportunities 

–  large-scale MOS-RM programs (ozDES, 4most, 
MSE, etc) 

–  synergy with other programs (e.g., transient 
follow-up, deep galaxy spectroscopy, etc.)  


