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ABSTRACT

We explore the practical feasibility of active galactic nucleus (AGN) broadband reverberation mapping and present
first results. We lay out and apply a rigorous approach for the stochastic reverberation mapping of unevenly sampled
multi-broadband flux measurements, assuming that the broad-line region (BLR) line flux is contributing up to 15%
in some bands, and is directly constrained by one spectroscopical epoch. The approach describes variations of the
observed flux as the continuum, modeled as a stochastic Gaussian process, and emission line contribution, modeled
as a scaled, smoothed, and delayed version of the continuum. This approach can be used not only to interpolate
in time between measurements, but also to determine confidence limits on continuum—Iline emission delays. This
approach is applied to Sloan Digital Sky Survey observations in Stripe 82 (S82), providing flux measurements that
are precise to 2% at ~60 epochs over ~10 yr. The strong annual variations in the epoch sampling prove a serious
limitation in practice. In addition, suitable redshift ranges must be identified where strong, broad emission lines
contribute to one filter, but not to another. By generating and evaluating problem-specific mock data, we verify that
S82-like data can constrain tgelay for a simple transfer function model. In application to real data, we estimate Tqelay
for 323 AGNs with 0.225 < z < 0.846, combining information for different objects through the ensemble-scaling
relationships for BLR size and black hole mass. Our analysis tentatively indicates a 1.7 times larger BLR size of Ho
and Mg 11 compared to Kaspi et al. and Vestergaard, but the seasonal data sampling casts doubt on the robustness
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of the inference.
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1. INTRODUCTION

Quasars have long been known to exhibit rapid optical
variability that can be attributed to variations in the luminosity of
the accretion disk surrounding a black hole of typically 10% M,
(Smith & Hoffeit 1963; Greenstein & Smith 1964).

Reverberation mapping (Blandford & McKee 1982; Kaspi
et al. 2000) is an established way for estimating the size of
the active galactic nucleus’ (AGN’s) broad-line region (BLR).
The continuum radiation from the accretion disk photo-ionizes
and excites gas clouds close to the black hole to produce broad
(about 1000 to 10,000 km s~!) emission lines. In reverberation
mapping, the time delay 4.1,y between observed variations in the
accretion disk continuum and the broad emission lines is a proxy
for Rprr as light-travel time arguments lead to Rprr & € Tgelay-
For Keplerian motions of the BLR clouds, this implies for the
mass of the central black hole, Mgy

2
AV<c Tdelay

Mgy = f G
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where G is the gravitational constant and f is a proportionality
factor of order unity that depends on the geometry and kinemat-
ics of the BLR (e.g., Peterson & Wandel 1999). Detailed de-
scriptions of this method as well as applications can be found,
for example, in Peterson (1997), Peterson & Wandel (1999),
Peterson (2013), and Kaspi et al. (2000).

With the benefits of many spectral observational epochs in
reverberation mapping campaigns, given reliable average emis-
sion line widths Av, reverberation mapping provides reliable
direct measurements of the size of the BLR and the black hole

4 Hubble Fellow.

mass (e.g., Kaspi et al. 2007; Peterson et al. 2004). Kaspi et al.
(2000) presents an Mgy—L relation based on spectrophotomet-
rical reverberation measurements for a sample of 17 Palomar-
Green quasars, and a total of 34 sources, including low-L AGNs.

They obtained the size of their BLRs and determined relation-
ships between line luminosities, BLR sizes, and central black
hole masses to find that the BLR size scales with the rest frame
5100 A luminosity as

AL (5100 A) 0.700£0.033
— 2.0 A .
RpLr = (32.0t1_9) <W> light days.
)

Comparable studies have been done by Vestergaard et al.
(Vestergaard 2002; Vestergaard & Peterson 2006) and Bentz
et al. (2009). They found four empirical mass scaling relation-
ships between the line widths and luminosity for estimating Mpy
in nearby AGNs and distant luminous quasars. Those mass esti-
mates are quite rough. For example, Vestergaard (2002) indicate
the absolute uncertainties in masses estimated from the relation-
ships of a factor of ~4.

The purpose of the present study is to estimate BLR sizes
from existing multi-epoch broadband flux measurements. We
build on the formalism from Zu et al. (2011) and Chelouche
& Daniel (2012) and extend it to handle sparsely sampled
broadband photometric data.

The basic idea is that some of the photometric passbands
contain only continuum emission, while other passbands have
significant contributions from continuum and (temporally de-
layed) line flux. Recent results from Haas et al. (2011), who
tested narrow-band photometric reverberation mapping, and
Chelouche & Daniel (2012) and Chelouche & Zucker (2013),
who suggested broadband photometric reverberation mapping,


http://dx.doi.org/10.1088/0004-637X/801/1/45
mailto:hernitschek@mpia-hd.mpg.de

THE ASTROPHYSICAL JOURNAL, 801:45 (31pp), 2015 March 1

illustrate the potential of using photometric data. Zu et al.
(2013a) compared the results of spectroscopic and photomet-
ric reverberation mapping applied to the Palomar-Green quasars
and OGLE-IIT and I'V. They found that the photometric approach
is capable of competing with spectroscopic reverberation map-
ping if very small photometric uncertainties are available and
strong lines (Ho, HB) are used. Upcoming photometric surveys,
such as the LSST, are planned to continuously monitor at least
107 quasars (0 < z < 6) during the next decade (MacLeod et al.
2012). Broadband photometric reverberation mapping can use
such data to make the mass estimate of large samples of objects
feasible to increase the number of reverberation mapped objects
by several orders of magnitude (e.g., Chelouche et al. 2014).

This formalism was first tested on mock light curves gen-
erated by a Gaussian stochastic process. Then it was applied
to a suitable set of multi-band quasar light curves, drawn from
the nearly 10,000 spectroscopically confirmed quasars in the
Sloan Digital Sky Survey Stripe 82 (SDSS S82; Schmidt et al.
2010; Schneider et al. 2007), which were complemented by
a spectroscopic measurement of the emission line widths for
each quasar at one epoch. Due to the small expected signal and
the S82 time sampling, we found it useful to not focus on the
Tdelay €stimates of individual objects, but to presume that there
is a Rprr(L) relation, and determine its scaling normalization
in different redshift and luminosity regimes by jointly model-
ing several light curves. The reverberation mapping results are
compared to estimates from Mpy—L relationships in Kaspi et al.
(2000), Vestergaard (2002) and Bentz et al. (2013).

This paper is organized as follows. In Section 2 we give
an overview of reverberation mapping, especially the theory
behind this method, and preliminary reverberation mapping
results. After introducing the methods of describing quasar
variability as a stochastic process in Section 3, we introduce the
stochastic reverberation mapping approach in Section 4. This is
outlined in more detail in Appendix A, where the mathematical
framework of the stochastical process model for the light curve
and the application of the method to data are described. After
describing the application to SDSS S82 data in Section 5, results
are shown in Section 6. In Section 7, we conclude with a
discussion of results. In the table section we provide a complete
list of estimated masses for all quasars from our samples where
reverberation mapping was carried out successfully.

2. REVERBERATION MAPPING

Over the duration of a reverberation mapping program, the
continuum behavior can be written as f°(t) = (f°) + Af(¢),
where Af¢(¢) is the continuum light curve relative to its
mean value ( f€), given in arbitrary flux units (Peterson 1997).
Integrated over the velocity-dependent line profile, the emission-
line response can be written as a function of the line-of-sight
velocity v as f°(t) = (f)+Af°(t). Onreverberation timescales
(weeks to years), both continuum and emission-line variations
are usually rather small (typically ~10-20%), so the response
of the emission line flux to (e.g., increased) continuum flux can
be modeled by a convolution integral (Peterson 1997)

Afe(t) = /\P(Tdelay)Afc(t - Tdelay) dfdelaya 3)

which is usually known as the transfer equation, where ¥(Tgelay)
is the transfer function. In its mathematically simplest form, this
transfer function can be taken as a § function that is offset in
time by Tgelay, W(Tgelay) = 8(f — Tdelay). The BLR geometry and

HERNITSCHEK ET AL.

detailed spectrosopic data for nearby objects indicate that such
a transfer function is too simplistic; nonetheless, we use this
approach involving a § function transfer function in this study,
because broadband reverberation mapping is unlikely to yield
any velocity-dependent information. This leads to a scaling and
delay during the transfer function, whereas the use of other
transfer functions can also lead to smoothing.

The goal of reverberation mapping is to use the observables,
namely the continuum light curve f¢(¢) and emission-line light
curve f°(¢), and invert the transfer equation (3) in order to
recover the velocity—delay map ¥(Tgelay), Or at least make
inferences about Tgeray (Peterson 1997).

When spectroscopic reverberation mapping data are avail-
able, a cross-correlation approach between the pure line and con-
tinuum light curves has often been employed (Peterson 1997).
For the case of broadband photometric light curve data, a simple
model to illustrate the calculations based on photometric data is

fi(t) = fi (0
fity = ff@)+ fr @)
=S fkc(t) te fkc(t - Tdelay) “)

where f () is the flux on each time, index k denotes a band with
only continuum, / a continuum and emission line contribution
band, the superscripts ¢ and ¢ denote continuum or emission
line contributions, Tgelay is the delayed response, and s and e
are scaling factors. For estimating the delay 741,y between the
continuum flux f(¢) and emission line flux f°(¢), one must
compute the cross-correlation function (CCF) between these
two components of the light curve (Edri et al. 2012):

CCF(At) = ff(t + At) % f(1)
= (fl(t+At) - f]C(t+At)) x f1(@)

where *x denotes the integral over time (convolution between the
two functions).

The peak (maximum) of the CCF (Ar) gives the required time
delay Telay-

We now assume that the time variability of the continuum
flux in the / band is the same as in the k band. This is a
good approximation in the optical because the continuum is
75%-95% of the total flux, where the remaining variable flux is
mostly coming from the broad lines. With this approximation,
ff@) =~ fi(t), and e < 1 (Equation (4)), so that CCF(0) ~ 1,
this leads to:

CCF(Ar) = (fi(t + At) — fi(t + At)) % fi (1)
~ CCFj(At) — ACF,(Ar). %)

This approximation was also used by Chelouche & Daniel
(2012). One complication to consider when calculating the
CCF and the autocorrelation function (ACF) is the non-uniform
time sampling that is generic for astronomical data. In order
to overcome this difficulty, some authors use the interpolated
cross-correlation function method (ICCF; Gaskell & Peterson
1987), where mean and standard deviation of the time series
are calculated at every time step, taking into account only the
values within the overlapping part of the light curves. Another
complication arises from propagating the magnitude errors to
errors for the time delay. Most of the CCF-related approaches
have problems doing so. Both problems can be solved with
advanced reverberation mapping techniques based on fitting
and modeling the light curves using a structure-function model.
What is explained here for the CCF and ACEF, will also apply
basically to more advanced reverberation mapping techniques.
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3. QUASAR LIGHT CURVES AS A
STOCHASTIC PROCESS

Simple interpolation methods may fail when trying to carry
out reverberation mapping on sparsely and very non-uniformly
sampled light curves. Some methods, such as ICCF (Gaskell
& Peterson 1987), have been developed to deal with some
degree of non-uniform time sampling. However, for temporal
sampling as uneven as in S82, we found that these methods
are not suitable (as we demonstrate in Appendix C.2. For the
case at hand we need a description of the quasar variability
that rigorously accounts for all the information we have on
the overall light-curve statistics, when interpolating between
measurements. Following Koztowski et al. (2010) and Butler &
Bloom (2011), we build a model for the quasar light curves based
on a Gaussian process, because the Gaussian is the simplest two-
point distribution function with a non-trivial variance that allows
one to fit and stochastically interpolate light curves.

Quasar light curves vary stochastically across a large dynamic
range of timescales (e.g., Koztowski et al. 2010). Their variabil-
ity is sensibly characterized by a structure function (e.g., Hughes
et al. 1992; Collier & Peterson 2001; Kozitowski et al. 2010)
that describes the mean squared difference (or, sometimes, root
mean square difference) between pairs of observations of some
object’s brightness as a function of the time lag difference be-
tween the observations. In more detail, the structure function is
a description of a second-order statistic of the brightness history
of the source. As such, it does not give a direct description on
how to fit such measurements or generate mock data.

A model and algorithm based on this is built to have a
consistent description of quasar variability, from which we
cannot only estimate structure function parameters of given
light curves, but also generate mock light curves consistent with
any reasonable set of structure function parameters, fit light
curves, and, as a main goal, produce a reverberation mapping
model that is able to deal with the very uneven time sampling
present in SDSS S82 quasar light curves. Because the Gaussian
is the simplest two-point distribution function with a non-trivial
variance that meets these conditions, we build this model from
a Gaussian process. The description here is mainly based on
Butler & Bloom (2011).

We assume a set of N measurements m; taken at time f;,
being calibrated magnitude or flux measurements taken in a
single bandpass of a single source associated with an uncertainty
variance o;. The structure function V(]At|) is then defined
(Rybicki & Press 1992) as the expectation value E[-] for the
difference between observation m; and m; (with i # j),

El(mi —m;)’l =0} + 0} + V(t; — t;)). (6)

Here, the observations are presumed to be independent, and the
structure function V (-) effectively describes the variance.

To proceed, one must specify a concrete form for the quasar
structure function, and two forms have been used in literature
(e.g., Schmidt et al. 2010, Butler & Bloom 2011, MacLeod et al.
2010), first a power law

¥
V(IAg;)) = A? (ﬁ) @)
1yr

(e.g., Schmidt et al. 2010), where the amplitude A quantifies
the root-mean-square magnitude difference on a 1 yr timescale,
and y characterizes the time dependence of this difference. As
Vat=oo — 00, for Vi, it is practical to use reference values,
V(t,0s) and f4ps in the characterization.
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Second, one can describe the quasar structure function as a
damped random walk (DRW), for which the covariance function
of a Gaussian process has an exponential form

Co — w? |AL;; |
ij = TGXP —T > (8)

(e.g., Butler & Bloom 2011) where 7 is a damping timescale and
@? is the intrinsic variance of the process. Following MacLeod
etal. (2012), using the asymptotic value of the structure function

V (Voo = v2w) results in

w? —2|Atij|
V(|At;]) = > <1 — exp (T)) . )

The DRW model can be equivalently parameterized t and the

slope of V on short timescales, @ = /2w?/7 (Kelly et al. 2009).
A detailed description can be found in Appendix A.
Depending on the application, |At;| can refer to the time

lag between observations in the quasar rest frame or in the

observed frame. Referring to the quasar rest frame, which needs

a priori knowledge of the quasar redshift, can be important if the

structure-function parameters being estimated should be linked

to physical properties of a quasar.

There is some discussion about which structure-function
model would fit best. Kelly et al. (2009), Koztowski et al. (2010),
MacLeod et al. (2012), and Andrae et al. (2013) have shown that
quasar variability is well modeled by the DRW. Zu et al. (2013b)
tested whether the DRW model provides an adequate description
of quasar variability across all timescales. On timescales larger
than a few years, the light curves are generally consistent with
the DRW model, but are not giving clear constraint on models.
Alternatively, some authors (Hook et al. 1994; Richards et al.
2006, 2008; Schmidt et al. 2010; Morganson et al. 2014) use the
power-law model described above.

The structure function is the basis for the Gaussian process
model that we fit to the data.

A Gaussian process is characterized by a function describing
the mean measurement m(¢) (magnitude or flux) as a function
of time ¢ and a function C(z,t") describing the covariance
between observations at different epochs ¢ and t'. Assuming
that the mean is constant and the process is stationary such that
C(t,t") = C(t — 1), the probability of a set of N observations
{m;}I_, is given by that of the N-dimensional Gaussian with
mean (m, m, ..., m)" and N x N dimensional covariance matrix
C with elements C;; = C(t; — t)).

After parameterizing the structure function, the complete
model—the Gaussian process with mean vector m and vari-
ance V—for any set of observations is specified by only three
model parameters, either in the case of the power law (m, A, y)
or in the case of a damped random walk (7, w, 7). Thus, the
likelihood P (datajmodelpar) can be described as P(m, A, y) =
N@m|m, C) or P(m, w,7) = N(@m|m, C), respectively, with
V expressed as a function of the structure-function parame-
ters (A, y) or (w, 7), respectively. The term N(m|m, C) is the
Gaussian process. This approach can yield a posterior proba-
bility distribution to the two model parameters, A and y or @
and t. We assign uninformative priors for the parameters, and
then explore the posterior distribution for these parameters via a
Markov Chain Monte Carlo (MCMC) approach. By using this,
one can (a) model the light curve to get an estimate for the struc-
ture function parameters, (b) use the estimates for the structure
function parameters (e.g., for selecting quasars), or for advanced
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reverberation mapping techniques as in the present work that re-
quire interpolation of the light curves, and (c) generate mock
light curves as test data for this methods.

In the following, we refer to the formalism by Rybicki &
Press (1992) and Zu et al. (2011), and summarize them here for
convenience.

