
P
o
S
(
B
A
S
H
 
2
0
1
3
)
0
1
0

Reverberation Mapping: Masses and Distance and
Size, Oh My!

K. D. Denney∗†

The Ohio State University, Department of Astronomy, 140 W. 18th Avenue, Columbus, OH
43221, USA
E-mail: denney@astronomy.ohio-state.edu

I review the technique of reverberation mapping and describe its use in the direct, dynamical
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1. Introduction

One of the fundamental goals in astronomy is to be able to explain our place in the Cosmos.
In particular, we want to understand the evolution of the Universe and what events and processes
have taken place to result in the locally observable universe at the present day. The first step
toward attaining this goal is to map out and catalogue the observable universe and to take stock
of the demographics by measuring physical attributes of its contents. Finding ways to measure
attributes such as the mass, distance to, and size of astronomical objects can be likened to hunting
‘big game’ — difficult but ultimately rewarding (if you like that kind of thing). If you caught the
hidden reference to lions and tigers and bears in the title of this contribution, this is because I am
suggesting that the technique of reverberation mapping is a useful and powerful tool (or weapon)
for hunting this big game. In this contribution, I will describe how reverberation mapping is able to
make these measurements of mass (of supermassive black holes; BHs), distance (to these BHs and
their host galaxies), and size (of the gas distribution surrounding the BH), and how making these
measurements contributes to our understanding of some of the large scale, fundamental ambitions
in astronomy research today.

2. Black Holes and Their Place in the Universe

Our current understanding of the large scale structure and evolution of the universe has evolved
and strengthened through both observation and theory. For example, redshift surveys such as the
2dF Galaxy Redshift Survey [1] and the Sloan Digital Sky Survey [e.g., 2] have provided a map of
the local universe showing the interesting spatial distribution of galaxies that has become coined
“the cosmic web” [3]. Cosmological N-body simulations, such as the Millennium Simulation [4]
are able to generally reproduce the observable universe by utilizing a ΛCDM cosmology, i.e., one
containing both cold dark matter (CDM) and dark energy in the form of a cosmological constant,
Λ. By comparing simulations such as these to the observations, the basic paradigm for the creation
of large scale cosmic structure is by hierarchical growth through gravitational instabilities from
density fluctuations present in the early universe.

Within this paradigm, several pieces of evidence suggest the existence and importance of su-
permassive (& 106M�) black holes in this structure growth and evolution, including, but not limited
to, (1) the existence of Active Galactic Nuclei (AGN) or quasars — BHs growing in the centers of
galaxies that, in the process, emit copious amounts of radiation, (2) the presence of a quiescent (not
significantly growing) BH in the center of our own as well as other nearby massive galaxies, and (3)
observed correlations between the mass of a central BH and its host galaxy properties in both qui-
escent (here, galaxies with BHs that are not active) and active (those with actively accreting BHs)
galaxies, which may be an indication of co- (even if not causal) evolution [5; 6; 7; 8; 9; 10; 11; 12,
see also McConnell, these proceedings]. One implication behind these observations is that tracing
the masses and growth of BHs over cosmic time may add significant pieces to the overall picture
of how the universe and the galaxies within it have evolved since early times. Tracing this structure
growth also constrains the underlying cosmology, which impacts this evolution.
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3. Direct Measurements of the Mass of Black Holes

All direct mass measurement methods must somehow probe the size scale where the motions
of matter are dominated by the gravitational potential of the BH rather than that of the global galaxy
potential. Within this “sphere of influence”, the dynamics of the matter itself must be measured or
inferred, so that a virial mass can be determined from a combination of the velocity of the material
probed, V , and the distance of this material from the BH, R, such that Mvirial ∼ RV 2/G, where G is
the gravitational constant. In our own galaxy, the orbits of individual stars around Sagittarius A*
can be determined, but this is not possible for even the most nearby extragalactic BH. For relatively
nearby galaxies (currently within ∼150 Mpc, though ultimately dependent on the BH mass probed
and current telescope technology), while individual stars cannot be resolved, populations of stars
and/or distributions of gas with this sphere of influence can still be spatially resolved. In these
systems, the spatially resolved stellar or gas dynamics within the central regions of the galaxy are
used to derive the mass of the central BH, though the results are still somewhat model dependent.
See the contribution to these proceedings by Nicholas McConnell for more information on the
details and results for these types of dynamical black hole mass measurements.

