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Over the past three decades reverberation mapping (RM) has been applied to about 100
AGNSs. Their broad line region (BLR) sizes were measured and yielded mass estimates
of the black holes in their center. However, very few attempts were carried out for
high-luminosity quasars, at luminosities higher than 10%¢ erg/sec in the optical. Most
of these attempts failed since RM of such quasars is difficult due to a number of
reasons, mostly due to the long time needed to monitor these objects. During the
past two decades we carried out a RM campaign on six high-luminosity quasars. This
contribution presents some of the final light curves of that RM campaign in which we
measured the BLR size in C1v of three of the objects (S50836+71, SBS 1116+603,
and SBS 14254-606). We present the C1v BLR size and luminosity relation over eight
orders of magnitude in luminosity, pushing the luminosity limit to its highest point so far.

Keywords: quasars, black holes, reverberation mapping, broad line region, AGN

1. INTRODUCTION

Reverberation Mapping (RM) is a technique to estimate the size of the Broad Line Region (BLR)
in Active Galactic Nuclei (AGNs). The technique relies on using the variability of the central AGN
power source and the response of the gas in the BLR to measure a time delay which is used as a
measure for the BLR distance from the central source (see e.g., Peterson, 1993; Netzer and Peterson,
1997). Over the past three decades RM has been carried out successfully for almost 100 AGNs (e.g.,
(Kaspi et al., 2000; Bentz et al., 2006; Bentz and Katz, 2015; Du et al., 2015; Shen et al., 2016); and
references therein) and a relation between the BLR size and the luminosity of AGNs was found.
Using the assumption that the BLR gas has virialized motions around the central black hole of the
AGN and that the velocity of the gas can be inferred from the width of the broad emission lines we
can estimate the mass of the central black hole.

The first discussions about the time dependence of emission-line intensities from nebulea that
are photoionized by a central source with variable continuum flux was done by Bahcall et al. (1972).
Only a decade later Blandford and McKee (1982) put the idea into mathematical formulation
and coined the term “Reverberation Mapping.” According to this formulation the response of the
nebula depends on its geometry and velocity field, and is given by the “transfer function,” W (v, 7).
The relationship between the continuum light-curve C(¢) and the emission-line light-curve L(v, t)
can be described by

L(v,t) = /OO W(v,7)C(t — t)d7, (1)
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which is known as the “transfer equation.” The aim is to use
the observables C(¢) and L(v,t) to solve this integral equation
for W(v, 1), and thus infer the geometry and kinematics of the
BLR. However, usually the observed light curves do not have
the high quality, sampling, and length, that are needed to solve
this equation by Fourier methods using the convolution theorem.
Thus, the more common use is to solve the one-dimensional
transfer function (which is the same equations as above but
without the dependence in v) by means of cross correlation of the
line light curve with the continuum light curve. The peak of this
cross correlation gives the time lag between the two light curves,
and this time lag multiplied by the speed of light, ¢, is considered
as a measure for the size of the BLR, Rpyg.

Using the assumption that the BLR is in a Keplerian
motion around the continuum central source, and equaling
the centripetal force of the clouds with the gravity force on
them toward the central source, one can find the mass of
the central source to be M = fszBLR/G, where G is the
Gravitational constant, v is a measure of the BLR velocity, and
f is a constant which represent the geometry of the BLR (e.g.,
Onken et al, 2004). The BLR velocity, v is measured from
the line width, either as the Full Width Half Maximum of
the line, or the the line dispersion (i.e., the second moment
of as defined by Peterson et al., 2004). The choice of method

to define the velocity also changes the f factor that is used,
as well as the assumed geometry, but overall f is of order of
unity.