In practice, we marginalize over the mean m rather than
fitting for it. This marginalization can be done analytically
when assuming a uniform prior on the mean (see Rasmussen &
Williams 2006, Equation (2.45)), and leads to the probability

Pmp) x Lm|p) = |S+ N|~2|LTc~'L|71/?

m'C7'm
xexp|————], (10)

where for the damped random walk model the remaining
parameters p are T and w, and for the power-law model A and y .
L represents the likelihood function that we must maximize in
order to find the most likely combination of those parameters.

In Equation (10), the intrinsic variability has a covariance
matrix § = (ss), whereas the noise has a covariance matrix
N = (nn). The covariance function of the Gaussian process is
then given by C = S + N. The component of the covariance
matrix C that is orthogonal to the fitted linear functions is given
by Cj_l =C'—C'LC,LTC!. mis the data vector. L is a
response matrix (see Zu et al. 2011 and Press & Rybicki 1992).

Suppose we have measured data m consisting of an under-
lying true signal s, measurement uncertainties n, and a general
trend defined by the response matrix L and a set of linear coef-
ficients q, thus, m = s + n + Lq. Using the linear coefficients
to optimally determine the light curve mean, in the case of one
light curve, we have one linear coefficient g; = q for the mean,
and the response matrix is simply a column vector L;; = 1 with
an entry for each of the K data points, i = 1,..., K. If we
have two light curves with a possible offset in their means, we
could use separate means for each, (L;1, L;») = (1, 0) for data
from the first light curve and (L;|, L;») = (0, 1) for the second
one. Additionally, L can be used for light curve de-trending. For
details on how we implemented de-trending, see Section 4.1.2.

The Gaussian-process formalism also allows for straightfor-
ward interpolation of the observed light curve between time
samples with interpolation uncertainties, or the construction of
mock light curves with a given structure function. We use the
latter to generate mock light curves to test our photometric re-
verberation mapping technique. This formalism is explained in
detail in Rasmussen & Williams (2006) and Rybicki & Press
(1992). We refer the reader to those references for full details.

For an example light curve (Figure 1), this fit is shown in the
left panel of Figure 2. We also give the best model parameter
values along with the confidence regions (see below) in the right
panel of Figure 2.

The expression in terms of a Gaussian process allows one
to generate a wide variety of mock light curves as test data for
applications dealing with light curves, such as structure-function
parameter estimation or reverberation mapping.

As the fundamental property of a Gaussian process is that all
of its marginal distributions—marginalizing over unobserved
times—are Gaussian, generating a mock light curve is then just
sampling from the appropriate Gaussian distribution. Realistic
values in the power-law case are 0.07 < A <0.28,0.15 <y <
0.5 (Schmidt et al. 2010). In the power-law model, the amplitude
A quantifies the root-mean-square magnitude differenceona 1 yr
timescale. y is the logarithmic gradient of this mean change
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in magnitude. In DRW model, a larger @ makes the curve
more variable, and a larger T makes it more smooth (variability
on longer timescales). Realistic values in the DRW case are
0.1 <w<04,1 <logt <3 (MacLeod et al. 2010).

4. STOCHASTIC REVERBERATION MAPPING

As reverberation mapping is often carried out using CCF
and ACF, a complication to consider when calculating the CCF
and ACF is the non-uniform time sampling that is generic for
astronomical data. In addition, in order to estimate the time
delay and its uncertainty, we need to propagate the magnitude
errors in the light curves to errors for the time delay. Most
of the CCF-related approaches have problems with doing so
because they are not able to propagate errors. Additionally, in
Appendix C.2 we demonstrate that for a S82-like time sampling,
these approaches are not sufficient. Both problems can be solved
by advanced reverberation mapping techniques based on fitting
and modeling the light curves using a structure-function model
so the structure-function parameters, the time lag Tyelay, its
statistical confidence limits, and in some cases additional values
are estimated.

In detail, we follow the approach of Rybicki & Kleyna (1994)
and Zu et al. (2011), which we extended for application to
broadband photometry. The basic methodology is described
here, and is outlined in more detail in Appendix A.1, where the
mathematical framework and application of the method to the
data are described. Additionally, the methodology and output of
the stochastic reverberation mapping algorithm is summarized
in Figure 4.

The approach being described in this section is capable of

1. handling transfer functions ¥(zgc1ay) instead of simply a
Tdelay> thus being able to map out the physical structure of
the broad-line region that cannot simply be modeled by a §
function

2. not only interpolating between data points, but also making
self-consistent estimates and including these uncertainties
in the interpolation

3. separating light curve means and systematic errors in
flux calibration from variability signals and measurement
uncertainties in a self-consistent way

4. deriving simultaneously the lags of multiple emission lines
and their covariances

5. providing statistical confidence limits on all estimated
parameters

The approach assumes that all emission-line light curves are
scaled, smoothed, and displaced versions of the continuum. We
assume for simplicity that we have photometric quasar light
curves in the k (e.g., SDSS r) and [ (e.g., SDSS g) bands, where
the [/ band contains emission line and continuum flux, and the &
band has continuum only. Then we can write the fluxes as

fi() = @)
fi)y = ff®+ f7 (@)

— s i) +e / W (Tt L — Taoy) dacy. (1)

This equation is the general version of (4), allowing for a
smoothed response due to the arbitrary transfer functions.
In (11), f; and f; are the total fluxes in the k and / band, respec-
tively, and superscripts ¢ and ¢ denote continuum and emission-
line contributions. s and e are linear scaling factors between
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Figure 1. Magnitudes in two filter bands of the example light curve headobjid = 587731185126146081 and corresponding spectrum plate = 383, fiber = 257, mjd =
51818; the light curve is from a spectroscopically confirmed quasar of the SDSS Stripe 82 in a redshift region where the g band reflects almost exclusively accretion
disk continuum emission, whereas the i band has He emission line contribution. Additionally, other emission lines are present.

k and [/ band variability. In our application, they are constrained
spectroscopically (see Equations (27) and (28)). The delayed
response to the continuum is described by the normalized one-
dimensional transfer function W(7ge1ay) (Peterson 1997), that is,

fe(t) = f lP(fdelay)fc(t - Tdelay) dfdelay~ (12)

The generalization of this formalism to the case of two or
more emission lines in separate bands is straightforward. We
did not use this here because it was not appropriate for the light
curves we had analyzed. In the case of a § function transfer
function, Equation (11) reduces to Equation (4).

We assume that the quasar continuum light curve can be
described as a Gaussian stochastic process (e.g., Kozlowski
et al. 2010, MacLeod et al. 2012) and that the /[-band flux
varies linearly with the k-band flux (Schmidt et al. 2012). The
continuum model is then characterized by a variance matrix
Cy; resulting from any Gaussian stochastic variability process,
for example, the damped random walk Kelly et al. (2009) or a

power-law structure function model (Schmidt et al. 2010). The
emission-line covariance matrix C;/ is then given by

Cif(Ar) = (ff(0), ff(t + Ar))
:ez/drdelay’l/dtdel’dy,Z‘P(Tdelay,I)T(Tde]ay,z)czz
(13)

X (At — Tgelay,2 — Tdelay,1)-

Similarly, the continuum-line-emission cross terms are given
by

C[elc'/ce(At )=e / d Tdelay\l‘(fdelay)cﬁc(At + tdelay)

— s f ety Tty )OS (A1 £ Tay) (14)

Cifian = [ dtuan ¥raan)CEQ1 £ 1) (15)
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Figure 2. (a) Result of a structure-function model fit to the g-band light curve of the Stripe 82 quasar headobjid = 587731185126146081, Figure 1; for this object
the g band reflects almost exclusively accretion disk emission. The posterior probability distribution (PDF) obtained through MCMC (Foreman-Mackey et al. 2012)
is shown. The marginalized 68% and 90% confidence intervals for A and y are indicated by horizontal and vertical bars. The cross marks maximum-at-posterior.
(b) Result of the interpolation of continuum light curve (g band) for fit (Equation (A13)) for object headobjid = 587731185126146081, Figure 1, derived from the best
fit (structure-function parameters at maximum at posterior) to the light curve’s structure function. The solid line represents the best-fit mean model light curves from
the power-law model. The area between the dashed lines reflects the variance for the light curve prediction, arising from the stochastic models; this variance reduces
to the range of measurement errors at epochs where data exist (see Equation (A13)). These figures can be also found as part of Figure 4 in Section 4, which gives an
overview about methodology and the output of the stochastic reverberation mapping algorithm.

where the & refers to combinations in the sub- and superscripts
of the left-hand side as &+ and Cj = sZC,gli, Cii = sCyp as
given by the flux model Equation (11).

Corresponding equations where the integrals are written out
using a §-function transfer function and the power-law model
can be found in Appendix B at Equations (B1)—(B3). Figure 4
gives an overview on the usage of the different covariance
matrices.

These terms can now be used to write the covariance matrix
for the k-band continuum and /-band continuum plus emission
line fluxes as

C('c Cc,(e+c)
C= ( iore M o) (et0) (16)
Clk Cll
with
Ci ) = Ci + Cfy (17)
Ci e = ¢ + Cff + Cff + C. (18)

Using the covariance matrix as defined above, in Gaussian
statistics the probability of some parameters (the structure
function parameters and the time delay Tge1ay) given the data
(in flux units as we refer to flux here) can be computed, which
yields a maximum likelihood approach P(m|p) o< £(m|p) (see
Equation (A20)) where p are the model parameters (i.e., the
structure-function parameters) and (e, s, Tgelay) Where e and s
are constrained spectroscopically. How this approach is carried
out technically is shown in Appendix A and B.

To illustrate the typical shape of the probability distribution
functions (PDFs), an example output is shown in Figure 3.

4.1. Parameter Estimation by MCMC

We chain the likelihoods, as we first analyze the continuum
light curve on its own to estimate the structure-function parame-
ters Psuruc- Then we do a joint analysis of the continuum and emis-
sion line light curve using the values for the structure-function
parameters estimated in the first step in order to estimate Piraps.

4.1.1. Estimating Structure Function Parameters

Estimation of the structure-function parameter is done by
evaluating the logarithmic posterior probability distribution
IOg Pposterior = 10g P(P) + 10g ﬁ(m|P) (19)
where p = Ppswuc are the structure function parameters and
m are the measured light curve points. £(m|p) is given by
Equation (A20) and P(p) represents the prior PDF of the
structure-function parameters. In this equation the intrinsic
variability of the data is described by a covariance matrix S,
whereas the noise has a covariance matrix N. For estimation of
the structure-function parameters, we use a data vector m < fi.
For a power-law model, we have

log P(p) = log P(A) +1log P(y), (20)
where
1 ifo<A<1
P(A) x {A nv= Q1)
0, else
L ifo<y <1
P(y) oc { 7 ’ 22)
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Figure 3. PDFs, represented in a triangle plot for the estimate of the reverberation delay tgeray for the quasar from Figure 1, derived from the simultaneous fit to the
light curve that is in one band only continuum (g band), and in the other band (i band) a combination of continuum and delayed emission line flux (see Equation (23)
in Appendix B). The figure shows an MCMC sampling of the PDF for the spectroscopically constrained emission-line fraction e and the emission line delay Tgelay,
along with their marginalized 68% and 95% confidence regions (gray shading); cross marks maximum-at-posterior Tgelay, Map = 195.084, epmap = 0.1176

Thus we enforce our assumption that the power-law exponent
y, the logarithmic gradient of this mean change in magnitude,
is positive and that the average variability on a 1 yr timescale is
less than 1 mag.

Based on the tests described in Appendix C, we use the Affine
Invariant MCMC Ensemble sampler (Foreman-Mackey et al.
2012) to explore the posterior probability distribution.

As a result of testing, for the estimation of the structure-
function parameters and the mean magnitude m, we use 10
walker, up to 1000 iterations in a burn-in run, 200 iterations in
a post-burn-in run, initialization X = (A©, y©) = (0.1, 0.1).
As m is an output parameter of the algorithm evaluating the
likelihood function, it is not a component of the vector x.

4.1.2. Estimating the Time Delay

The estimation of the time delay is done by evaluating the
logarithmic posterior probability distribution

log Pposterior = 10g P (Ptrans) + 10g(L(m|Prrans))
= log P(Tdelay, €, §) +1og L(m,, My |Tgelay, €, §).
(23)

3> A detailed description of this term and the algorithm can be found in
Foreman-Mackey et al. (2012).

L(m|Pyans) is given by (A20) and P(Tgelay, €, 5) represents the
prior PDF of the transfer function parameters.

P(Tgelay, €, ) consists of a prior on the time delay, P(gelay),
and a prior on (e, s). The prior on the time delay is given by

P(logl() Tdelay)

2
1 _ (log]o Tdelay_loglo Tdelay<0) ]
s

2 €xXp [ log,2
if 0.25 x Tdelay,O < Tdelay <4 x Tdelay,O

% (24)

0, else

Tdelay,0 18 set to the time delay inferred from the Kaspi relation

Equation (40) if AL, (5100 A) is available, and from the virial
assumption otherwise.

For the wvirial mass estimates, it has been assumed
(Vestergaard & Peterson 2006) that the BLR is virialized, the
continuum luminosity is used as a proxy for the BLR radius,
and the broad-line width (FWHM or line dispersion) is used as
a proxy for the virial velocity. The virial mass estimate is then
expressed as

MBH vir AL, FWHM

log| —— ) =a+blog| ———— |+2log [ —— ),
Mg 10*erg s~! km s—!

(25)

where the coefficients a and b are empirically calibrated against
local AGNs with RM masses, or internally among different
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lines. This results in an expected rest-frame delay of

5.121039

(QLOGBH
FWHM _BROAD_HB?

lightdays.
(26)

Tdelay,0 = (1 + Z) -1

LOGBH and FWHM_BROAD_HB are the logarithmic virial
Mgy and FWHM of broad HB (km s™!), respectively, from
the Catalog of Quasar Properties from SDSS DR7 (Shen
etal. 2011).

How (e, s) can be constrained by a prior depends much on
the information that is available beside the photometric data. In
the case of the SDSS S82 data, spectroscopic data are used to
constrain (e, s).

As we assume the flux model (11), we need to know which
part of flux in the / band belongs to the continuum and which is
emission line contribution. From the spectrum, we can get some
information on e and s, as

e~ = /fe()»)wl()») dx (27)
e i
s = 1 ffc(K)wz(A) dx. (28)
S i
with
Sk =/];fk()»)d?» (29)

and w;()): filter curve in the / band, normalized so f wy(A)dA =
1, EW = f(ff(k) — [F)/ ff)dA: equivalent width of
the line.

A fit for the emission line and the continuum has to be done
to get f° and the continuum, f° ~ f; — f°. The emission line
is fitted as a Gaussian, using the provided FWHMj;,. and the
continuum level at the emission line, f;(Atine,obs)s

e _ c ()‘ - )‘line,obs)z
f[ ()") - (fl()\line,obs) - f[ ()"line,obs)) CXp\ 5 —

202
(30)
with
o = 2.35 FWHMiine,obs- 3D
For the continuum level, we use the approximation
Jrefe + Frigh
fcont()tline,obs) = % (32)

1 EW EW
= E (f ()\line,obs - ZObS) + f (Aline,obs + 20bs>> . (33)

Applying this to (27) and (28) gives initial values (eg, so). We
are now able to predict an equivalent width from an (e, s) and
compare it to the observed one,

f f fline(k)(t - 7:delay)d)L
s f Siine(W)( — Tdelay)w()»)d)\

EV\'/pred @) = (34)

where

Jiine()(1) = a(t) - fiine(M)(t0) (35)

HERNITSCHEK ET AL.

with fy as the time the spectrum was taken. Because we assume
e and s to be constant over time,

_ SO _ fm (@)
f (o) Sfx(t0)

interpolation of the light curve in the continuum-only band x has
to be done. We are now able to predict an equivalent width from
some (e, s) and compare it to the observed one at the time 7, the
spectrum was taken. From this, with EW ;e = EWreq(%), 0ne
gets the likelihood term

L 1 < (Ewobs - Ewpred)z) (37)
x—exp| — ;
P S EWope T 2 EW?

obs
where SEW,,s is measurement uncertainty in the equivalent
width of the observed emission line. In our application to SDSS
S82 data, observed equivalent widths EW s are retrieved from
the Catalog of Quasar Properties from SDSS DR7 (Shen et al.
2011).

Equation (37) is multiplied with the previous likelihood
term (10) to describe the likelihood of the model parameter
p given the data m. In this equation, the intrinsic variability of
the data is described by a covariance matrix S, whereas the
measurement uncertainties have a covariance matrix N. For
estimation of the time delay from one emission line, we use
a data vector m < (fi, f}).

Light curve de-trending is applied through the response
matrix L. Basically, if we have two light curves with a possible
offset in their means, we can use separate means for each,
(Li1, Lip) = (1,0) for the continuum light curve f; and
(Li1, Lip) = (0, 1) for the light curve containing a continuum
and emission line contribution f.

As mentioned in some papers referring to the basic approach
of this algorithm, (e.g., Zu et al. 2011), the response matrix L
can also be used to describe and remove a general trend in the
light curve, which is called de-trending. De-trending has been
shown to considerably improve reverberation mapping because
removing a general linear trend in the light curve so better
realizes the limit of stationary light curves (e.g., Welsh 1999).
After some tests, for de-trending f; and f;, we decided to use
(Lj1, Liz) = (#;,0) and (L;1, L;2) = (0, t;), respectively.