Another direct mass measurement method I will mention here briefly for completeness, but
that is generally outside the scope of this review, is the method of using H2O mega-masers observed
in the dusty disks, or possibly “tori”, surrounding and obscuring Seyfert 2, or non-broad line-
emitting, AGN. In these systems, a chance alignment of the maser emission with our line-of-sight
provides a means by which radio interferometry observations can probe both the spatially resolved
location and velocity distribution of this gas. As this emission arises from gas well within the
gravitational sphere of influence of the BH, these measurements allow for the determination of
the mass of the BH. Megamasers provide the most precise and most accurate measurements of
extragalactics BH masses, but unfortunately, such systems are relatively rare, and spatial resolution
is still required, thereby limiting this method to the local universe [see, e.g., 13; 14; 15, for more
details].

3.1 Moving to the Time Domain: Reverberation Mapping

Reverberation mapping [RM; 16; 17] is a method for measuring dynamical black hole masses
in broad line, or Type 1, AGN that is currently the only dynamical method that is not distance
dependent, i.e., it is applicable outside the local universe. This is because RM is not reliant upon
spatial resolution of the gravitational sphere of influence of the BH, but instead, works in the time
domain. This method requires time resolution of brightness fluctuations observed in (i) the contin-
uum emission from the BH’s thermal accretion disk and (ii) the reprocessed broad line emission
arising from gas photo-ionized by the continuum radiation and located very near the black hole
(e.g., within sub-parsec scales). There is an observed time delay, or lag, τ , between the variations
in the continuum and reprocessed broad emission-line flux corresponding to the light travel time be-
tween these two regions. This reverberation lag thereby infers the radius of the broad line-emitting
region (BLR), RBLR = cτ , whose gas motions, V , are dominated by the gravity of the central BH,
and therefore manifest as line-of-sight Doppler broadening of the emission lines. The virial mass
of the BH can then be determined from the equation above, modulo a scale factor, f , that is of order
unity and accounts for the unknown BLR geometry and kinematics.
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Figure 1: Left: Reproduced from Grier et al. [12]. The M− σ∗ relation for the updated AGN sample
discussed by Grier et al. [12]. The gray points represent the quiescent galaxy sample, and the black solid
and dotted lines are the best fit and intrinsic scatter of the quiescent sample. The colored points represent
the AGN sample divided by bulge type (left panel) and the presence of a bar in the AGN host galaxy (right
panel). All AGN black hole masses have been scaled by 〈 f 〉 = 4.31 as determined by Grier et al. Right:
Reproduced from Park et al. [19]. The M−σ∗ relation for the AGN sample discussed by Park et al. for
inactive (black) and active (red) galaxies. The two panels represent determination of 〈 f 〉 with a forward
regression (top) or an inverse regression (bottom), using the FITEXY estimator.

Reverberation-based masses, while still direct, dynamical mass measurements, currently suffer
from a sample-wide systematic uncertainty because f is typically unknown for individual objects
(though see below). The RM-based mass scale is thus set by an ensemble zero-point calibration,
〈 f 〉, such that MBH−RM = 〈 f 〉Mvirial. This calibration is based on the assumption that active and
quiescent galaxies follow the same M−σ∗ relationship [18] and has since been updated by Park
et al. [19] and Grier et al. [12] as the sample of RM mass and corresponding bulge stellar velocity
dispersion measurements has grown and been updated. Figure 1 highlights one important result
of these latter two studies [see also, e.g., 20] that the M−σ∗ relationship, and therefore the deter-
mination of 〈 f 〉, is both sample and analysis dependent. This strongly suggests that determining
an independent method by which to calibrate 〈 f 〉, or even more ideally, calculate f for individual
objects, is of significant value to precision BH mass measurements.

3.2 Recent advances in Reverberation Mapping Analyses: Velocity Delay Maps and Broad
Line Region Modeling

Luckily, high level reverberation mapping analyses afforded by the more recent RM campaigns
with very high quality data are making inroads into measuring f . These types of programs will or
already are leading to RM-based mass measurements that are independent of other methods (i.e.,
do not depend on 〈 f 〉). I show a couple examples of the products from these types of analyses in
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Figure 2: Reproduced from Grier et al. [25]. False-color velocity-delay maps for 3C 120 (left) and PG
2130+099 (right) for reverberation responses from the Hβ (red), Hγ (green), and He II λ4686 (blue) emission
lines. See Grier et al. [25] for details.