All objects studied thus far using RM have optical luminosities
of up to 10% erg/sec. Only a few attempts of RM for higher
luminosity AGNs were carried out thus far and with very limited
success (e.g., Welsh et al, 2000; Trevese et al., 2014). Such
attempts are difficult to carry out due to several reasons: higher
luminosity AGNs have larger BLR distances from the central
source and longer variability time scales. Thus, monitoring
periods of order a decade are needed for such projects and
observations cadence needs to be of order a month. Telescope
time allocation committees are usually reluctant to commit
telescope time for such long periods. Also, the variability
amplitude of high-luminosity AGNs are smaller than low-
luminosity AGNs and the BLR size is larger, thus causing the
line response to be smeared making line variations harder
to detect. Yet another difficulty is that the light curves are
stretched by the cosmic time dilation, further extending the
monitoring period, thus the response of the BLR gas is harder
to detect.

Most of the AGNs which were measured with reverberation
mapping thus far were observed using the Hf emission line and
this is the most commonly used line for these studies of low-
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FIGURE 1 | Light curves for SBS 1116+603. Red squares are points measured from the spectroscopic data and black triangles are points measured from the
photometric data. The top panel is the continuum light curve (spectroscopic points measured on the red side of the C 111] line). The middle panel and lower panel are
line light curves for C1v and C 111], respectively. Data up to the blue vertical dashed line were published in Kaspi et al. (2007).
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redshift, low-luminosity AGNs. High-luminosity AGNs are also
generally at high redshift (order of z ~ 2-4), thus observations
with optical telescopes are monitoring the UV lines (e.g., Lya,
C1v, C111], and Mg 11). Since different emission lines are emitted
from different parts of the BLR it is hard to compare between
objects which were measured in different emission lines and this
adds to the difficulties of such studies.

In spite of the above difficulties we initiated two decades ago
a reverberation mapping campaign on several high-luminosity
quasars. A detailed description of this observing campaign and
some initial results from the first 5 years were presented in
Kaspi et al. (2007). In this contribution we present some of the
final light curves from the campaign and some of the tentative
final results. In section 2 we briefly describe the project, how
the sample was selected, the observations of the sample, and
some final light curves of the sample. In section 3 we present
an analysis of the light curve and present the C1v BLR size for
three of the objects in our sample (S50836+71, SBS 11164603,
and SBS 1425+4-606) and its relation with the UV luminosity of
the AGN.

We note the contribution of Lira et al. to these proceedings
which describes another reverberation mapping campaign on
high-luminosity quasars and which yields similar results to the
results we describe in this contribution.

2. THE PROJECT, SAMPLE SELECTION,
AND OBSERVATIONS

In 1995 we started photometric monitoring of 11 quasars at
the Wise Observatory, and in 2000 we started spectroscopic
monitoring of 6 of them with the Hobby-Eberly Telescope (HET;
Ramsey et al., 1998). The objects in our sample are in the optical
luminosity range of 10%® < AL, (5100A) < 10%7* erg/sec, redshift
range of 2 < z < 3.4, observed magnitudes of V' < 18, and have
high declination in order to maximize the monitoring period
during the year from northern hemisphere telescopes.

The objects were observed photometrically each month in
the B and R filters for about 8 months each year. Spectroscopic
observations were obtained ~3 times each year, evenly spaced
over a period of about 6 months. In order to achieve quality
cross calibration between the individual observations we used a
comparison star aligned with the quasar in the spectrograph’s slit
(e.g., Kaspi et al., 2000).

Light curves for two of the objects, SBS1116+603 and
SBS 12334594 are shown in Figures 1, 2. All objects in our
sample show continuum variations of about 20 to 60% measured
relative to the minimum flux of the light curve. Line variations
are detected only in some of the lines we monitored. This could
be a result of the low amplitude of the line variations that our
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FIGURE 2 | Light curves for SBS 1233+594. Red squares are points measured from the spectroscopic data and black triangles are points measured from the
photometric data. The top panel is the continuum light curve (spectroscopic points measured on the red side of the C1v line). The middle panel and lower panel are
line light curves for Lya and C1v, respectively. Data up to the blue vertical dashed line were published in Kaspi et al. (2007).
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measurements could not detect, or that the continuum signal
processed trough the large BLR is smeared in such a way that
there are no variations in the line light curve.