Figure 4 summarizes the methodology and output of the
stochastic reverberation mapping algorithm.

Based on the tests described in Appendix C, we use the Affine
Invariant MCMC Ensemble sampler (Foreman-Mackey et al.
2012) to explore the posterior probability distribution.

For the estimation of tgelay, 5, €, we use 15 walker, up to
2000 iterations in a burn-in run, 800 iterations in a post-burn-in

run, initialization x© = (s, e©, 730} ), where 5@, e®, 73
depends on the current light curve. The start position of the
walkers is x© + r, where r is some random number, so the

walkers start in a small area in parameter space around x(©.

a(r) . (36)

5. QUASAR SPECTROSCOPY AND LIGHT CURVES
IN THE SDSS STRIPE 82

The SDSS (York et al. 2000) provides homogeneous and deep
(r < 22.5) photometry in five passbands (ugriz), typically for
more than 60 epochs of observations over a decade in a 290 deg®
area of the Southern Galactic cap known as S82, (Frieman et al.
2008; Annis et al. 2014; Ivezi¢ et al. 2012). These photometry
epochs were obtained in early seasons of about 2-3 months,
effectively sampling timescales from days to years.
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Figure 4. Methodology of stochastic reverberation mapping illustrated using the example of light curve headobjid = 587731185126146081, with z = 0.1506,
continuum-only band k: g band, continuum+emission line band /: i band with strong He.

The photometric data for the ugriz bands are simultaneous,
and an example of such a light curve (only two bands are plotted)
is shown in Figure 1. This area of SDSS is also exceptional in
that it has complete spectroscopic quasar identification (Shen
etal. 2011), resulting in a sample of 9,156 quasars, with spectra.
Additional information on these quasars exists in the Catalog of
Quasar Properties from SDSS DR7 (Shen et al. 2011).

Until the first data release of LSST, this S82 data set, with
its combination of single epoch spectra and multi-band light-

curves for 10* quasars (see also Figure 1), is the best data set to
carry out broadband reverberation mapping. It is the same data
set that was used by Schmidt et al. (2010).

The data are all publically accessible through the SDSS data
archive.® For our application, all light curves have been cleaned
of manifest outliers by simply considering measurements having
amagnitude error of >>0.1, and removing them. To obtain further

6 http://casjobs.sdss.org/CasJobs/default.aspx
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Figure 5. (a) Histogram of the observational time lags (first 600 days) in the light curve (differences between the data points); total observational period: 2959 days,
(b) percentage recovered £1 day vs. Tgelay from mock light curves with the time sampling resulting in observational time lags from figure (a); crosses mark the

evaluated lags, lines are displayed to guide the eye.

information on each individual quasar, such as for instance
equivalent widths or values needed for calculating a prior on
the size of the broadline region as described in Section 4.1.2,
Equation (24), we cross-matched the list of objects from SDSS
S82 with the Catalog of Quasar Properties from SDSS DR7’
(Shen et al. 2011).

We linked the spectra, light curves, and additional information
from DR7 by requiring a positional match of ~1. For 9,120 light
curves from SDSS S82, a unique corresponding entry was found
in the DR7 Quasar Properties Catalog. No match was found for
the remaining 36 light curves. There were no double matches.

For the subsequent analysis, we converted all light curve
measurements to linear fluxes rather than magnitudes. To get
the flux f; in the specific band k in units of ergs~! cm™2, the
effective bandpass width w, ; has to be taken into account,
resulting in

2b
fut) = 3631 x 107822
Wi k
1)log(10
x sinh (_%(;g() — log(bk)> ergs 'em™2,

(38)

Not all of the 9156 quasars in the sample are comparably
suitable for broadband reverberation mapping. Mock data anal-
yses (see Appendix C.2) have shown that two conditions need
to be satisfied: a redshift interval where one band has important
emission line contributions, while another band is free of them;
sufficiently many photometric epochs; in S82 they range from
2 to 160, with a median of 66.

To identify suitable redshift ranges that maximize continuum-
line contrast between two different bands, we considered the
Ho, HB, Mg lines for reverberation mapping and the C1v,
N1 26585, Su A6718, S L6732, O11 A4959, O A5007,
Lya, LyB, Cui], Feu A2382, Feu A2600, Hy, H§ lines as
contaminants, with the data taken from Table 2 in Vanden Berk
et al. (2001). To check whether or not a line falls into a band,
we defined the limits of a band as the wavelength where the
neighboring filters have transmission of zero. This results in
relatively narrow redshift ranges having only one out of He,
HpB, Mg in one band (the continuum-+emission line band) and
at least one other band free of all of them. There redshift ranges
are summarized in Table 1.

7 The catalog is available at https:/users.obs.carnegiescience.edu/
yshen/BH_mass/dr7.htm.
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Within these redshift ranges, we identify quasars whose
light-curve sampling is relatively good, because this has great
influence on the possibility of estimating a certain time delay
Tdelay- In evenly sampled data the sampling rate must be higher
than the (expected) time delay. In unevenly sampled data there
must be at least some time intervals smaller than or equal to the
(expected) time delay.

We illustrate this in Figure 5 by generating mock light
curves within the actual S82 time sampling, but varying Tgefay-
By applying the likelihood approach described in Section 4,
Equations (23), and (19), we then tried to recover the delay
Tdelay Used for generating the light curves before.

In its left panel, Figure 5 shows a histogram of the time-
intervals between SDSS S82 observational epochs of one
example light curve, illustrating the possible time-delays that are
covered by the data. The right-hand panel shows the percentage
of light curves out of this sample (10 light curves per Tgelay) for
which 7410y can be recovered within & one day. The allowed
difference of one day was chosen to prevent a larger absolute
error for objects having larger 7ge1ay. The test data used for this
have the same time sampling and structure function parameters,
but are light curves of different objects. The values of e and s
of our mock data were set to e = 0.2, s = 1.0. As a transfer
function, we used a § function. Due to the way test data were
generated, no line EW was set. (For details on test data, see
Appendix C.) Here “recovered” is meant the sense of the value
at maximum at posterior. A comparison of the two panels shows
that time delays that match common epoch differences in S82
(left panel) can be well recovered. This makes the histogram of
observational time lags a very useful tool to quickly estimate
whether the expected time delay should be recoverable, given
the time sampling of the light curve in case. These histograms
differ among the light curves in S82, as there are common time
sampling windows due to the SDSS, but the exact sampling and
the number of time lags available differs.

6. RESULTS

With the analysis tools from the previous section in place,
we now proceed to estimate time delays for subsets of the S82
data, which can be compared to relations for Rppr from Kaspi
et al. (2000) and Bentz et al. (2013), and relations for Mgy from
Vestergaard (2002).

Given then small, expected signal and the difficulties with
the S82 time sampling, it was useful to not focus on the Tgelay
estimates of individual objects, but to presume that there is
a Rprr(L) relation, and determine its scaling normalization
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Table 1

Emission Lines
redshift g r i b4
0.08 Hp, Hy (plus some other) Continuum - Continuum
0.13-0.142 Continuum Continuum Ha (plus some other) Continuum
0.225-0.283 Continuum Hp, Hy (plus some other) Continuum Continuum
0.284-0.291 Continuum Hp, Hy (O 1 14959, A5007) Continuum -
0.349-0.371 Continuum Continuum Continuum Ho (plus some other)
0.463 Continuum Continuum - Ho (plus some other)
0.519-0.537 Continuum Continuum Hp, Hy (plus some other) Continuum
0.538-0.552 Mg 11 Continuum Hp, Hy (O 11 44959, A5007) Continuum
0.553-0.554 Mg 1 Continuum - Continuum
0.555-0.591 Mg u Continuum Continuum Continuum
0.592-0.732 Mg 1 (Fe 11 22600) Continuum Continuum Continuum
0.733-0.813 Mg 1 (Fe 11 22600) Continuum Continuum -
0.814-0.846 Mg 1 (Fe 11 22600) Continuum Continuum Hp, Hy (plus some other)
0.847-0.851 - Continuum Continuum Hp, Hy (O 11 14959, A5007)
1.171-1.191 Continuum Mg Continuum Continuum
1.192-1.207 Continuum Mg 1 Continuum Continuum
1.765-1.786 Cvi Continuum Continuum Continuum
1.787-1.912 Cvi Continuum - Continuum
1.913-2.036 Cvi Continuum Continuum Continuum
2.037-2.185 C vI (Si vi) Continuum Continuum Continuum
2.186-2.254 C v1 (Si vi) - Continuum Continuum
2.255-2.32 C vI (Si vi) Continuum Continuum Continuum
2.903-2.969 - Cvi Continuum Continuum

Notes. In a compact form this table lists which emission lines can be used for a given redshift and in which cases there is more than one emission line in a band. *“-”
indicates that this band cannot be used (a continuum and some line contribution from a line that is not used as an emission line for reverberation mapping). Sometimes
there is an emission line that can be used, but also (weak) contribution from other lines, those are written in brackets.

in different redshift (and hence luminosity) regimes, by jointly
modeling several light curves.

Previous reverberation mapping studies show a simple rela-
tionship between the size of the BLR and the corresponding
continuum luminosity L of the form Rg g o< L? (Kaspi et al.
2000). This is an important result because it provides a sec-
ondary method of estimating the central black hole masses by
using L as proxy for Rpyr. This makes it a powerful tool for
mass estimation in large ensembles, since a single AGN spec-
trum yields both L and a line width AV suitable for estimating
the size of the broad-line region by using L” and then estimating
Mgy by applying Equation (1). The AGN sample evaluated in
this study allows us to readdress the issue of the Rgrr — L and
Rpir — Mgy relations in AGNs.

We present novel empirical relationships for estimating the
BLR sizes in AGNs developed using multi-epoch photometry
combined with single-epoch spectroscopy. The found that scal-
ing relationships between line widths and luminosity are based
on empirical relationships between the BLR size and luminosi-
ties in various bands by Kaspi et al. (2000), Bentz et al. (2013),
and Vestergaard (2002). To obtain more definite results on the
Rgir — L and Mgy — L relations, we evaluate well-defined
subsamples of reverberation-mapped AGN, as shown in the
Tables 2-5.

The redshift requirements combined with the strength and
S/N of the emission lines make the following redshift ranges
most suitable: z = 0.225-0.291 (with 43 light curves), z =
0.555-0.591 (with 118 light curves), z = 0.592-0.846 (with
746 light curves).

Not all light curves of the 9,156 spectroscopically confirmed
SDSS S82 quasars (see Schmidt et al. 2010; Schneider et al.
2007) can be evaluated, mostly due to inappropriate time
sampling with respect to the expected time delay. The expected
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time delay is estimated from the Kaspi relation (40) if the
rest frame 5100 A luminosity is available, or from the virial
assumption based on the FWHM of the HB (25) line otherwise.
We found that 35 out of the 43 light curves at z ~ 0.25, 69 at
z ~ 0.57, and 290 at z ~ 0.6 — 0.85 have reasonable epoch
coverage.

To compare ensemble results to known mass—luminosity
relations, we have to omit light curves. Specifically, light curves
resulting in an unreliable posterior probability distribution were
excluded from the samples. For ensemble estimates of black
hole masses, we set a prior cutoff at Tgelay/Tdelay,expected = 4
and omitted the light curve where the individual mass estimates
posterior PDF are increasing toward this cutoff or are flat. We
base our study on the 323 AGNs for which we can calculate
reliable reverberation-based Rppr estimates. For comparison,
earlier studies used much fewer objects (e.g., Kaspi et al. 2000
based on 17 QSOs and Vestergaard 2002 based on 32 AGNs),
which were mostly at lower redshifts.

Tables 2-5 present detailed information about the four sub-
samples used for determining the Ry r — L and Mgy — L re-
lations and the results of individual objects. Throughout this
paper, we use the headobjid to identify individual objects.

In the following, we present our results using a power-law
structure function with posterior given by Equation (20) and
assuming a §-function transfer function where the posterior is
given by Equation (23). We restrict ourselves to the power-
law structure function, as we have found it to produce less
covariance between the 7y, estimates and the structure-
function parameters. Both from real and mock data, we found
that using the DRW model is not successful for application to
reverberation mapping of SDSS S82 light curves. During testing
(with mock light curves), it came out that fitting with the DRW
lead to very imprecise estimates for gy, €ven with the given
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Figure 6. Result of the interpolation of continuum light curve (r band) for DRW and power law for (a) object headobjid = 587730845814686076, (b) object
headobjid = 587731186724373007, derived from the best fit (structure-function parameters at maximum at posterior) to the light curve’s structure function. The solid
line represents the best-fit mean model light curves. The area between the dashed lines reflects the variance for the light curve prediction, arising from the stochastic
models. In most cases the two functional forms lead to very similar interpolations like in (a), but in a modest number of cases the DRW provides an unsatisfying fit as
in (b). This makes light-curve interpolation on the basis of power-law structure functions more robust for this context.

priors. This is because the estimation of the fit parameters does
not work very well for sparsely sampled data because the fit
parameters w and t of the structure function indicate the intrinsic
variance of the process (w?) and the damping timescale (1),
which cannot be estimated well when having sparsely sampled
data. However, the power-law model works very well in this
case, because the amplitude A quantifies the root-mean-square
magnitude difference on a 1 yr timescale and y is the logarithmic
gradient of this mean change in magnitude, which is easier to
estimate. For many SDSS S82 quasar light curves, the shape
of the fitted light curve differs considerably between the power
law and the DRW model, because the DRW leads to a fit that
is less smooth than that from the power law, and shows too
much sensitivity to outliers in many cases. For comparison, the
power law and DRW model fits for two light curves are shown
in Figure 6.

6.1. Individual and Ensemble Estimates of BLR Sizes

Caution must be exercised when using time lag estimates to
calculate the size of broad-line regions. It is the fact that for
some objects, different reverberation mapping campaigns state
different values for 7gelay. The implementation of corrections
(e.g., modeling the variation of the spectrum over time) is
beyond the scope of this paper. We convert the computed
observer-frame time delays Tgelay,obs directly into BLR sizes
after applying a cosmological (1 + z)~' factor, so

RBILR = € Tgelay.obs(1 +2) 7" (39)

Individual Rgrr for the members of our subsamples are listed
in Tables 2-5.

To define Rpir—L relations, we follow Kaspi et al. (2000)
and Bentz et al. (2013), using AL, (5100 A) as our luminosity
measure. Kaspi et al. (2000) found for the BLR size-luminosity
relation for the He line

AL (5100 A) 0.700+0.033
A .
W) light days,

RgB1R Kaspi = (32-0121'.09) (
(40)
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which was updated by Bentz et al. (2013) as

0.533%0.035

3L, (5100 ;\) ~0.033
RpLr peny = (33.651°3%%) (W)

x light days. 41)

For the relationships, we adopt the simple form Rpir
Rpirkaspi and Rpir O RBLR Benz» Where RpiR Kaspi and
RpLR Bentz are the estimates from Kaspi and Bentz, respectively.
So we do not determine a new slope, but only a new proportion-
ality constant.

We calculated the individual posterior PDFs by evaluating
Equation (23) and introducing RpiRr Kaspi @S @ prior using
Equation (24). We then projected these individual PDFs as
histograms, and marginalize over the flux scaling factors e
and s. We assume that Tgelay/Tdelay,exp = J (L, 2, EWiipe), this
marginalization was done for different cases:

For comparing to the relations (40) and (41), we did binning
by z according to our subsample Tables 2-5. We also binned
by luminosity AL, (5100 A). We evaluated 29 light curves in
the redshift range z = 0.225-0.291, with i band: He, z band:
continuum. Seventeen light curves out of this range were also
evaluated with r band: HB, Hy (plus some other), g band:
continuum. We evaluated 68 light curves in the redshift range
z = 0.555-0.591 with g-band Mg 11, 7: continuum. We evaluated
111 light curves in the redshift range z = 0.592-0.6999, with
g-band Mgu (Feur A2600), r continuum. The redshift range
z = 0.7-0.846 was evaluated with g-band Mg (Fe i1 12600),
r continuum for 115 light curves.

In Figures 7(a)—(e), we show the marginalized posterior
probability distributions for comparing the ensemble Rpig to
the Kaspi relation for z-binned samples. For each sample the
redshift, emission lines, and band used for continuum are given.

In Figures 8(a)—(d) we show the deviations of our ensemble
Rprr estimates from those of the Kaspi and Bentz relations as a
function of z and L. Our results show ensemble estimates about
1.7 times larger than those from the scaling relations by Kaspi
and Bentz. There is no correlation between e and Tgelay. The
typical shape of the PDF is shown in Figure 3.
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Table 2

Sample 1 Properties and Reverberation Mapping Results z = 0.225-0.291, with i Band: He, z Band: Continuum

HERNITSCHEK ET AL.