Figures 2 and 3. In particular, the information gained by the high quality and high time cadence of
the observations gleaned from recent RM programs [e,g. 21; 22; 23; 24] is allowing measurements
of the differential reverberation lag in velocity space across the broad emission line. This allows
for the determination of a solution to the 2-dimensional transfer function — in time delay and line
of sight velocity space — otherwise known as a velocity delay map. Velocity delay maps, such as
those shown in Figure 2 are solely based on data, but can then be interpreted through comparison
to photoionization models of the BLR with various geometries and kinematics to estimate a value
of f .

In a similar, though effectively opposite approach, the Bayesian analysis software of Pancoast
et al. [26] uses dynamical models of the BLR with possible geometries in combination with the
reverberation campaign spectra and light curves to derive the BH mass and constrain the BLR
geometry (see Figure 3). This modeling process can also output the 2D velocity delay map as a
product, but more importantly, this dynamical modeling results in an independent estimate of the
black hole mass, i.e., one that does not depend on 〈 f 〉. Instead f is derived by a comparison of
this dynamical black hole mass estimate to Mvirial calculated through the traditional reverberation
mapping analysis of the same data. Results from this method [27; 26; 28] have been applied to half
a dozen AGN so far.

Despite improvements in both stellar and gas dynamical methods and reverberation mapping
analyses, it is still a major concern, as demonstrated by Figure 4, that nearly half of the objects for
which the BH mass has been measured with multiple, independent methods, show that the results
between methods are statistically inconsistent. We are still dealing with small number statistics, so
one should not yet read too much into this trend. Nonetheless, for the sources that do agree, two
(NGC 4151 and NGC 3227) are Type 1 AGN that have both reverberation mapping and galactic-
scale dynamical mass measurements, and the reverberation mapping measurement agrees to within
the quoted uncertainties with one or both of the galaxy dynamics-based masses. In general, the
typically assumed accuracy in RM-based masses comes from first assuming that there is no in-
trinsic scatter in the M−σ∗ relationship and that the observed scatter is then due to the different
values of f for individual sources. Given the current scatter in the AGN M−σ∗ relationship, this
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Figure 3: Reproduced from Pancoast et al. [26]. Left: Hβ line profile and light curve data and model fits
from the LAMP 2011 reverberation campaign of Mrk 50. The top panels show the line profile flux intensity
color-coded and stacked by epoch. The middle panel shows the Hβ light curve (blue) with the adopted
model fit in red and alternate model fits as dotted gray curves. The bottom panel shows the model fit to the
Hβ profile from two individual epochs. Right: BLR geometry for three different models. See Pancoast et
al. [26] for details.
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Figure 4: Comparison of black hole mass estimates between independent methods for the objects that
have reliable results from multiple methods. Except for the stellar dynamical mass of NGC 4151, which
was taken from Onken et al. 2014 (private communication; submitted for publication), all other gas and
stellar dynamical masses (blue and red data points, respectively) are taken from Kormendy & Ho [15], as is
the adopted maser-based mass for NGC 4258 (green data point); see that work for references to individual
studies. The reverberation mass measurements (also green points) of NGC 4151 and NGC 3227 are from
Bentz et al. [29] and Denney et al. [22], respectively.

implies that any, single RM mass is systematically uncertain by ∼0.4 dex. However, given that
this assumption of zero intrinsic scatter is unlikely, the RM masses are more realistically good to
better than a factor of ∼ 2. Similarly, masses based on galactic stellar and gas dynamics are typi-
cally considered to be accurate to within a factor of two or so, where this systematic uncertainty is
largely model-dependent [see 15, and McConnell, these proceedings]. This underscores the need
for more consistency checks between methods to better constrain and understand systematics in all
methods.