Oject S EWOA S log [ 2LSIR | e
587731172234231820 0.2351 247+9 5.0 x 10° £ 1.4 x 10% 44.182 + 0.003 43+, 13 % 102
587731172768874535 0.2675 2.0 x 10> £ 11 5.8 x 103 + 3.1 x 10? 44.264 4 0.005 49*3, 8.2 x 102 ki 102
587731174382370829 0.2332 2.6 x 102 £ 10 52 %103 £2.8 x 102 44.244 4 0.006 48+ 55758 102
587731174382370953 0.2814 1.7 x 102 £37 2.1 x 103 £6.0 x 102 44210 £ 0.004 45+ 48753 % 102
587731185660264483 0.2509 1.6 x 10* £ 36 53 x 10° £ 1.1 x 103 43.88 4+ 0.02 262 65 3%
587731186203361389 0.279 176 + 8 37 x 10° £49 x 102 44.33 £ 0.008 54%6 62745 102
587731186207031353 0.2519 2.4 x 102 £31 6.3 x 10° 2.5 x 102 44.410 + 0.006 62*7 53#33 > 107
587731186734203087 0.2648 217438 37 x 10° £ 1.8 x 102 44.199 + 0.004 44%4 40+L6 < 10°
587731186735644691 0.257 266 + 4 24 x 10° £2.3 x 102 44.360 = 0.004 57+ 93+L7 < 107
587731187260784863 0.2812 2.5 x 102+ 12 22 x 10° £2.0 x 102 44.11 £ 0.01 38+ 4413107
587731187276841126 0.2728 22 x 102 £17 12 x 10*+ 1.7 x 10° 44.163 £ 0.006 414 48+l 10°
587731187806830737 0.2639 1.2 x 10% +27 1.6 x 10° +£2.9 x 102 44.124 + 0.008 39+, 56412 10°
587731187815481439 0.2868 31 x 10241 56 x 10° £3.4 x 102 44.273 £ 0.008 50%5; 64 6107
587731187817381938 0.2728 3.5 x 102412 3.8 x 10° £3.8 x 102 44.166 = 0.008 42+ 4514107
587731511544774775 0.2811 1.04 x 102+ 11 49 x 10> £22 x 10° 44.184 + 0.003 434 47753 % 102
587731511548379306 0.2865 1.6 x 102+ 17 32 x 103 £3.3 x 102 44.130 £ 0.003 39+, iAo
587731512614977609 0.2616 396 + 4 33 x 10°+78 45.3258 + 0.0007 2.7 x 10* ¥ 1.8 x 102 *12% 13)22
587731514219036709 0.2915 3.8 x 102+ 15 5.0 x 10% + 1.2 x 10? 44,332 + 0.003 55%5, G2+ 10
587731514227818645 0.2578 2.1 x 102 £10 49 x 10° +£3.4 x 10% 44.232 4 0.004 47+ 1.5 x 10?2 *6
587734303268077643 0.2878 1.6 x 102 £25 1.9 x 10* £3.2 x 102 44.244 £ 0.006 474 52758 10?
587734304875020616 0.283 24 x 10>+ 13 1.6 x 10° £2.2 x 102 44.342 £ 0.003 56%; 65 +Lo < 10°
587734304876331060 0.2713 135£5 4.9 x 10° £2.2 x 102 44.370 = 0.004 59* 5 Lo 10
587734305416413205 0.2276 22 x 102+ 15 4.6 x 10° £3.1 x 102 44.155 + 0.004 413 23 #6107
588015508208222443 0.2692 1.2 x 102+ 13 72 x 10° £ 2.1 x 10 44.318 + 0.006 53+ 68+ 10
588015508213203014 0.2466 21049 1.1 x 10* + 8.3 x 10 44313 + 0.007 53+ 41 120> 10°
588015508736901262 0.242 197 +5 5.7 x 10% +3.7 x 10 44.190 + 0.004 434 74 #2107
588015509277376527 0.2386 35345 3.9 x 103 £1.9 x 102 44.438 + 0.009 65*7, 94 *L3 % 102
588015509807759391 0.2738 1.8 x 102412 55 x 10> £3.4 x 102 44.147 £ 0.005 413 45%L3 % 102
588015509829451922 0.2369 102 +3 6.7 x 10>+ 1.0 x 10° 44.294 + 0.003 5175, 49 +18 107
Notes.

2 headobjid from SDSS tables.

b Redshift.

¢ Rest frame equivalent width of broad line.

4 FWHM of broad line.
¢ Computed from Kaspi relation, in rest frame.
f Own computation from all points within the 68% CI, in rest frame.

The second estimate for the first subsample of 17 light
curves, done with HB and Hy in r band, gives no sensi-
ble result (see Figure 7(b)). Even when omitting light curves
with a clearly unreliable posterior PDF, the PDF tends to
a prior cutoff at Tyelay/Tdelay,expected = 4. This might be be-
cause HB is mostly weak, and there is a contribution from
Hy and Om A4959, A5007. Thus our assumption of hav-
ing the most contribution from one broadened line (here: HB)
doesn’t hold. For two luminosity bins in Figure 8(d), the points
would lie above the prior cutoff line, so we consider them
to be unreliable. These points are only given for reasons of
completeness.

13

6.2. Individual and Ensemble Estimates of Black Hole Masses

We converted the computed observer-frame time delays
Tdelay,obs 1NtO TESt frame delays by applying a cosmological
(1+z)~! factor. Then they are converted to reverberation-based
Mgy by applying Equation (1). To define Mgy — L relations,
we follow Vestergaard (2002), using AL, (5100 A) and Lyg as
luminosity measures.

Vestergaard et al. (Vestergaard 2002; Vestergaard & Peterson
2006) found four empirical mass scaling relationships between
line widths and luminosity for estimating Mpy in nearby AGNs
and distant luminous quasars up to z ~ 6. In detail, they found
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Table 3

Sample 2 Properties and Reverberation Mapping Results z = 0.555-0.591, with g Band: Mg 11, » Band: Continuum

HERNITSCHEK ET AL.

Object 2 WM A Bt log [ ALSL ] S
587731185127129152 0.5826 41+ 8 2.6 x 103 £2.9 x 102 44.17 £ 0.06 42+ 53107
587731185661640908 0.5755 44 8 1.8 x 103 £+ 80 4433 4 0.02 55+7 41758~ 102
587731185663082656 0.5651 2243 3.2 x 103 £5.7 x 10? 44.40 +0.02 61+ 22 x 10250
587731185663475838 0.5649 1745 3.0 x 10° £ 1.1 x 10° 44.10 4 0.08 37% 4512107
587731185663672525 0.5838 58 420 1.0 x 10> £45 x 10° 4422 +0.05 46 % 39 +L7 > 107
587731185669898347 0.5681 31+5 6.1 x 10 £2.3 x 10° 44.35 4 0.03 56%% 76 +18 < 107
587731186198708457 0.5886 53410 2.2 x 10° £ 3.2 x 10? 4422 + 0.02 45+5 39 +L7 X 10°
587731186199036062 0.5551 13+2 1.9 x 10° £2.0 x 10 44.340 £ 0.009 55+ 5747 <10
587731186205327526 0.5691 1.0 x 10> £27 4.8 x 10> £2.0 x 10 4429 £ 0.01 52% 77 %,
587731186208080015 0.5902 67+ 13 1.9 x 10* £2.6 x 10? 44.18 + 0.02 43, 16718~ 102
587731186208211123 0.5766 28+ 2 5.8 x 103 £8.7 x 102 4439 +0.02 60 +8 27 #22x 107
587731186455019583 0.5851 16 +2 1.9 x 10% 497 45.305 + 0.004 2.6 x 10247 9.8 x 102 20 11%22
587731186731254014 0.5662 13 x 10> £ 11 6.6 x 103 £1.2 x 103 44.324 + 0.009 5476 23 x 102120
587731186734006569 0.5717 3146 55 x 10 £2.0 x 10 44274 4 0.02 50+ 44716 < 10?
587731186734596354 0.5676 5347 15 x 10> £2.1 x 103 4429 + 0.02 51+ 74716 x 10°
587731186742788371 0.5756 2.0 x 10> £29 7.1 x 10> £ 4.1 x 10° 43.99 + 0.03 32+, 142 4]
587731187272908947 0.5792 42+ 6 4 % 10° £ 8.1 x 10 44.35 + 0.02 56 +7 32 #20 > 107
587731187282215130 0.5587 38+5 4.3 x 10% + 4.8 x 10? 44.32 + 0.02 5446 30121 <107
587731187809386613 0.5705 1.4 x 10 +23 6.5 x 10° £2.7 x 10° 43.94 +0.02 2913 11277
587731187816136876 0.568 41+ 7 6.3 x 10° £ 1.9 x 10 4431 £ 0.03 53 7% 21572 0 e
587731511545823430 0.5734 T4+ 15 8.9 x 103 £1.5 x 103 44.11 + 0.08 3848 18+L6 X 10°
587731512073584798 0.5846 56+5 7.4 x 10° £1.8 x 103 44.43 + 0.02 647% 5188
587731512612815013 0.5555 40+ 7 4.0 x 103 £7.5 x 10% 44.25 £ 0.02 48*, 41+18
587731512613929053 0.5633 36+ 5 2.8 x 10 £5.3 x 10? 4420 £ 0.05 44*7 26517 10?
587731512615829758 0.5696 3445 7.6 x 10> + 1.7 x 10° 44.26 + 0.02 48 76 31+ 10?
587731512620548263 0.5762 32+ 6 3.3 x 10° + 1.4 x 10° 44.05 + 0.04 3445, 499
587731512621727958 0.5805 19+ 4 42 x10°+ 19 x 10° 44.25 + 0.01 47+ s1tLex10°
587731513142935636 0.5697 37+ 4 33 x 10° £ 6.1 x 10? 4432 + 0.02 537 48 L7 102
587731513144967281 0.574 42+ 13 2.1 x 103 £5.7 x 10? 44.17 £0.02 424 20*154
587731513146736743 0.5895 19+ 2 3.7 x 103 £2.0 x 10? 45.141 £+ 0.004 2.0 x 102 +3 89 x 102+
587731513146736818 0.5776 1.5 x 102 £ 12 3.6 x 103 £ 1.4 x 10° 44.39 £0.01 60*7 95 HL
587731513150079130 0.5832 2944 35 x 103 £6.4 x 10?2 4428 +0.01 50+ 53415 107
587731513150210254 0.5667 2142 5.5 x 10° £+ 8.6 x 102 44.29 + 0.04 5148 97 +h1x10?
587731513151455344 0.5911 1645 2.3 x 10> £5.3 x 10 44.51 4+ 0.01 73+10 37126 %107
587731513153683711 0.5909 5545 6.1 x 10> £2.3 x 103 4437 +0.01 5847 37439 10°
587731513154535595 0.5623 11+ 6 35x 103 £1.3 x 103 44.11 £0.03 38+, 40 #7107
587731513157746873 0.5766 29+ 3 6.1 x 10° £+ 6.8 x 10 44.53 4 0.01 76+ 56129 < 10°
587731514220544089 0.5699 93+ 8 82 x 10 £3.1 x 10° 44.26 + 0.04 49+8 97 80
587731514231226522 0.5561 26+ 4 33 x 103 £4.3 x 102 44.43 £ 0.01 64+8 Pl 10?
587734304876593453 0.5773 58+ 11 3.8 x 103 £2.7 x 103 4421 £0.03 46* 33%L % 10?
587734304880656528 0.5856 68 + 29 19.5 x 10> 5.9 x 10° 4448 20 307
587734305416413383 0.5758 1.2 x 10% + 31 6.8 x 10> £4.3 x 10° 44.33 + 0.02 5547 4611 X 10%+
588015507662635090 0.5675 57+ 8 4.5 x 10° £5.5 x 10 44.40 + 0.01 61+7 36132 % 10”
588015507681509558 0.5645 86 + 33 13 x 10 +£6.0 x 103 4394 0.1 2748 21#10x 10°
588015507682033872 0.5891 30+ 5 43 x 103 £3.6 x 102 444 4 001 67+ 95+LE > 102
588015508190068915 0.5777 58+ 6 44 % 103 £2.1 x 10° 4429 + 0.04 5178 55%L6% 102
588015508191903965 0.5647 27+ 6 2.8 x 10° 7.8 x 102 44.31 + 0.02 5346 5p+L7 < 10°
588015508196491368 0.5728 33+ 5 2.8 x 103 £5.2 x 102 4429 4 0.02 50+ 4.4 x 102 L7 107

14
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HERNITSCHEK ET AL.

Table 3

(Continued)
Object® 2 EW(Mg m)/A° DWHMHA) ¢ log [%] O o
588015508197802108 0.5755 1.1 x 10% £ 41 9.0 x 10° £ 7.5 x 10? 4431 £0.05 53 +19 17 x 102497
588015508200489107 0.5576 44 £5 32 x 103 £4.4 x 102 44.30 £ 0.02 52+ garLdx 107
588015508207567019 0.5582 66+ 4 7.8 x 103 £6.3 x 10 44.40 £ 0.04 61+ 29+13 < 107
588015508211630268 0.5736 48+ 18 8.4 x 103 £2.3 x 10° 44.09 £ 0.07 3748 20413 107
588015508736966847 0.5576 16 +3 34 x 103 £6.1 x 102 44.41 £ 0.01 62*7, 50133 % 10°
588015508742865130 0.5749 45+ 4 5.2 x 10° £2.8 x 10° 44.30 £ 0.03 52t 1.3 x 10?2 %
588015508745486547 0.5646 82+ 5 3.9 x 103 £7.1 x 102 44.41 £0.03 62%% 1.5 x 102 *h1x10°
588015508747780246 0.5574 40 + 4 5.6 x 103 £5.7 x 10 44.11 £ 0.02 384 39+L2 < 107
588015508756234443 0.5748 33+5 6.9 x 10° £ 8.9 x 10 44.21 £0.03 45+6 1847015
588015508756234590 0.5684 40 £8 2.8 x 10° £4.3 x 103 44.33 £ 0.04 55%% 45+20 % 10°
588015509265449124 0.5854 23+5 6.1 x 10° £ 1.6 x 10° 44.21 £0.02 45 %6 G1H2 10
588015509267021941 0.5555 63+ 13 11.1 x 10° £2.4 x 103 44.23 £ 0.031 46+5 gy L0
588015509268660273 0.5599 33+ 1 4.3 x 10° £3.2 x 10? 45.1424 + 0.005 2 x 1023} 2.2 x 102 j51~?7§‘1‘§2
588015509269315709 0.57 24+ 2 6.9 x 10° £ 1.6 x 10° 44.39 £ 0.06 60 *'2 19x 10242 -
588015509282947197 0.559 45+ 9 5.8 x 10° £ 1.4 x 103 44.28 £+ 0.02 50*¢ 21#20 % 107
588015509287928008 0.5641 39+ 4 33 x 103 £6.9 x 102 44.31 £ 0.02 52* 6817 10"
588015509822832766 0.5582 58+ 7 2.9 x 10° £ 8.8 x 10 44.09 £ 0.02 37+ 2413 107
588015510343516323 0.5783 106 & 8 4.9 x 10% £ 6.3 x 10? 4429 + 0.02 51+7 94+78
588015510360883275 0.5691 38+1 4.6 x 10> £8.7 x 10 45.653 &+ 0.005 4.6 x 102 %% 1.2 x 103 ¥x 107
588015510367764698 0.5775 87+ 22 4.5 x 10° £ 1.4 x 10? 44.236 + 0.07 47+10 87+%,
Notes.
2 headobjid from SDSS tables.
® Redshift.

¢ Rest frame equivalent width of broad line.

4 FWHM of broad line.

¢ Computed from Kaspi relation, in rest frame.

f Own computation from all points within the 68% CI, in rest frame.

the following relationships for the optical regime:

o M | FWHM(HB)\*
o estergaardl] — 10 T 1
g MBH, Vestergaard1 g 1000 km s—!
AL, (5100 A)
T0% erg s 1 org 51 +(6.91 £0.02) 42)
FWHM(HB) \*
10g MBH,Vestergaard2 = 10g m
LH,S 0.63
_ 6.67 £0.03). 43
x <1042 ergs‘l) * ) “43)

Additional relationships exist for the UV, which cannot be
applied here because no line widths are available from SDSS
S82 data. They are given in Vestergaard & Peterson (2006).

For comparing to the masses from the Vestergaard relations,
we calculate the reverberation-mapping based Mgy by using
Equation (1). We set f = 1, and so we get

Tdelay
M.

44
days @9

FWHM(Hp) ) 2

Mgy rey = 0.195
BH,re < km S_l

15

To determine the proportionality constant to the relation-
ships, we adopt the form Mgy < MBH, Vestergaard1 and Mpy
M, BH, Vestergaard2 -

We calculated the posterior probability distributions from
evaluating Equation (23) projected as a histogram, because
we marginalize over the flux scaling factors e and s. This
was done for different binning classes because we assume that
Tdelay/fdelay,exp = f(L, z, EWjpe).

For comparing to the relations (42) and (43), we binned by z
according to our subsample Tables 2-5. We evaluated 29 light
curves in the redshift range z = 0.225-0.291, with i band: He, z
band: continuum. Seventeen light curves out of this range were
also evaluated with r band: HB, Hy (plus some other), g band:
continuum. We evaluated 68 light curves in the redshift range
z = 0.555-0.591 with g-band Mg 11, r: continuum. We evaluated
111 light curves in the redshift range z = 0.592-0.6999, with
g-band Mg (Feur A2600), r continuum. The redshift range
z = 0.7-0.846 was evaluated with g-band Mg (Fe 11 12600),
r continuum for 115 light curves.