4. Calibrating BH Mass Scaling Relationships with BLR Size Measurements

RM has also confirmed a tight relationship between the BLR radius and AGN luminosity, the
R−L relation, expected as a consequence of the photoionization physics regulating the broad-line
emission [30; 31]. The R−L relation provides a simple, powerful means of estimating BH masses
from a single spectrum for large samples of AGNs at any redshift: the AGN continuum luminosity
is used as a proxy for the BLR radius and combined with the BLR velocity inferred from the broad
emission-line width through the BH mass equation given above, producing a “single-epoch” (SE)
mass estimate. Significant effort has been put into searching for and calibrating such a relationship
with early RM results [e.g., 32; 33; 34], but it was not until host galaxy starlight contamination
was removed from the measured AGN luminosity and early reverberation mapping results were
revisited with new observations that the slope of the observed relationship became consistent with
physical expectations and the scatter was significantly reduced [35; 36; 37]. Figure 5 shows the
most up-to-date calibration of this relation that should be utilized for single-epoch black hole mass
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Figure 5: Reproduced from Bentz et al. [37]. Hβ BLR radius measured from reverberation mapping versus
the 5100 Å AGN luminosity. The solid line is the best fit to the data, with the grayscale region demonstrating
the range of slopes allowed by the uncertainties on the best fit. Open circles are the newest measurements
included by Bentz et al. [37] for the first time, and all data points include error bars representing their
associated uncertainties, though some may be smaller than the plot symbols. This version of the R− L
relationship does not include the full sample of 71 data points discussed by Bentz et al. Here, Mrk 142
is removed, the adopted lag for PG 2130+099 is 31± 4 days, and a reddening correction of 0.26 dex for
NGC 3227 has been applied. These adjustments do not appreciably alter the best fit slope but reduce the
scatter from 0.19 dex to 0.13 dex [see 37, for details].

estimates. Such a method is of supreme importance to studies of galaxy evolution and cosmic
structure growth, as described above, as nearly all cosmologically distant black holes have had
their masses estimated using this method. BH mass scaling relationships for estimating single-
epoch masses based on these RM measurements are now available and widely used in the literature
to estimate BH masses from the Hβ , MgII, CIV, and (sometimes) Hα broad emission lines.

4.1 Velocity-width Biases in SE BH Mass Estimates

Because of the prevalent use of these BH mass scaling relationships, understanding the source
of and characterizing the limitations and systematic uncertainties in this method are imperative. A
major difficulty is that there is currently little uniformity across studies in what observables and
scaling relationships are used to derive the mass. Figure 6, originally presented by Park et al. [38]
draws attention to the latter issue. Here, all SE BH masses are estimated using the full width at
half maximum (FWHM) line width characterization of Hβ , MgII, and CIV. However, the black
points represent measurements using scaling relationships that follow a strict virial relation in the
velocity, i.e., M ∝ V 2, while the red points show the results using alternate calibrations of MgII

and CIV based masses that relax this requirement, and instead, explicitly fit for the exponent of the
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Figure 6: From Park et al. [38]. Comparison of FWHM-based BH masses as a function of redshift be-
tween different BH scaling relationship calibrations. The FWHM and luminosity measurements for these
∼ 100,000 QSOs are taken from the SDSS DR7 quasar catalog [42] to calculate the black hole mass using
different estimators. The emission line used and corresponding BH mass estimator reference are indicated
in upper and bottom parts, respectively, of each redshift range separated by vertical dashed lines. Small dots
represent individual mass estimates, while the large filled circles indicate the median values in each redshift
bin, with ∆z = 0.1 for z 6 1.9 and ∆z = 0.2 for z > 1.9.

velocity dependence as a means to mitigate apparent systematic biases in the masses propagated
from biases in the FWHM measurements [cf. 39; 40; 41; 38]. The average offset values of the red
filled circles from black filled circles are 0.17 dex for MgII and 0.25 dex for CIV.

A significant contribution to these differences in SE mass scaling relationship calibrations is
that there can be significant systematic differences present in SE masses depending on the approach
adopted for characterizing the BLR gas velocity dispersion via the broad emission-line width. This
is particularly true for the CIV emission line. Many studies contend that there are unacceptably
large uncertainties and systematic biases in CIV-based masses compared with Hβ [e.g., 43; 44;
45]. The main point of contention for CIV is that the line profile is often observed to be either
blueward asymmetric or the peak is blue-shifted with respect to the systemic redshift, or both,
which can indicate non-virial, particularly outflowing, motions of the gas. This is a concern for the
BH mass measurements if these gas motions are not, in fact, dominated by the gravity of the BH.
Nevertheless, because CIV is observed in the optical for z &1.5, it is the most applicable line for
studying the high redshift universe, where the most dramatic evolution is occurring, and therefore
attractive for BH mass and BH growth studies.