In Figures 8(e)-(f) we show the deviations of our
reverberation-based ensemble Mgy estimates from those of the
Vestergaard relations as a function of z. Our result again shows
ensemble estimates larger than those by the scaling relationships
from Vestergaard by a factor of about 1.7, but with slightly larger
deviations.
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Table 4

Sample 3 Properties and Reverberation Mapping Results z = 0.592-0.6999, with g Band: Mg 11, r Band: Continuum

HERNITSCHEK ET AL.

Object® ® EW(Mg m)/A° PVHMAS) o log [“Qig = ‘ﬂ Mgt s
587730845814686076  0.6019 40+ 6 3.6 x 103 £6.1 x 102 44.18 + 0.04 43+7 54718 102
587730846349919079  0.5988 85+ 15 4.6 x 10> 2.1 x 10° 4413 £0.04 40 *¢ 91+88
587730847429689592  0.6615 3547 1.2 x 10° £2.9 x 10° 44.19 % 0.06 437 46+L3 < 10
587730847430148472  0.6212 3.8 x 10> £97 42.44 £ 0.09 4425 £ 0.01 48*5_s 294> 107
587730847960662320  0.6163 70+ 8 20 x 10 £22 x 103 4434 + 0.02 55+7 448
587731172231545105  0.6809 30+ 1 19 x 103 £ 1.1 x 10° 45.21 £+ 0.008 23 x 102 %), 45x10? i?;ill(gz
587731173842093154  0.6533 25+ 5 50 x 10° +£1.7 x 10° 44.55 + 0.08 77 42, 17433 % 107
587731174915507603  0.6074 31+ 7 76 x 103 £2.1 x 10° 4428 + 0.02 50+ s6+L] < 10°
587731185656004677  0.8422 28+ 3 53 x 10° £2.7 x 103 449 £ 0.1 15x 10279 23 x 10 +_4|~f‘9§1|°022
587731185660657782  0.6964 17+ 3 33 x 10° £5.3 x 107 45,05 = 0.01 L7 x 102 3% 2.3 x 10 *_51‘_68111%22
587731185663410412  0.606 14+ 3 48 x 10°+32 x 10° 4435 £ 0.07 56 12 72tLE 102
587731185665507634  0.5981 93+ 30 36 x 10°+£2.1 x 10° 4421 + 0.02 45+5 20718 < 10%
587731185673044112  0.619 41+ 6 3.1 x 103 £24 x 10° 4433 £ 0.02 5547 517597 102
587731186197856351  0.6161 18+ 3 17 x 100 £65 x 10? 45.027 + 0.007 1.7 x 10% *2} 98¥6:6 * 102
587731186201002148  0.6958 264 4 27 x 10° £7.3 x 10? 4431+ 0.05 52+% 53*LE 10?
587731186206113952  0.6321 30+ 5 3.1 x 10> £5.0 x 10 44354 0.05 56 10 5542107
587731186724373007  0.6546 41+7 44 x 103+ 1.7 x 10 4426 + 0.03 49 *¢ 90*L1 > 107
587731186740428908  0.6131 65+ 6 8.0 x 103+ 1.2 x 10° 44.32 + 0.03 5448 24 x 102195
587731186743443659  0.599 I5£6 L4 x 103 £ 1.7 x 10 44.33 £ 0.02 55%7 33120 % 10°
587731186744492204  0.6321 44+ 4 39 x 10 £52 x 10? 4428 + 0.03 5177 100753 > 1¢?
587731187263209489  0.6436 25+ 3 1.7 x 10° £6.5 x 10 45.089 + 0.005 19 x 10258 47 x 102 37> ‘1%22
587731187280183499  0.6815 66 + 15 19 x 10> £6.1 x 102 4420 + 0.07 44%9, 30198 < 10°
587731187281166449  0.609 2546 52 x 100 £1.8 x 10° 4436 £ 0.02 5748 80*LE * 102
587731187281494159  0.6572 46+3 48 x 10° £4.1 x 10 4422 + 0.04 45+7 45+Le 107
587731187814236291  0.6965 67+ 6 89 x 10° £2.5 x 10° 4434 + 0.05 55+10 44718107
587731187814432903  0.683 16 + 4 34 x 10° £5.8 x 102 4432 + 0.03 53+, 45%30 % 107
587731511534092414  0.6576 61£5 71 x 103 £9.6 x 102 4443 £ 005 64 +13 1.9 x 102 H0x 10
587731511541039324  0.6841 64+ 13 1.6 x 103+ 1.6 x 10° 44.43 4+ 0.06 64+ 1.3 x 102 #L8 > 102
587731511543464064  0.66 2342 29 x 10° +£6.3 x 102 44.49 £0.04 76412 2.0 x 102 +12 10°
587731512068276412  0.6301 274+ 7 3.8 x 103 £3.5 x 10° 4432 4+ 0.05 53+10 15723 > 102
587731512070439082  0.6885 46+ 9 45 x 100 £62 x 102 44.28 £+ 0.06 50 *10 6% " 102
587731512080990324  0.642 84+ 7 49 x 10> +9.1 x 10 4445 + 0.03 66 *1! 1.2 x 102 #L7 <107
587731512082890897  0.5928 434+ 7 26 x 10> £59 x 10? 443+ 0.1 48 14 36t48 < 10°
587731512083284109  0.6544 28+3 3.9 x 103 £3.8 x 102 44.46 £+ 0.06 67713 3-0x 102 % o o
587731512083873838  0.6065 37 +1 3.5 x 103 £2.9 x 10?2 45.074 + 0.009 1.8 x 10% 3L 52597 102
587731512607899778  0.675 3844 33x 103 £1.3 x 103 443 £ 0.03 46* 26+18 % 10°
587731512607965328  0.6712 62+5 5.5 x 10° + 3.4 x 10° 44.40 £0.03 6119 83+ 102
587731512617468016  0.6449 13547 6.5 x 10> £ 4.6 x 102 44.42 4 0.02 62+ 1.3 x 102 +3)
587731512619106413  0.6371 4346 43 %10 +6.7 x 10 442 +0.1 41*13 69ti2 10"
587731512621662350  0.6197 38+5 42 %103 7.4 x 102 44.45 £+ 0.01 66+ 4g+%3 < 10”
587731512621793356  0.6018 131+ 13 8.3 x 10° £2.2 x 10° 4434 £+ 0.03 5548 65+L8 * 102
587731513142935682  0.6122 6247 50x 103 £1.4 x 10 4430 £ 0.02 5247 g5tho x 102
587731513146671274  0.6112 2545 92 x 103 £3.0 x 103 4436 + 0.03 57+ 44 451x 10
587731513149423729  0.6874 29+ 4 5.1 x 10° £ 1.5 x 10° 44.46 + 0.02 68*% 50 +36 > 107
587731513150668937  0.6234 3944 41 x 10> £9.7 x 10? 44.45 £ 0.02 663> 100 *39 > 102
587731513151062143  0.633 3246 23 x 103 £4.8 x 10? 44324 0.05 53+% 34124007
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Table 4
(Continued)
Objece S EwMzw/AS Fnisg log [2SIA | S P
587731513152241754  0.6325 2.0 x 10> + 13 5.0 x 103 £4.2 x 10? 4427 +0.05 4948 3343
587731513152438527  0.6967 36+ 8 1.6 x 10* £4.7 x 103 44.18 +0.03 43+ 12102770 - o
587731513153683593  0.6271 61 +4 1.9 x 10° £ 1.4 x 103 44.36 £ 0.02 57 1.4 x 10? j‘l-?zxx ‘1‘3;
587731513154600973  0.6385 175406 33 x10°+75 44763+ 0002 55 x 10271217 43 2 *_g;y,%l
587731513158008994  0.6428 3742 6.2 x 10> £7.8 x 10 44.47 + 0.02 69*% 1.0 x 10% %)~ 102
587731513159712875  0.6827 25+ 1 44 x 10> £3.2 x 10 44.4737 £+ 0.007 3.4 x 102779 2.3 x 10? ﬁ‘lgxxll‘?;
587731513680855187  0.6529 62438 6.1 x 103 + 1.8 x 10° 4431+ 0.02 52+ 20 x 10288
587731513682952258  0.5941 46 + 4 5.1 % 10° £ 1.5 x 10° 4436 + 0.02 5748 20 x 1023
587731513684983978  0.6064 40+4 5.6 x 10 £9.4 x 10 4453 + 0.08 7520 L1 x 102 23 <107
587731513685115064  0.6885 30 + 4 1.6 x 10* 5.5 x 10 443+ 0.1 56+2% 45%20 < 10°
587731513685311641  0.6935 65+ 11 8.2 x 10° £3.2 x 10° 44.49 + 0.01 70 % 5173
587731513686032593  0.5944 2744 11 x 10*£1.7 x 10 44.48 £ 0.01 69 % 50 156 % 10?
587731513686884468  0.6153 26 + 3 19 x 10* £ 1.4 x 103 4428 +0.02 50 *¢ 45+L8x 107
587731513691930901  0.6923 4749 1.8 x 10> £2.9 x 103 4439 + 0.02 60+ 39 +23 > 10°
587731513693438220  0.6186 5846 19 x 10> £ 1.8 x 10 4432 + 0.03 63 *7, 89°%¢
587731513695469663  0.633 3341 49 x 10° £5.5 x 10 44.101 + 0.002 1.9 x 102+ 71 #66 107
587731514221789350  0.6005 59+ 10 3.4 x 103 £4.1 x 103 44.43 £+ 0.02 64+ 73752 102
587731514224148656  0.6164 3144 5.6 %10 £1.8 x 10° 4423 + 0.03 46 %6 52758 % 102
587731514225393828  0.6003 35+38 3.8 x 10° £ 1.2 x 10° 44.50 £ 0.02 71+ 2.0 x 107 j‘&i‘f;
587731514228342988  0.6654 2243 6.0 x 103 £9.4 x 10 443+ 02 5422 49 L9 x 10?
587731514228408478  0.6102 3846 8.3 x 10 +£3.6 x 10° 438+ 0.05 59+ 34723 % 102
587734303270109310  0.6593 21+ 11 6.0 x 103 £7.6 x 10° 4422 + 0.05 46 *% 627" 102
587734303803179306  0.6951 3742 3.9 x 103 £4.0 x 10° 44.952 + 0.006 148 *23 1.9 x 102 +48 10°
587734303806390551  0.6416 66 +7 6.0 x 10> + 1.3 x 10° 44.13 4+ 0.06 407 9.8+8L
587734303807045647  0.6589 7+1 6.3 x 10> £3.0 x 10 44.998 £ 0.005 1.6 x 102 %} 43 x 102 29X 10°
587734304339460348  0.6076 49 + 10 3.0 x 103 £3.8 x 102 4433 £ 0.01 55+ 5039 % 102
587734304875085974  0.6712 3342 11244.4 & 6.6 x 10? 45.0 £ 0.03 2-5 x 102 *% L1x 103 %06
587734305414316071  0.6837 2142 33 x 100 £ 1.1 x 10° 44.94 4+ 0.03 1.5 x 10% *2) 4.4 x 10? ji)xxll‘z;
587734305680261334  0.6823 36+ 1 72 x 103 £1.6 x 103 45.13 £0.01 2.0 x 10% 3§, 42 x 102 H6x10°
588015507655819521  0.603 17+ 4 1.6 x 10 +2.3 x 10? 44.34 +0.02 55+% 59+ < 107
588015507658440900  0.6012 54411 3.1 x 10> £7.9 x 10? 44.09 +0.04 3775, 48752 % 102
588015507662110749  0.6714 266+08 4.6 x 10° £3.3 x 10 45.301 = 0.007 2.6 x 10> ), 6.7 x 10? fﬁ-}oill%zz
588015507671023717  0.6882 58+5 73 x 10 £ 7.0 x 10? 442402 4324 119.888+730453
588015508191838443  0.6291 3549 22 x 10° £ 1.3 x 10° 4432 +0.03 52+% 68tLT < 107
588015508198326378  0.6754 38+5 7.7 x 10° £3.1 x 10° 4432 +0.05 54+10 53+ 107
588015508199506219  0.6185 30+ 4 3.3 x 10° £9.6 x 10? 4422 +0.03 4676, 60.4664*+17326
588015508205404302  0.6228 102 £ 17 49 x 10> £ 1.5 x 10° 44.25 £0.02 48*6 13.8020+ 96344
588015508210188443  0.6364 2146 54 x 103 £ 1.1 x 103 44 £0.05 51+19 58.7275+ 1726071
588015508215496798  0.6136 39+6 3.4 x 10° £5.0 x 10° 44.500 + 0.007 72+% 58+%7 < 10°
588015508215693543  0.6022 85+9 43402 44.55 + 0.01 78+10 1.0 x 102+
588015508219691244  0.6518 45+4 1.7 x 10° £ 1.1 x 10° 44.49 4 0.002 70*10 22x 1027,
588015508736180263  0.6897 106 + 4 1.2 x 10® +£2.0 x 103 45.00 +0.03 1.6 x 10% 3% 3.3 x 10? j‘;gill‘zfz
588015508736245912  0.6976 3344 51 x 103 £32 x 10° 443403 513 gprLax10?
588015508743192685  0.6202 37+4 49 x 10* + 1.3 x 10° 44.345 + 0.03 56*% 7748 < 107
588015508746797215  0.5951 2744 4.6 x 10> £5.3 x 10 4434 4 0.03 56*% 7T 102
588015509274886234  0.6462 70£8 73 x 10° £1.3 x 10° 44.32 £ 0.06 54+ 19 x 10280 -

17



THE ASTROPHYSICAL JOURNAL, 801:45 (31pp), 2015 March 1

HERNITSCHEK ET AL.

Table 4

(Continued)
Object® 2 EW(Mg 1m)/A PWHM(H) 4 log [%] T o
588015509278884004 0.623 52+5 4.0 x 10° £ 6.4 x 10? 44.33 £ 0.02 55%7 1.3 x 102 2% ‘1‘3)22
588015509286158482 0.6057 2+4 3.6 x 103 £ 1.7 x 10° 44.40 £ 0.01 61*7 75+%0 > 107
588015509287141539 0.6501 29+6 2.8 x 103 £9.3 x 102 44.27 £ 0.02 49*7 23+20 107
588015509289238698 0.6065 35+6 3.8 x 103 £ 1.5 x 103 44.26 £ 0.05 48*% L8102
588015509291663524 0.6058 58+6 54 x 10°£8.1 x 10 44.19 £ 0.02 44%5, 36+L6 > 107
588015509292056718 0.5919 14 x 10> £22 7.7 x 103 £1.8 x 103 44.42 £ 0.01 637 1.0 x 10% 3
588015509293957240 0.6138 14+£3 2.8 x 10° £3.9 x 102 44.28 £ 0.01 50%6 35+L9 < 107
588015509805989986 0.6912 28+4 2.2 x 10° £ 1.1 x 10° 44.27 £0.05 50", 211.7124+137610
588015509815689306 0.6095 66 + 6 4.8 x 10° £2.1 x 10° 44.23 £ 0.02 46*5 ggtL2x 107
588015509821915357 0.5961 136 + 19 1.2 x 10* £3.6 x 10° 44.27 £ 0.03 49*7 5517 > 107
588015509824143507 0.6262 101 + 15 1.2 x 10* £3.2 x 10° 44.29 +0.03 5177 33120 %107
588015509825716274 0.663 59+5 4.3 x 10> £9.8 x 10? 44.47 £+ 0.04 69+13 g3+23 < 107
588015510340042880 0.6359 49 +7 2.1 x 10° £7.9 x 10 44.31 £ 0.03 52+7 47ty 1ot
588015510350266371 0.6505 24 £2 6.1 x 10° & 3.4 x 10? 45.04 £ 0.04 1.7 x 102 4 421.0391j§§6§11(§2
588015510359244938 0.6796 27+3 2.8 x 10° £ 2.1 x 10° 44.21 +0.09 45t] 681130 10°
588015510361669834 0.6585 28+4 24 x 10° £ 1.8 x 10° 44.36 £ 0.01 577 21.009*236:4753
588015510362325105 0.6378 2943 2.6 x 103 £1.0 x 103 44.53 £0.02 75+ 82128 x 102
588015510362914849 0.6619 23+1 3.2 x 10° £ 5.8 x 10? 44.984 £ 0.012 1.6 x 10?2 *% 4.4 x 10? jggxxll";
588015510366912891 0.6242 1.2 x 10 £ 12 1.8 x 10* £ 1.5 x 10° 43.91 +0.08 28%6 7245,
Notes.
? headobjid from SDSS tables.
® Redshift.

¢ Rest frame equivalent width of broad line.

4 FWHM of broad line.

¢ Computed from Kaspi relation, in rest frame.

f Own computation from all points within the 68% CI, in rest frame.

6.3. Accuracy of the Rgir — L and Mgy — L Estimates

As illustrated in Figure 5, time delays can only be ro-
bustly recovered if they fall into certain windows that are
set by the S82 sampling. We now check the time delays in-
ferred for the S82 from our analysis post facto against this
criterion.

For this purpose we made a mean histogram of the inferred
ensemble time lags for all the 323 light curves used to calculate
the ensemble relation (Figure 8). For each of these objects, we
used their UV luminosity and line width in conjunction with
the Kaspi relation—scaled by the factor from Figure 8(a) for
objects in any given bin—to predict their most likely Tgelay-
This procedure results in a histogram of the inferred time delay
Tdelay,predicted X factor for the objects in each bin, which
are shown as colored histograms in the panels of Figure 9.
Specifically, the scaling factors we used were the most likely
ones for each bin, for example, 3.2 for Figure 9(a), 1.6 for
Figure 9(b), 1.7 for Figure 9(c), 1.6 for Figure 9(d), 1.7 for
Figure 9(e).

Assuming that the Kaspi relation with a factor of one is true,
the Tgelay should fall into a region where we can recover them,
as this was one of the selection criteria. If the inferred scaling
factors from our analysis were true, the implied delays fall into
the tails of the distribution. In this case, correct inference may
occur, but its recovery robustness is not particularly likely. From
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further analysis, most of the individual Tgeay fall in regions
were less than 50 percent of the time delays are assumed to be
correctly calculated.

Additionally, reverberation-based masses are typically un-
certain by a factor of f = 2-3. The absolute accuracy of the
single-epoch mass estimates by Vestergaard (2002) is stated to
be between a factor of 3.6 and 4.6. In addition, one has to keep
in mind that the scaling relations and their uncertainties are of
statistical nature. Any given single estimate from a Rg g — L or
Mgy — L scaling relation can be off by some factor. Therefore
it should not be trusted in cases where high accuracy is needed.
Such relations are, however, useful tools for application to large
statistical samples.

7. CONCLUSION AND DISCUSSION

For the purpose of evaluating sparsely sampled photometric
data, we implemented an advanced stochastical reverberation
mapping algorithm in order to find correlated variations in a
purely continuum and a continuum plus emission line band. This
method is based on an approach for spectroscopic reverberation
mapping by Rybicki & Kleyna (1994) and Zu et al. (2011),
and extended for being capable of handling sparsely sampled
multi-epoch photometric data in combination with constraining
single-epoch spectroscopy. This enables us to use the data from
available long-term photometric surveys, where we explored
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Sample 4 Properties and Reverberation Mapping Rei?tl:li 5= 0.7-0.846, with g Band: Mg 11, r Band: Continuum
Object® & EW(Mg m)/A ¢ EWHM(g) o log [%‘“‘“‘)] Mfongtc TRt
587730845818355869 0.7934 41£2 8.1 x 10 £6.0 x 10 45.12 £ 0.02 1.9 x 102 3§ 579
587730846355554516 0.8009 93+ 16 12 x 103 £ 1.5 x 103 44.1 £ 0.2 39+22 88+7%
587730847426674879 0.7877 3143 9.1 x 103 £9.6 x 10° 44.96 £ 0.02 1.5 x 10% 2, 92+60 10?
587730847429689518 0.8232 2442 3.8 x 10° £7.3v 45.06 £ 0.03 1.7 x 10? 3§ 77 x 10242,
587731512612094070 0.8134 25+3 2.3 x 10° 3.7 x 10? 44.98 +0.05 1.5 x 102 3% 42 x 102 28> 11%22
587730847966953841 0.7996 4445 6.6 x 10> £3.7 x 10° 44.140.1 40*4 37+ 10?
587731185113759904 0.704 53+5 1.8 x 10* £ 1.6 x 103 4531 £0.02 2.7 x 102 3 12 x 103406
588015509825912950 0.8199 24+ 1 3.8 x 10° £ 4.6 x 10 45.09 +0.05 1.9 x 10% *4 2.2 % 102 102 11%22
587731185115070898 0.8356 4343 8.7 x 10° £2.7 x 10° 442 40.1 431 15+L7 % 10°
587731185117233542 0.8321 48 +4 3.6 x 10> £2.5 x 10° 45.18 £ 0.03 2.13 x 102 4% 2.3 x 10? t“l%z:?;
587731185126146205 0.8081 4145 7.3 x 10° £4.2 x 10° 443 40.1 50*10 46+18 X 10°
587731185135321096 0.8404 38+2 6.0 x 10> +2.6 x 10° 45.00 4 0.08 1.6 x 102 4 1.9 x 102 j-f‘zxx 11%23
587731185135910996 0.7563 44 £2 29 x 10° £7.2 x 10 44.977 £ 0.008 L5 x 10> ¥ 698.74170780%
587731185653711180 0.705 2945 57 x 10° £ 1.6 x 10? 44401 52*18 s0+L8x 107
587731185662296109 0.755 3741 44 x 103 £2.3 x 10 4531 £ 0.03 2.7 x 10% *5} 3.8 x 10? t%_%,iﬂ%i
587731185666293846 0.7643 4442 3.8 x 103 £3.0 x 102 45.300 = 0.007 2.6 x 1024 7.9 x 102 129% 11%22
587731186187632758 0.7449 44 £3 8.7 x 10> + 1.8 x 10° 45.068 + 0.006 1.8 x 10? *%) 32x 1020
587731186189664401 0.8069 27+ 2 4.7 x 10° £ 6.3 x 102 4524 £0.05 2.4 x 102 ¥ 42 x 1027537 ‘]%22
587731186190975111 0.7309 35+2 5.8 x 103 £7.2 x 102 45.13 £ 0.02 1.9 x 10? +3] 6.3 x 102 j@f‘sill‘gz
587731186192285977 0.7585 47+6 9.8 x 103 £9.6 x 102 43.94 +0.09 29* 30759 107
587731186195693586 0.7732 2442 23 x 103 £5.1 x 10? 45.20 +0.01 2.2 x 1024 8.0 x 102 12 11%22
587731186201329747 0.743 3342 4.5 x 10° + 4.7 x 10? 45.00 + 0.06 1.6 x 10% *4, 65 x 102
587731186204803148 0.7334 312 3.0 x 103 £ 7.6 x 10? 45.0£0.1 1.7 x 102 *6§ 712154750
587731186736103673 0.8103 41+6 - 44.89 +0.03 1347, 42 x 102 7157 l.%zz
587731186741936203 0.7477 22+2 4.9 x 103 £ 6.6 x 10? 44.92 £+ 0.07 142+4) 6.1x 102
587731187283263580 0.7264 19.8 4+ 0.6 2.5 x 103 £7.2 x 10? 45.200 + 0.009 2.2 x 1024 4.1 x 102957 11%22
587731187801391447 0.8222 93 £ 12 1.4 x 10* £ 1.1 x 10* 4 £8(D 42 48473
587731187803422729 0.7409 2842 1.9 x 103 £3.6 x 10 45.18 £ 0.04 2.1 x 102 ¥}, 5.4 % 102 743 11%22
587731187805061144 0.8076 28+2 3.3 x 10° £8.5 x 107 44.93 £ 0.08 1.4 x 10 *%, 12 x 102 #33%10°
587731187817054255 0.7286 3142 54x 103 £ 1.1 x 103 5.290 + 0.008 2.6 x 10% 48 4.2 x 10 j;;xxll‘z;
587731187817185350 0.8237 168 £9 1.2 x 103 £7.3 x 10 44.949 + 0.008 1.5 x 10? *%) 1.0 x 102 #42 %10
587731511533568075 0.7067 25+ 2 3.0 x 10° £7.5 x 10? 45.13 £ 0.02 2-0 x 102 *% 2.3 x 10? *_61‘_77XX1]‘§2
587731511533568176 0.7114 31+6 7.7 x 103 £ 8.5 x 10? 45.030 + 0.009 1.7 x 102 *2, 20 x 10% iﬁ‘%i‘fﬁ;
587731511537041576 0.7047 26+3 5.6 x 10> £2.1 x 10° 44.42 +0.07 6314 60732 102
587731511540187278 0.727 67+ 8 52x 103 £ 1.1 x 103 4423 4 0.08 47+ gatL3x 107
587731511540514930 0.7746 30 + 4 5.2 x 10° + 8.0 x 102 445402 66+39 327 % 10°
587731511545692429 0.8288 27+£6 8.7 x 10° £ 3.2 x 10° 439404 262 2493
587731511547002980 0.7609 43+4 39 x 10° £ 1.5 x 10° 44.98 +0.01 1.6 x 10* *%, 4.0 x 102 50 11%22
587731512073257137 0.7273 2743 2.0 x 10° + 1.3 x 10° 44.44 + 0.09 65+, 76+%2 % 10°
587731512077516962 0.8402 39+4 5.1 x 103 £ 1.5 x 103 443+ 03 48421 29 x 102 #80  ,
587731512077975687 0.7444 40+£5 2.0 x 103 £9.2 x 10? 44.39 £ 0.05 6012 6649 % 10?
587731512335663273 0.7359 78+ 7 42 x 103 £ 1.1 x 103 432+02 9+ 37tL,
587731512604688586 0.7379 96 + 12 9.0 x 10° +2.6 x 10° 43.90 + 0.05 28+, 12t <10
587731512613404738 0.766 35+ 4 54 % 10° + 1.3 x 10° 438402 24%% 38%%
587731512615371027 0.7327 407+ 0.7 13 x 103 £ 1.0 x 10 44.47 £ 0.05 68+14 63123 % 10°
587731512617599004 0.7025 33+1 5.5 x 103 £6.3 x 10? 45.12£0.01 1.9 x 10% 3 1.0 x 102 ¥},
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Table 5
(Continued)
Object® 2 EW(Mg m)/A ¢ PHMIEp) 4 log [%] e s
587731512617861317  0.8388 20 + 1 5.7 x 10° £3.9 x 103 45.03 £ 0.09 1.7 x 102 3§ 1.9 x 102 ffiilfgz
587731512618319897  0.7687 2841 33x 103 +34 x 10> 45.616 £ 0.006 4.4 x 102 2% 1.8 x 10?2 ¥
587731512618778741  0.7668 88 +£7 2.2 x 10* £2.9 x 103 44.36 + 0.06 58%2 26 x102%9L
587731513141035048  0.7534 541 6.3 x 10° £3.7 x 102 45.25 £ 0.01 2.4 x 107 H5 9.0 x 107 fgiill‘é
587731513142214691  0.8054 16 42 2.5 x 10° £ 8.4 x 102 45.20 £ 0.09 2.2 x 102+ 8.1 x 107 20X 10°
587731513144508433  0.7783 22+1 34 x 10° £ 1.1 x 103 45.02 + 0.02 1.6 x 102 %), 4.2 x 102 j_ﬁi‘]‘ﬁz
587731513150144633  0.7741 58+ 4 4.0 x 10° £ 1.8 x 10° 44.96 % 0.08 1.5 x 10% 4 2.1 x 102 141762110022
587731513152045207  0.79 47+5 3.1 x 10° £ 1.4 x 10° 44.4+0.1 6118 1.0 x 102 +47 > 10°
587731513155387599  0.8394 39+6 45.04 £ 0.04 17 x 102738 2.0 x 102 577 10°
587731513158991981  0.7823 25+3 23 x 10° £3.8 x 103 4445 £0.07 66+15, 53123 % 10°
587731513409404993  0.777 2941 4.4 x 10° £3.8 x 10? 45.57 +0.01 4.9 x 10% *% 8.3 x 102 43 < 10°
587731513681051679  0.7415 74+8 1.6 x 10* £ 1.6 x 10* 443 £0.1 49+1% og*L0 < 107
587731513685115005  0.8033 110 £ 13 23 x 10* £ 1.1 x 10* 43.8 +£0.2 25%% 70 < 107
587731513692192954  0.8303 39+3 44.91 £ 0.04 1.4 x 102 3% ST <10
587731514215956525  0.8074 28+2 5.6 x 103 £ 1.4 x 10° 44.94 £ 0.05 1.5 x 102 +35 4.1 x 10 *_@?711](};2
587731514221330585  0.7305 13 x 10216 34 x 103 £5.1 x 10° 44.15 £ 0.08 40*, 40tha 107
587731514226639046  0.8088 48 +5 3.8 x 10° £ 1.9 x 10° 44.31 £0.08 5313 3342 10%
587734303807832105  0.8082 18+2 3.1 x 103 £ 1.3 x 103 45.76 £ 0.08 5.5 x 102 121"25111(52 1.2 x 102 jﬂllxxlfgz
587734304877183038  0.7753 24 £2 43 x 103+ 1.2 x 103 44.95 +0.02 1.5 x 10? +% 3.7 x 102 fz’gil.%zz
587734305415299187  0.8264 21+1 2.5 x 10° £4.1 x 102 45.18 + 0.04 2.1 x 10273, 1.9 x 102 171’5‘311,‘2;
587734305950531598  0.7226 70 £ 4 7.0 x 10> £5.2 x 10> 45.263 £ 0.003 2.5 x 1024 8.7 x 102 jzlf‘zxxll"ozz
587734305952497968  0.7699 54+6 32 x 10° £3.8 x 10 44.90 £ 0.01 1.4 x 102 22 2.0 x 107+ X 10
587734305954922626  0.7437 29£2 53 % 10°£1.2 x 103 44.94 £ 0.04 1.5 x 102 +3% 4.1 x 102 23X 10
588015507653066986  0.7861 4746 20 x 10° £ 1.9 x 103 442401 4713 348 <10
588015507657654301  0.7675 341 2.9 x 10* £ 1.1 x 103 45.46 +0.03 3.4 x 102 18, 15 %1034
588015507660669093  0.805 30+1 2.9 x 103 £3.7 x 10? 45.00 % 0.03 1.6 x 10% *3} 6.1 x 102 *L2 < 10°
588015507661127686  0.7857 33+1 4.1 x 10* £ 1.2 x 10 44.90 + 0.03 1.4 x 102 *2), 2.0 x 10? j“l~?6§11‘§2
588015507666829383 07533 2.5 x 10% £32 2.1 x 10* £ 1.5 x 10? 45.08 + 0.02 1.8 x 102 %) 4.4 x 10? ilillfz
588015508192165993  0.7715 27 %2 24 x 103 £ 1.5 x 10? 45.09 % 0.02 1.9 x 10% 3§ 58171 < 10°
588015508195049640  0.7018 63+ 10 135 x 10* £4.1 x 10} 43.6+04 17+1§ 11766
588015508195901596  0.7062 28 £ 10 33 x 10° £ 1.3 x 103 4430 £0.05 52+ SIS <0
588015508202258589  0.7328 2.3 x 10> £5.8 x 10° 47+2 449£02 15 % 102 75310 3.9 5 102 27 10%
588015508205273127  0.7995 4142 5.6 x 103 £3.7 x 10° 45.07 4 0.03 1.8 x 10% 3 74 x 10248
588015508210647058  0.771 21+3 42 x 103 £ 1.0 x 10° 45.03 £ 0.03 1.7 x 102 139 1.2 x 102 #6:4 107
588015508212089028  0.8121 35+4 4.6 x 103 £ 1.5 x 10} 438+£04 2221 193
588015508213989529  0.8119 55+4 2.5 x 103 £ 1.1 x 103 44.85 +0.07 1.3 x 102 3% 2.3 x 102 ji,xxllfz
588015508214906936  0.7227 88+5 1.0 x 10 £2.8 x 10° 44.88 +0.03 1.3 x 10 *%, 2.2 x 10? j31'§7§110022
588015508457717826  0.8166 46 + 4 12 x 103 £ 1.1 x 10° 44.90 £ 0.06 1.4 x 102 3% 68+ < 10°
588015508726481000  0.7324 24 +4 23 x 10* £3.9 x 10° 442+ 02 44424 6573 10°
588015508728381656  0.7956 28 +£2 4.9 x 103 £9.2 x 102 45.19 + 0.03 2.2 x 10% B0 2.0 x 107 j?sxxll";
588015508729364533  0.8014 2+l 4.1 x 10> £33 x 102 4531 £ 0.06 2.6 x 102478 8.3 x 102 36X 10°
588015508732510294  0.703 24+ 1 41 %103+ 13 x 103 453+£03 2.7 x 102 *_21‘7311,(2)22 8.8 x 102 136311](};2
588015508739915785  0.7375 21£2 25 x 10° £5.6 x 10 4522 +0.02 2.3 x 10>+, 65107 % 10°
588015508748173447  0.7706 3143 3.9 x 103 £ 1.0 x 10° 44.84 £ 0.02 1.3 x 10% *2% 5.7 x 10 *%3
588015508752433223  0.705 23+2 3.0 x 10° £ 6.4 x 102 44.98 +0.02 1.6 x 10% %%, 115.4815+388, 1507
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Table 5