Recent results by Denney [41] shed light on the possible cause for at least a large fraction of
the systematic biases present in CIV-based single-epoch BH masses, compared to those based on
Hβ . Analysis of past RM results of CIV show the presence of a non-variable component in the CIV

profile. This is demonstrated in Figure 7 by the comparison of the CIV profile in the reverberation
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Figure 7: Examples of continuum-subtracted mean (black) and rms (gray dot-dashed) spectra from the C IV

RM sample that have been normalized to the C IV peak flux. The blue curves show the same rms spectra
scaled by an arbitrary factor to approximately match the red wing flux between each rms and mean spectrum.
Adapted from Denney [41].

campaign mean spectrum — that averaged from all individual spectra taken during the campaign
— and the rms spectrum — the rms residual flux with respect to the mean over the duration of the
campaign. The rms spectrum probes the actual reverberating BLR gas, i.e., that which is variable
on the reverberation timescales. On the other hand, in the mean or a single-epoch spectrum, we
are observing all the emission along the line-of-sight, not necessarily only the reverberating BLR
emission. Through this comparison, Denney [41] shows that there is a distinctly “non-variable”
component of the CIV emission that, while largely concentrated in the low-velocity core of the
profile, is (i) broader than the narrow forbidden line emission from the narrow line region (NLR),
(ii) not easily distinguished from the broad component, as common for the non-variable NLR
emission component of, e.g., Hβ , and (iii) generally non-Gaussian, often having instead a profile
with a blueward asymmetric wing that also seems to differ with the overall profile of CIV — the
more blueshifted the line peak is from systemic, the more asymmetric the profile and stronger the
blue wing. The consequence of the presence of this non-variable component is a bias in CIV-based
single-epoch masses due to contamination from the non-variable component to the measurement of
the line width relevant for probing the “reverberating” BLR gas velocity dispersion (that expected
at the radius inferred from the R−L relation).

CIV based masses measured directly from RM experiments are not biased in this way because
the BLR velocities are measured from the line profile in the rms spectrum and therefore probe
the velocities of only the reverberating gas, whose radius is measured from the time delay. For
objects with RM results for multiple lines, the masses derived from the different lines are mutually
consistent. While reassuring from the physical standpoint of the reliability of CIV as a virial mass
indicator, in general, this does not specifically solve the problem of single-epoch masses, which
are the most widely applicable. Furthermore, it is, unfortunately, non-trivial to simply subtract this
CIV non-variable component as is done for the NLR component of Hβ because its origin is not yet
well-understood, it cannot be modeled as a Gaussian, nor is its width consistent with that of other
forbidden NLR emission lines. Consequently, FWHM-based CIV masses are susceptible to the
largest biases, up to an order of magnitude in the mass, because of the dependence of the FWHM
on the line peak, which is the most contaminated. This explains why past studies, which were
all using CIV masses based on the FWHM, found such poor agreement with Hβ -based masses.
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Figure 8: Adapted from Denney et al. [46]. Comparison between Hβ -based masses and C IV masses es-
timated from a sample with high quality spectra. The top (bottom) panel shows C IV masses based on the
FWHM (σl). The solid line shows where the C IV and Hβ masses are equal. The scatter, σ , quantified as the
standard deviation about the mean of the sample of C IV-to-Hβ mass residuals, logM(C IV)− logM(Hβ ), is
shown in the bottom right of each panel. Different data point colors represent objects from different samples;
see Denney et al. [46] for details.

Instead, the most straightforward way, currently, to mitigate this bias is to use the line dispersion,
σl , the second moment of the line profile, measured from high S/N (&10 pixel−1) data, as a means
to characterize the BLR gas velocity. In this case, Denney et al. [46] find that the scatter in σl-based
CIV masses compared with Hβ masses is <0.3 dex, as shown in Figure 8.

Because the strength of the bias seems to be inversely correlated with the FWHM of the CIV

line, FWHM-based CIV single-epoch mass scaling relationships can also be calibrated to account
for a large part of this bias, leading to a correctable FWHM-based mass [e.g., 47; 38]. These types
of additional calibrations are at least more applicable to survey quality data, which typically do
not have high enough S/N to reliably measure the line dispersion. This is therefore an acceptable
correction until better methods become available. Note, however, that such corrections are sample
dependent, and the sample of data available for these types of calibration needs to be increased.

Finally, it is interesting to note that RM time delay measurements are no longer the bottle-neck
to increasing the accuracy or precision of AGN BH mass measurements. This is because significant
effort has been put into RM campaigns as a means to measure accurate time delays for RM-based
masses and to calibrate the R−L relationship for its application of estimating single-epoch masses,
which has resulted not only in the consistency of the R−L relationship with physical expectations,
but also in a surprisingly small observed scatter. Instead, it is accurately characterizing the relevant,
intrinsic velocity field — that associated with the reverberating gas — from the data that remains
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Figure 9: The AGN Hubble diagram, reproduced from Watson et al. [48]; see that work for details. The
AGN luminosity distance indicator is relative to the ratio of the reverberation time delay to the observed
AGN continuum flux and is shown here as a function of redshift for the sample of 38 AGN considered by
Watson et al. The absolute calibration for the luminosity distance and distance modulus (m−M) zero point
used here is based on the surface brightness fluctuations distance to NGC 3227. The colored curves are the
expected distance – redshift relations for various cosmologies, which agree well with, but are not fit to the
data. The bottom panel shows residuals with respect to a ΛCDM universe.

a challenge. Information can be gleaned from the detailed RM analyses described above, but in
general, continuing to investigate the best ways to mitigate velocity-dependent biases in BH masses
and to improve methods and models for inferring the intrinsic BLR velocity dispersion from the
observable data remains a current topic of research.

5. AGN Distances Measured from Reverberation Mapping Measurements

As mentioned above, the most recent, empirical host-starlight-corrected version of the R−
L relationship [37] shown in Figure 5 is consistent with the physical expectation that R ∼ L0.5.
Because this empirical relationship holds on physical grounds and exhibits such a small scatter
(∼0.13 dex), it was recognized that the R− L relationship can be inverted to infer a luminosity
distance from the observed AGN flux and measured reverberation time delay [48]. AGN can thus be
used, through reverberation mapping analyses, as standard candles and cosmic distance indicators.
Such measurements can be used to produce a Hubble diagram for AGN, as shown in Figure 9.

Additional work to understand the potential impact of this new method in constraining cos-
mological parameters has recently been completed by King et al. [49] and shows that AGNs have
the potential to be powerful probes of dark energy. AGN have the benefit of being nearly homo-
geneously accessible as a cosmological probe across the range 0 < z . 4, which cannot be said
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for any other single probe. The current estimated scatter in this method is larger than other dark
energy probes, such as Type Ia supernovae (SNe) and baryon acoustic oscillations (BAO), but
because AGN span this range continuously, they have the unique ability to provide independent
consistency checks between these and other methods, for which is there is not yet another single
overlapping method. King et al. [49] conducted simulations to estimate the additional constraints
AGN distances can place on common cosmological parameters of interest, such as ΩM and the dark
energy equation of state parameters, w0 and wz. The constraints resulting from these simulations
are shown in Figure 10, based on 2000 AGN distance measurements, or more generally any high-
redshift standard candle (HzSC), with a sample scatter of 0.2 mag. It is clear from the left panels
that significant improvements can be made over the current constraints provided by SNe, BAO,
and the cosmic microwave background (CMB). The improved constraining power of adding HzSC
measurements to currently or soon to be underway “Stage III” (such as DES or Pan-STARRS4)
or future “Stage IV” (such as LSST, WFIRST, and Euclid) dark energy experiments is weaker.
However, it is important to consider that this is assuming an input, fiducial ΛCDM universe, and
therefore, improved constraints are weighted toward the importance of information at relatively
lower redshifts and do not consider the possibility for exotic changes at high redshift, where a
HzSC may have the larger advantage.

There is much observational work yet to be done to optimize reverberation mapping programs
for this type of application. For comparison, the current sample, collected for an historically differ-
ent purpose, largely includes only nearby, apparently bright AGNs, thereby suffering from sources
of systematics such as volume-limited selection effects, reddening, and significant host galaxy con-
tamination. While the latter has been corrected through the work of Bentz et al. [37, and references
therein], this correction is not perfect, and as such, still forms the source of, in particular, redshift-
dependent systematic bias. Future reverberation campaigns performed with the goal of investigat-
ing dark energy can mitigate many of the systematics from which the current sample suffers [see
48, for additional discussion]. Work is underway (e.g., Kilerci-Eser, in prep.) to identify sources
of scatter in the R−L relationship, to determine how much may be systematic and how much is
statistical and therefore able to be reduced with larger samples, and to investigate the best methods
for mitigating such sources in future reverberation mapping programs. Such work is important as
a means to maximize not only the application of these programs to dark energy studies, but also to
BH mass, AGN physics, and galaxy evolution studies.