(Continued)
Object® 2 EW(Mg m)/A © DWHMIHA o log [%] MLy o
588015508757151947 0.7991 26+3 32 x 10° £2.2 x 10° 44.90 + 0.04 1.4 x 10? *%), gors 4 107
588015509273378959 0.8024 3047 3.9 x 103 £2.0 x 103 4430 £ 0.08 52+13 62+ % 102
588015509274427525 0.8246 32+5 4.1 x 10° £ 1.8 x 10° 45.04 £ 0.03 1.7 x 102 3 1.9 x 102 *jixx‘l‘}fz
588015509275803698 0.7189 3241 5.0 x 10* £ 1.0 x 103 45.446 + 0.007 3.3 x 102+ 22 x 102 3% 110032
588015509281767465 0.838 4742 6.9 x 10° £ 1.6 x 10° 45.46 +0.05 3.4 x 102 %, 3.9 x 102 T 11%22
588015509283930145 0.8222 26+ 1 2.9 x 10® £ 5.4 x 10 45.12 £ 0.04 2.0 x 102 79 x 102 %2,
588015509288058920 0.7654 3241 5.1 x 10° £9.8 x 10% 45.107 £ 0.008 1.9 x 10?2 3% 85x 1022
588015509288517766 0.7494 3341 4.8 x 103 £4.1 x 102 44.88 £+ 0.01 1.3 x 102 #24 17 x 102 3% ‘l%zz
588015509291532453 0.7013 2043 2.7 x 10> £2.9 x 103 442402 4318 4r15 <10
588015509804875792 0.8272 2342 3.0 x 10> £7.1 x 10? 45.1£0.1 1.9 x 10? *%, 3.8 % 102 48 ‘l%zz
588015509812871367 0.7565 2746 53 x 103 £1.6 x 103 44.05 £ 0.08 3548 28+l 3 < 107
588015509813198910 0.7032 49+ 1 50 x 103 £ 7.1 x 10? 45.522 4 0.005 3.7 x 10> 77§ 13 %1024
588015509815361541 0.7711 53+2 37 x 103 £6.5 x 10 44.93 £ 0.01 1.4 x 10> %) 4.2 x 10? 123’_37111%22
588015509816213721 0.8112 7148 6.3 x 10> £1.9 x 10’ 45.05 4+ 0.03 L7 x 10?2 3§ 724
588015509818114095 0.7647 4142 6.5 x 10° +7.3 x 10? 45.13 £0.02 2.0 x 10% 38 1.9 x 10% *j‘%iﬂ%ﬂ
588015509818310681 0.7586 35+2 51 % 10% £8.9 x 10 45.08 £ 0.01 1.8 x 102 % 2.0 x 102 iﬁlixxlfgz
588015509827420352 0.7534 30+ 4 . 43.61 £ 04 18*1¢ 7D
588015510337159227 0.7196 3942 2.0 x 103 £3.7 x 107 45.201 £ 0.009 2.2 x 102 40 937.5204%631346 |
588015510340632684 0.7078 2942 3.1 x 10® £5.4 x 10 45.07 £ 0.01 1.8 x 102 *32 42 x 102 0% 11%22
588015510340960369 0.7156 24+2 4.0 x 10> £2.8 x 10? 45.02 £0.07 1.7 x 102 4.0 x 10? 133?5111%22
588015510355837082 0.7128 35+3 1.2 x 103 £2.6 x 10} 448 +£0.1 1.2 x 102 2.1 x 10? jixx‘l‘f;
588015510356689027 0.748 70 £ 17 6.3 x 10> £3.3 x 10° 44.1£02 3713 76789
588015510361014492 0.7497 84 & 40 13 x 103 £1.2 x 103 44.14 £0.04 40*¢ 427t~ 107
588015510365601830 0.8007 14+2 1.7 x 10° £3.9 x 10 44.94 £ 0.08 1.5 x 102 *4, g3+ < 10°
Notes.
? headobjid from SDSS tables.
b Redshift.

¢ Rest frame equivalent width of broad line.

4 FWHM of broad line.

¢ Computed from Kaspi relation, in rest frame.

f Own computation from all points within the 68% CI, in rest frame.

whether photometric reverberation mapping is feasible. Having
a method to evaluate such data enables us to apply reverberation
mapping for the first time to large samples of a few hundred
AGN:s at far higher redshifts than before.

We set out to obtain individual and ensemble estimates of
the BLR size in quasars, and on that basis explore their Mpy.
We did this by means of photometric reverberation mapping,
drawing on the existing data in SDSS S82. Our results show the
power of stochastical broadband reverberation mapping tech-
niques of quasar ensembles, in contrast to classical spectro-
scopic monitoring of individual objects. This enables us to use
available long-term surveys. We present novel relationships be-
tween spectrophotometric parameters allowing one to calculate
ensemble estimates of AGN central black hole masses, com-
puted by an improved reverberation mapping method and car-
ried out on S82 for the first time.

We model the continuum in one band as stochastic Gaussian
process and assume a flux model that describes the other band

21

with emission line contribution as a scaled version of the pure
continuum band plus a smoothed and displaced version of
the continuum that was generated using a § function transfer
function. The evaluation is carried out by stochastic methods.
This approach not only interpolates between data points, but also
makes and includes self-consistent estimates, where statistical
confidence limits on all estimated parameters are determined.
It also is able to simultaneously derive the lags of multiple
emission lines.

By generating and evaluating extensive sets of problem-
specific mock data, we made sure that our model sufficiently fits
the continuum light curve and in a second step, the continuum
plus emission light curve in order to solve for the time delay. We
found a method to estimate whether time lags in the range of
the expected can be determined in principle from a given light
curve with respect to its time sampling. This is necessary for
making sure that we can trust our estimates. This also greatly
reduces computation time.
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Figure 7. Marginalized ensemble PDFs for comparison of the delays inferred here to those from the Kaspi relation (40) for different subsamples and emission lines.
For each subsample, the redshift, emission lines, and band used for the continuum are given. (a) Sample 1: z = 0.225-0.291, with i band: He, z band: continuum
(29 light curves). (b) Sample 1: z = 0.225-0.291, with r band: HB, Hy (plus some other), g band: continuum (17 light curves). (c) Sample 2: z = 0.555-0.591, with
g band Mg 11, r: continuum (68 light curves). (d) Sample 3: z = 0.592-0.6999, with g-band Mg 11 (Fe1r A2600), r continuum (111 light curves). (e) Sample 4: z =

0.7-0.846, with g-band Mg 11 (Fe 1 22600), r continuum (115 light curves)

In the application to SDSS S82 data, we combine on average
more than 60 epochs of photometric data with one epoch of
spectroscopy. In all bandpasses the accretion disk emission (the
continuum) contributes much of the flux, but in some bands,
the BLR line flux contributes up to 15%. Constraining spectro-
scopic broadband information is provided for the He, HB, and
Mg 11 lines.

We identified the SDSS S82 temporal sampling windows as
a serious issue. Despite the fact that the stochastic approach is
very good in dealing with uneven and sparse time sampling,
the sampling windows make it necessary to pre-select sufficient
light curves before evaluating them. This is necessary because
data usually only exists for 2-3 months within each year.
In addition, we identified suitable redshift ranges to get, at
minimum, one band that is emission-line free and one having
contribution from He, HB, or Mg 11. For SDSS-like mock data,
we were able to show that the method should work for the
application to individual AGNs, so we can trust in our estimates
for Tgelay from SDSS S82 light curves.
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We estimated the time delay tgelay for a well-defined sample
of 323 objects spanning redshifts from z 0.225-0.846.
In detail, we evaluated 29 light curves in the redshift range
z = 0.225-0.291, with i band: Hw, z band: continuum. We
evaluated 68 light curves in the redshift range z = 0.555-0.591
with g-band Mg 11, r: continuum. We evaluated 111 light curves
in the redshift range z = 0.592-0.6999, with g-band Mg 11 (Fe 11
22600), r continuum. In the redshift range z = 0.7-0.846, we
evaluated 115 light curves with g-band Mg (Fe1r A2600), r
continuum. The Tables 2—5 show detailed information about the
four subsamples and the results of individual objects.

Seventeen light curves out of the redshift range z =
0.225-0.291 were also evaluated with » band: HB, Hy (plus
some other), g band: continuum. From this, we get no sen-
sible results. Even when omitting light curves with clearly
unreliable posterior PDF, the PDF tends to the prior cutoff at
Tdelay/ Tdelay,expected = 4. Also, it is troubling that the HB BLR
comes out larger than the He BLR, in light of other results
(Bentz et al. 2010). One reason for this could be the mostly
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Figure 8. Comparing our results to Kaspi et al. (2000), Bentz et al. (2013), and Vestergaard (2002): (a) ensemble RprRr/RBLR,Kaspi binned by redshift, (b) ensemble
RBLR/RBLR Kaspi binned by luminosity, (c) ensemble RpLr/RBLR,Bentz binned by redshift, (d) ensemble Rprr/RBLR,Bentz binned by luminosity, (¢) ensemble
MpH/MBH, Vestergaard1 binned by redshift, (f) ensemble Mpp/MBH, Vestergaard2 binned by redshift. Bins are colored for the sake of clarity. Each color indicates the same
bin for all diagrams showing binning by z. Each color indicates the same bin for all diagrams showing binning by luminostiy. For z bins, the used bands and their

broad emission lines along with contaminating lines are also given.

weak Hp, together with contribution from Hy and O 11 14959,
A5007, so our assumption of having most contribution from Hp
doesn’t hold.

The posterior distribution functions of the fit parameters for
ensembles of these objects where evaluated by multiplying them
for sensible redshift or luminosity bins. As a result, we get an
ensemble scaling relationship for the scaling of the BLR size
as a function of luminosity and redshift. We are also able to
give constraints on the scaling relationship between the central
black hole masses and the luminosity of the AGN. Comparing
our results with comparable published data by Kaspi et al.
(2000), Vestergaard (2002), and Bentz et al. (2013), we find
that the proportionality constant is significantly bigger than
those published before, but S82 data makes the result, and its
implication, tentative.
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It is important to note that the L — Rpir and L — Mgy
relationships and their quoted uncertainties stem from the
ensemble average of many objects. The uncertainties associated
with individual Mgy estimates may be considerably higher.

We have shown that the robustness of our method is limited
by time sampling. Presuming the Kaspi relation with factor one
is true, the Tgeray should fall into a region where we can recover
them, as this was one of the selection criteria. Assuming that
the Kaspi relation has to be scaled by a factor—as our results
indicate—the inferred 7g4c1.y are no longer falling into regions
of the time sampling that are well covered. In such cases, the
correct inference may occur due to the interpolation, but cannot
be trusted. From further analysis, most of the individual gelay
fall in regions were less than 50 percent of the time delays are
assumed to be calculated correctly.
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Figure 9. Gray histograms indicate the ensemble-mean observational time lag distribution for the light curves in each redshift bin used to calculate the ensemble
relation; this histogram indicates (see Figure 5) the regime for tge1ay Where the value can be robustly recovered. The various colored histograms indicate the distribution
of the predicted Tgelay from the Kaspi relation scaled by the proportionality factor as we inferred from the data (see Figure 8(a)) in the different redshift bins.
A comparison of the gray and colored histograms shows that, except for perhaps (b) and (e) the S82 sampling is expected to seriously affect the robustness of the
formally inferred time delays. (a) r: HB, Hy, g: continuum, (b) i: He, z: continuum, (c) g: Mg 11, r: continuum, (d) g: Mgt (Fe 1 12600), r: continuum, (e) g: Mg

(Fe1 A2600), r: continuum.

The formalism developed here should be useful for applica-
tion to future data sets.

As we use constraining single-epoch spectra, an extension
to apply the method to more spectra for given objects may
be interesting. For some AGNs, SDSS provides multi-epoch
spectra, where we have seen that their emission lines vary
significantly in some cases.

Another useful extension would be to add the information
that light-curve properties lead to good Tgelay estimate and give
different weights for the ensemble PDF, instead of excluding
some and weighing the remaining equally.

It would be interesting to introduce a wider range of transfer
functions. We derived the formalism for dealing with not only a
6 function but also a Gaussian. However, the Gaussian transfer
function couldn’t be applied here because it cannot be applied
easily to the power-law structure function model for reasons
of non-analytical integrals. For application to a DRW, we
get analytical integrals, but the DRW doesn’t work well for
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photometric reverberation of SDSS S82 light curves. For this
reason, the implementation of additional transfer functions like
the top-hat or sawtooth function, as used by some authors, would
be useful. We know that not all parts of an emission line vary.
To deal with this issue, we use the information on the broad
emission line provided by the Catalog of Quasar Properties, in
detail, the line luminosity, FWHM, and rest frame equivalent
with the broad emission lines. It might be feasible to better
include the fact that not all parts of an emission line vary,
since up to now the prediction of equivalent widths from given
(e, s) scaling factors for calculating Lgpe.. This should be a
minor effect, though, because the line profile looks very similar
between the mean spectrum and the RMS spectrum, where the
RMS is over spectra taken at different times (Kaspi et al. 2000).

Whereas the Catalog of Quasar Properties provides infor-
mation on the broad component of He, HB, Mg 111, and we use
them, for C1v, only information about the whole line is avail-
able. As no information on the FWHM of the broad component
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of C1v is available from the catalog (Shen et al. 2011), no com-
parison to the third Vestergaard relation (see Equation (7) in
Vestergaard & Peterson 2006) could be done. This might be
carried out with data from upcoming surveys.
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No. [321035]. Jo Bovy was supported by NASA through Hubble
Fellowship grant HST-HF-51285.01 from the Space Telescope
Science Institute, which is operated by the Association of
Universities for Research in Astronomy, Incorporated, under
NASA contract NAS5-26555.

APPENDIX A

THE STRUCTURE FUNCTION AND
THE GAUSSIAN PROCESS

Imagine a set of N measurements m;, with calibrated mag-
nitude or flux measurements all taken in a single bandpass of
a single source. Each measurement m; is taken at a time #; and
has an (presumed known) uncertainty variance o;. The structure
function V(|At|) is defined as follows. The expectation value
E[-] for the difference between the observation m; and m; (with

L J)is

El(mi —m;)’]l =0} + 0} + V(It; —1;)), (A1)
where the observations are presumed to be (from a measurement
noise perspective) independent, and the structure function V (-)
effectively describes the variance. In the literature, the structure
function has occasionally been defined in terms of the root-mean
square (the square root of the above definition) and sometimes
in terms of the mean absolute differences, which is slightly
different again.

A Gaussian process is characterized by a function describing
the mean measurement m(#) (magnitude or flux) as a function of
time ¢ and a function C(z, t’), describing the covariance between
observations m at different epochs ¢ and '. We will assume that
the mean is constant and that the process is stationary, such that
C(t,t") = C(t — t’). The probability of a set of N observations
{mi}f\’: , is given by that of the N-dimensional Gaussian with
meanm = (m, m, ...,m)" and N x N dimensional covariance
matrix C with elements C;; = C(; —t;). Itis possible to define
a Gaussian process that generates data in accordance with any
(reasonable) structure function. As the structure function is the
expectation of the squared measurement differences between
observations f; and ¢; separated by a time Af, we can write it as
(Rybicki & Press 1992)

V(|At]) = E[(m(t) — m(t + At))*]
= 2E[(m(t) — E[m])*] — 2E[(m(t)

— E[m])(m(t + At) — E[m]] (A2)
and
1
Vij = EV(II,- — 1)) (A3)
Voo = %V(At — 00). (A4)
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The covariance function of the Gaussian process corresponding
to the structure function V with parameters p is then given by
Cij = Vo — Vjj, or expanded

C=C@,p, o)
(Vw+0?) (Vo= Vi) (Voo = Vi3) (Voo = Vi)
Voo = Vo) (Vao#03) (Voo = Vi) (Voo = Van)
=[0n-vi) -V (Vwred) o VeV |-
(Vo = VD) (Voo = Vi2) (Voo = Vva) (Voo +02)
(A5)

To get the effective (observed) variability, the photometric
uncertainty variances o; are added to the diagonal elements
of C. Variability models can therefore be expressed either in
terms of the variance function or equivalently in terms of the
structure function. For example, imagine that the two quantities
m; and m; are not observations of a quasar, but instead random
numbers drawn from an N-dimensional Gaussian,

p@m) = N(m|m, C), (A6)

m = (my, my, ms, ...,my)", W= (n,m,m,..,n)" (A7)

where we have assembled the observations into a column vector
m. N(-m, C) is the general normal or Gaussian PDF, given
mean vector m and a variance tensor C, m is an arbitrary
parameter, 2Vj; is the structure function evaluated at time lag
|t; — t;| as defined above. If we make many draws from this
Gaussian, the expectation values of (m; —m;) and (m; — mj)2
for any pair of measurements m; and m; (with i # j) are just

E[(mi —mj)] =0 (A8)

and

El(m; —m;)’] = o7 + 0} + V(t; — 1)), (A9)
which, by design, is equivalent to the description of the structure
function.

Two additional points arise from this description. Although
m does not enter in the prediction of the mean or variance of the
magnitude differences, it does, of course, affect the magnitude.
So it is, in principle, an observational property of the model.
Although V, is not measurable, it can be approximated by
evaluating the structure function at a large time lag.

A.l. The Basic Stochastic Approach

The idea behind this approach was developed by Press & Ry-
bicki (1992), Rybicki & Press (1992), and Rybicki & Kleyna
(1994) in order to estimate the best-fit structure function pa-
rameters for a given light curve. Later on this was extended
by Zu et al. (2011) and Chelouche & Daniel (2012) to a
method that enables both structure-function parameter estima-
tion and estimation of the time delay between multiple uneven
sampled light curves. Here, we refer to the method from Zu et al.
(2011) and re-summarize some of its formalism. We present how
we have improved it to do broadband reverberation mapping,
supported by one epoch of spectroscopy to separate continuum
and emission line contribution, as well as their application.
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The intrinsic variability has a covariance matrix § = (ss),

whereas the noise has a covariance matrix N = (nn). By
definition, we know that
Ts—l
P(s) o |S| "2 exp (—s . S) (A10)
and that
L1 n'N-'n
P) o |N| exp —— ) (A11)

Thus, the probability of the data given the linear coefficients q,
the intrinsic light curve s, and any other parameters of the light
curve model p (the structure function parameters) is

P(miq, s, p) x ISNI_'/2/d”nS(m —(s+n+Lq))
sTS7!'s+nTN"'n
xexp(—————— ). (A12)

After evaluating the Dirac § function, we complete the squares
in the exponential with respect to both the unknown intrinsic
source variability s and the linear coefficients .

This determines our best estimate for the mean light curve,

p=SC'm-Lqg (A13)
with linear coefficients
q=L"c'L)y'L"c"'m=¢c,L"C" 'm. (Al4)

C = S + N is the overall covariance matrix of the data and
C, = (LTC7'L)~'. With these definitions, we can factor the
argument of the exponential into

P(miq, s, p) « |[SN|7'/?

AST(ST'+N"DHAs  AQ'C;'AQ mTC'm
xXexpl|— 3 — ) — ) s

(A15)

where
(Al6)

is the component of the covariance matrix C that is orthogonal to
the fitted linear functions. The variances in the linear parameters
are

ci'l=c!'-c'Lc,L'c!

(A =L'c'L)y ! =, (A17)
As=s—3§, (A18)
AQ=q—q. (A19)

We are now prepare to marginalize the probability over the
light curve s and the linear parameters q under the assumption
of uniform priors for these variables. When doing so, we find
that

P(m|p) « L(m|p) = |S+ N|~"2|LTCc'L|7'?

Tc—l
X exp (-%) : (A20)
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where for the exponential model the remaining parameters p are
7 and w, and for the power-law model A and y. £ represents
the likelihood function we need to maximize in order to find the
most likely combination of those parameters.

Mathematically, the mean light curve is the weighted average
of all process light curves described by the parameter vector p
being statistically consistent with the data, and the variance is
the scatter of these light curves about the mean.

The main advantage of this approach is that it not only
does interpolation between data points, but also estimates
the uncertainties in the interpolation. Figure 10 shows two
typical examples of SDSS S82 quasar light curves fitted by
the stochastic process.

Following Zu et al. (2011), there are two important points to
consider when comparing these light curve reconstructions and
the error snakes defined by the variances to the data points. First,
these are variances in the mean light curve and not the variance
of the data relative to the mean light curve. The latter quantity is
defined only when there is data and so it is ill suited for showing
a continuous light curve. Data points will be scattered relative
to the mean light curve by the combination of the variance in
the mean light curve and uncertainties in the individual data
points. Second, the reconstructed light curve is not an example
of an individual light curve defined by the structure function
parameters of the underlying model, but rather the average of all
light curves defined by the structure function parameters that are
consistent with the observed light curve given its uncertainties.

The variance in the reconstructed light curve is then the
variance of these individual light curves about the mean.
If we generated individual realizations of light curves each
constrained by the data, they would track the mean light
curve and statistically stay inside the error snake defined by
the variances, but would show much more structure on short
timescales and excursions outside the error snakes consistent
with the estimated variances.

This approach can now easily be extended for the purpose of
estimating a time delay 74ejay between two (or more) light curves
in order to estimate the size of the BLRs in AGNs. An approach
for reverberation mapping based on this was first outlined by Zu
et al. (2011), and was enhanced in this work to do broadband
reverberation mapping, supported by one epoch of spectroscopy
to separate continuum and emission line contribution, and to use
the power law instead of the DRW.

APPENDIX B

REVERBERATION MAPPING COVARIANCE
MATRIX ELEMENTS

In the case of a §-function transfer function, one gets the
following equations:
for the power-law model:

1. covariance matrix for autocorrelation of the k band flux:

Cij = Cip = ([ L))

_A2|: Tobs y_l |ti_lj| y] B1
= (17) z<—1yr> ®Bh

2. covariance matrix for the correlation function between k-
band flux and /-band flux:

Cij — C]il»(e+(‘) — (fkc(tl)‘f[ec(tj»

=SA2 Tobs y_l |ti_tj| v
1yr 2 1yr
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Figure 10. Examples of light curve models for two quasar light curves. The light curves are from spectroscopically confirmed quasars of the SDSS Stripe 82 in a
redshift region where the r band is only continuum. They are showing different seasonal gaps. Outliers are excluded when fitting the light curves. The solid lines
in the right panel represent the best-fit mean model light curves from the power-law model. The area between the dotted lines represents the error snake, which
is the 1o range of possible stochastic models. The error snakes bound to the reconstructed light curve are thinner than the data points because of the additional
measurement error on the data. We also give the best model parameter values along with the confidence intervals (CI). First row: SDSS S82 r band quasar light curve
headobjid = 588015509285437517, observation period: 30.9.2000-28.11.2007 (2614.9 days), fitted with a m = 19.331 mag, A = 0.136 (0.68 CI [0.113,0.165], (0.95
CI[0.099,0.216]), y = 0.205 (0.68 CI [0.101,0.284], (0.95 CI [0.089,0.393]). Second row: SDSS S82 r band quasar light curve headobjid = 587731185661640908,
observation period: 13.10.2001-28.11.2007 (2236.9 days), fitted with a m = 19.993 mag, A = 0.175 (0.68 CI [0.133,0.234], (0.95 CI [0.110,0.348]), y = 0.256 (0.68

CI [0.068,0.403], (0.95 CI [0.068,0.627]).

+€A2 ﬂ V_l |ti_tj+tdelay| v
1yr 2 1yr

(B2)

3. covariance matrix for the autocorrelation of the /-band flux:

Cij = Cif ™ = (£ @ £ 1)

e[\ L (o uly
1yr 2 1yr
Tobs y_l |ti_[j+fdelay| v
1yr 2 1yr
1 (1ti =1 — Taelay| v
2 1yr
tos \7 1 (1t =11\
v | (fs ) _ L (liztil
1yr 2 1yr

where Tgelay is the time delay in years, e is the line response of
the /-band emission line to the flux in the x band, and s is the
continuum response of the flux in the y band to the flux in the &

band.

(B3)
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When using the DRW model instead, one gets the following

equations.

1. Covariance matrix for autocorrelation of the k-band contin-

uum:
w? lt; — t;]
= —exp| — (B4)
T

Cij = (f ) fi @) >

2. Covariance matrix for the correlation function between k-

band flux and /-band flux:
w? ox |t — ;]
2 P T

|ti - tj + Tdelay|
T

Cij = (fEa freap) =s
o
+e—-exp (—

3. Covariance matrix for autocorrelation of the /-band flux:

(BS)

ec ec i |t — 1)l
Ci = (@) ) = 8* - exp (‘T])

|t — tj + Tdelay|)

+ o’
se-—exp|—
2 P T
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W [t; — t; — Tdelayl
+Se_exp _M
2 T

+e2w—2exp _|
2

i — lj|
—‘[ .

In the case of using a Gaussian as transfer function, we first
carry out the covariance matrix of the cross-correlation between
k-band continuum and /-band line

(feapfran) = /

t'=0

(B6)

t

di"P(t; — ) @) £E@))

N fE@p)

t
/ dt/\PGauss(ti - t/
t'=0

l 1 i —t — 2
= / dt'e ———exp |:— —( aclay) i|
=0 V 2m a(_z}auss zoGauss
(f;f(t’)f;f(r M)
(tz - t

Tdelay) j|

2GGauss

/ dr exp|:
V ZJTO—Gduss r=0

X {fEaN fEap) (B7)

where erf(z) = 2//7 [y exp[—t*1dt Melaudn series 5 /7 (7 —
23/3+2°/10 — z7/42 + z°/216 — ...). This can be calculated
with the gs1 function double gsl_sf_erf(double x).

In addition, we carry out the covariance matrix of the
autocorrelation of the /-band line

VAGIAG)
[ ;O dr’ / /’_0 "Wt — YWt — ) FEE )

14 t;
f dt, / dt”‘PGaUSS(ti - t/)lPGauss(tj - t”)(fkc(t/)fkc(t”))
t"=0

=0
B /t[ dt/ /l/ dt// 62 exp |: (ti — = fdelay)2j|
= e -
t'=0 1t"=0 ZNUGauss 26GauSS

ti—t" — 27, :
X exp |:_( J — Tdelay) j| <f;(t/)f;(t//)) (BS)
UGauss
For the power-law model,
(fEapsia) = f dr'
V 2JTUGauss =0
(ti -t — Tdela ) ¢ ¢
X exp [— Ty } (2 f2)
20, Gauss
t—t —
/ dt’ eXPI: ( Tdelay) ]A
\/ 2770Gau9§ 1'=0 2O'Gauss
tj —
[ B9
<0bs 2 < 1 yr ( )

t tj
(frapfea)) = / dr’ / dr’' —
=0 =0 m
|: (ti —t' = Tdelay)2i|
XeXp|——————
2UGauss
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€ (l j t// — T )2 C 4! c "
. exp [_ J 2 R delay } <fx (t )fk (t ))
\/ znaéauss OGauss

(ti —t' = Tdelay)2:|

20-Gauss

t; tj e2
N
'=0 =0 21 OGauss

(tj -t - rde]ay)z]

2
20—Gauss

1t =11\
. A2 t())/bs__ u .
2 1yr

Unfortunately, these integrals for the power-law structure
function are not analytical.

When using a DRW structure function, the integrals are
analytical:

covariance matrix of the cross-correlation between the k-band
band continuum and /-band line

X exp [—

(B10)

(feapn few)) = / dr’
v 2T”J—Gauss r=0
(ti_t_tea) o pe
[— S

(tz -t - Tdelay) ]
w

ZGGduss

/ dt’ exp[
v 27[0Gau<s =0

-]
x exp | ——
T
1 O'z,us—Zk‘L'(‘L'dl +t‘—ti) “
= 5 exp |: L 2_[26 s a)zo'Gauss
e (erf |:Tde1ayf _ wa(ziauss:|
ﬁfaéauss
— erf [Tdemyr — w"f’au“ — T D B11)
ﬁtaGauss
with
. 2w?
P el (B12)
T
and
. +1, if[j>[,‘ (B13)
- -1, if <t

where per definition #; # ;.
The covariance matrix of the autocorrelation of the /-band
line

l tj e
() (1) = / ar / g
=0 =0 M

X exp [_ (ti -t - fdelay)z]
2O‘Gauss
e (l"—l”—Td| )2 CriN pCr
e exp [— — o | OfE)
,/ 27To‘éausS OGauss
. ‘s

@ — t— TGauss)2:|

2
20Gauss

t ] e
- / dr' / ' —° exp| -
=0 =0 / 2
! 27TUGauss
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e (tj —=1" = Tgelay)” | ~n
2 lop
V 27 OGauss Gauss

[ |t — t”q
X exp|————
T

1 w2 +wtt] .

‘C2
I wTde]aYT + Uéaus%
.| erf T
L \/5‘[ OGauss
B 2
~erf WTelayT — WI;T + OGaussi|)
2.2
L ﬁt O Gauss
B 2
. (erf TdelayT — Z)aGaussi|
L ﬁTGGauss
i 2
TdelayT — WO, — Tt
—erf | =2 zGa“SS ! D (B14)
L ﬁTOGauss
with .
+1, if 1 > 1
w = : (B15)
-1, if i <t

where per definition #; # #;.

From this, we can calculate the covariance matrix for the
correlation function between the k-band band flux and /-band
flux, and the covariance matrix for autocorrelation of the /-band
flux by inserting Equations (B11) and (B14) into Equations (17)
and (18).

APPENDIX C
TEST DATA

Equipped with a statistical description of quasar variability
(see Section 3), we generate well-sampled mock light curves
in order to (1) test the algorithm for the determination of
the structure-function parameters and later for reverberation
mapping, (2) demonstrate the relationship between our model
parameters and the shape of light curves, and (3) estimate the
systematic effects that the sampling rate and light curve length
have on the fitted parameter for determination of the structure-
function parameter and for reverberation mapping. The later
is especially important because the SDSS S82 data are fairly
sparse.

C.1. Generating Test Data

A continuum light curve is generated using only the two
structure-function parameters and the mean magnitude of the
light curve as input parameters. To apply a time delay tgelay
to the continuum plus emission line light curves, we refer to
our assumption that all emission line light curves are scaled,
smoothed, and displaced (delayed) versions of the continuum
flux light curve, see Equation (11).

For generating the test data, one can choose

1. the structure function; here, a DRW model and a power-law
model are implemented

2. the transfer function W(tgelay); here, a 8 function and
Gaussian are implemented

3. scaling factors s, e (instead of the emission line equivalent
width)
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4. the bands x and y, multiple emission lines are also possible
5. the time sampling and time windows; this can be chosen
freely and also be inherited from SDSS S82 light curves.

As mock data are generated from e and s, and not with emission
line equivalent width, we replace Equations (37) by

P(e) = (ChH

1 ex < (e — 60)2)
Varses P\ 28002 )
when testing with mock data. The values for ey and e are set
depending on test, typical eg & 0.2, §eg =~ 0.02.

To make sure that the test data are consistent, samples of
mock light curves are evaluated statistically. When averaging
over a sample of 100 light curves with the same structure
function V, the form of the point cloud |Am| versus |A¢| should
be represented by /V(JAf|) as a ridge-line. In addition, the
standard deviation SD(|Am|) should be represented by the
structure function itself, V (|Az]).

For the purpose of illustrating these effects, an observation
time of 12 yr and observational time sampling of one day
was simulated. The first and last years of the data points are
neglected to avoid potential edge effects, which results in 10 yr
of observational time. As shown in Figure 11, for both the
power law and the damped random walk structure functions,
the form of the point cloud |Am| versus |At| is represented quite
well by 4/ V(|Ar]) as a ridge-line, and the standard deviation is
represented by the structure function itself, V (|A¢|). In addition,
it is plausible that about 63 percent of points of |Am| versus
|At| will be under the line (with the fraction of data being
within 1o in a Gaussian distribution). As a result, we know
that the generated mock light curves follow our assumptions
about structure functions. Because of this, we can be sure that
such mock light curves can be used safely to test our algorithms
for estimating structure-function parameters and reverberation

mapping.
C.2. Results from Test Data

In this section we show results from mock data, which lead us
to an understanding of the behavior of the reverberation mapping
algorithm.

The structure-function parameter function is estimated by
evaluating Equation (A20) as described in Section 3. This
can be carried out on a parameter grid or by using a MCMC
method. Using a parameter grid is not practical because it is
time consuming, but functions for testing issues and to show the
likelihood surface.

We found that the method is sufficient for estimating structure
function parameters and fitting light curves, as even with
sparsely sampled mock data it is able to recover the input values
within about a 68% confidence interval or better. We also see
that the posterior distribution in the parameter space, like the
likelihood surface itself, is smooth, so the MCMC is able to
sample the posterior distribution.

During first tests on estimation of the time delay tgelay,
uniformly sampled mock data were used. Using uniformly
sampled light curves spanning a time longer than the input zgejay,
this delay can be recovered with a precision of one over the
sampling frequency. This holds even when the flux contribution
is about 5% (this is the expected value for many of the SDSS
S82 light curves, whereas some have a flux contribution up to
20%). For more realistic tests, we have taken typical SDSS S82
time sampling and applied it to mock light curves. As expected,
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Figure 11. Light curve statistics over |At;;| for 100 simulated power-law light curves, where i,j are the individual observations; (a) black curve: averaged |Am;;|, gray
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Figure 12. Non-uniform sampled simulated light curve and its correlogram, input 7gelay = 1 yr is recovered as Tqelay = 3.33 yr. Band k contains continuum only, band

[ contains continuum and emission line.

the approach is sensitive to time sampling, but not as much as
classical approaches such as CCF and ICCF. For an example
plot, see Figure 12.

We found that we can easily estimate whether a given time
sampling enables us to find a time delay in an expected range.
The tool used for this is the histogram of observational time lags
provided by the light curve in question. Details on this can be
found in Section 5.

Despite the robustness of the stochastic approach, results must
be handled with care. Even when the algorithm is able to recover
the input Tgelay, We found that for sparsely sampled data the
posterior distribution often turns out to be much more flat than
for estimating the structure-function parameters. Additionally,
the periodic pattern of higher and lower likelihood can be found
in mock and real data. This pattern roughly reproduces the
pattern in the histogram of observational time lags. As a result,
we constrain the Tgl.y by Equation (24) and set a prior on
(e, s) based on spectroscopic data. For details, see Section 5,
Equation (27)-(37).

If those priors are applied, this periodic pattern only appears
in some cases. When it appears, it is only weak. Most posterior
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distribution functions are smooth and round, whereas others
have a stretched appearance or show a tail, which is a remnant
of the periodic pattern. This demonstrates the importance of
choosing a sensible prior.
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