6. Summary and Future Prospects

The practice of reverberation mapping has a history of about 30 years, yet in that span, RM
time delays have been measured in only on order 50 sources (albeit some sources have multiple
measurements). Traditionally, these observations are obtained through long observing campaigns
using long-slit spectrographs on medium aperture (1−2-m class, typically private consortium oper-
ated) telescopes. All of the results I have described here have come from this type of reverberation
mapping campaign. Significant gains in sample size have therefore been relatively slow; however,
with those gains, have come huge leaps in our understanding of AGN physics, the possible appli-
cations of the measurements, and broad reaching insight for hunting the ‘big game’ of astronomy.
This was demonstrated here by the discussion (1) of the significant improvements in estimates of
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Figure 10: The 1- and 2- sigma level confidence contours, showing the constraints on combinations of the
dark energy-related cosmological parameters Ωm, w0, and wz. The black contours show the current Type Ia
SNe, BAO, and CMB constraints only, the blue/purple contours show the predicted future constraints from
Stage III (middle) and Stage IV (right) SNe, BAO and CMB data, and the orange/yellow contours in each
panel combine those constraints with a high-redshift standard candle, such as AGN. From King et al. [49];
see that work for details.

cosmologically distant black hole masses, which, when is comes down to it, are basically all depen-
dent on reverberation mapping measurements, (2) of the ability of reverberation mapping to probe
size scales unresolvable by even the largest telescopes currently being conceived, by exploiting
time-domain astrophysics, and (3) of the wide spread application of reverberation mapping results,
from understanding the details of photoionization and line emission at the atomic level, to probing
cosmic distances and the expansion history of the universe.

While significant and exciting advancements in reverberation mapping have come in the last 10
years, the next 10 hold the promise to be even more exciting, thanks to new technology, innovations
in RM campaign observing strategies, and expanded interest in this field (likely because of the
current, or potential, applications of this technique). Such innovations have created the possibility
for our current reverberation mapping sample of AGN to increase by a factor of 10, or even 100,
and the redshift range probed to extend to z ∼3 or beyond. These advances will require a number
of complementary new approaches (compared to previous methods). These include:
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• Large reverberation mapping “surveys” will use wide-field multi-object spectrographs like
the BOSS spectrograph on the SDSS telescope (PI Y. Shen and W.N. Brandt, as an ancillary
program of SDSS-III), and the AAOmega spectrograph on the Anglo-Australian telescope
(PI P. Martini, as an ancillary program of DES) to significantly increase the sample sizes.

• Reverberation mapping of lensed quasars on innovative instruments such as the GMOS or
NIFS integral field spectrographs on Gemini and the Xshooter spectrograph on the VLT (PI
K. Denney) will increase the efficiency with which we can (i) measure high-redshift time
delays, (i) probe the complete low- and high-ionization regions of the BLR, and (iii) mitigate
systematics in the data analysis, such as due to slit losses.

• Reverberation mapping programs carried out on robotic networks of telescopes like the
LCOGT network (PI D. Sand) will significantly reduce the man-power needed to acquire
the data and can conceivably provide the best sampled light curves, i.e., with intra-day ca-
dence, as this network spans the globe.

• Photometric reverberation mapping programs [see, e.g., 50], and/or photometric triggering
of spectroscopic observations once continuum variability signals have been identified, could
significantly increase the number of objects with measured time delays across a wide range
of redshifts in the upcoming LSST era.

• Finally, traditional reverberation mapping programs have focused on very high quality data
of a small sample of objects to maximize the detailed information that can be learned about
individual sources, including precision black hole masses, BLR geometry and kinematics,
accretion rates, etc. Yet, the implied amount of data in these future programs moves this
field to a whole new statistical level, where the potential exists for stacking analyses of a
small amount of data for a large number of sources to provide broader statistics of black hole
populations [see 51]. Such analyses will provide complementary information to the detailed
studies of individual objects to help expand our view of the role of BHs and AGN on their
environments and over cosmic time.
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