3. ANALYSIS AND RESULTS

In order to estimate the BLR size we use two methods which are
commonly used for that purpose. One method is the interpolated
cross-correlation function (ICCF: White and Peterson, 1994).
In this method one light curve is cross correlated with a linear
interpolation of the second light curve, then the second light
curve is cross correlated with a linear interpolation of the first
light curve, and then the final cross correlation is the average of
these two cross correlation functions. The second method is the
z-transformed discrete correlation function (ZDCF: Alexander,
1997) which is an improvement of the Discrete Correlation
Function (DCF) method suggested by Edelson and Krolik (1988).
The ZDCF applies Fisher’s z transformation to the correlation
coefficients, and uses equal population bins instead of the equal

time bins that are used in the DCF. The two methods yield similar
results and in the following we use the ICCF method and estimate
the uncertainties on the time lags using the model-independent
Monte Carlo method called Flux Randomization/Random Subset
Selection (FR/RSS) of Peterson (1993). We find significant time
lags for C1V in three of our six objects, for the C111] line in one
of the objects, and a possible time lag of Lyo in one of the objects.
The cross correlation functions (CCFs) for the light curves from
Figures 1, 2 are shown in Figure 3.

As can be seen in Figure 3C for the Ly« line of SBS 12334594,
the ICCF gives a peak which is at 165321 days in the rest frame.
The formal negative 1o uncertainty includes the possibility that
no time lag is detected, i.e., the result is not significant. This is
also hinted at from the fact that the ZDCF in Figure 3C shows
no significant peak. Looking at the light curve of this Ly« line in
Figure 2 it is clear that the peak in the ICCF comes from the two
peaks in the line light curve around JDs of 2452900 and 2455700
which follow the peaks in the continuum light curve at JDs
2452300 and 2455100. However, the uncertainties on the line-flux
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FIGURE 3 | CCFs for the light curves shown in Figures 1, 2. (A,B) are the CCFs of Lya and C1v vs. the continuum of SBS 1233+594. (C,D) are the CCFs of Lya and
C1v vs. the continuum of SBS 1233+594. The ICCF method is shown as a solid line and the ZDCF method is shown as filled circles with uncertainties. Time lags are
given in the observed frame.
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FIGURE 4 | BLR size vs. UV luminosity relation based on the work of Kaspi et al. (2007) together with the three objects reported in this work. See text for details.

measurements are very large and this causes the uncertainty in
the time lag determination to be large. The main reason that the
uncertainty on the line measurements are large is because in this
object the optical spectrum includes only part of the Ly« line, and
thus our measurements include only the red half of the line.

Figures 3A,B show the CCFs for the C111] and C1V lines of
SBS 1116+-603. We find significant time lags of 2621';% days for
the C111] line and 65f;; days for the C1v line (both measured in
the rest frame). The lower ionization line is emitted further away
from the central continuum source than the higher ionization
line, in accordance with the known stratification of the BLR. For
$50836+71 and SBS 1425+606 we find a C 1V time lags of 2307 2§
and 2851‘;2 days, respectively.

We note that half of the quasars in our sample are radio
loud and the light curves and time lags interpretation in these
objects may be complicated by the additional jet contribution
to the continuum driving the line emission. This may also be
the reason why we did not detect a time lag in some of our
radio loud objects. However, with respect to the objects presented
here, SBS1233+594 is a radio quiet quasar and we did not
find a significant time lag for its lines, while SBS 11164603 is
a radio loud quasar and we find time lags for the two lines
measured.

Using the three time lags of C1V lines which we find in this
work we can reconstruct the BLR size—UYV luminosity relation
for that line. In Figure 4 we show this relation from Kaspi et al.
(2007) with the three new points added in red. One point, for
S50836+71, was reported in Kaspi et al. (2007) as a tentative

result and after adding 8 more years of monitoring to the initial
reported 5 years the time lag is confirmed. The black points
shown in Figure 4 are from Peterson et al. (2005) as well as
the BLR size—UV luminosity relation with a slope of 0.61 +
0.05. Adding the one point of S50836+71 in Kaspi et al. (2007)
changed the slope to 0.52 = 0.05. In this work we updated the
result for S50836+71 and added two more points. The updated
slope, as seen in Figure 4, is 0.44 = 0.02. We note that we did not
include in this analysis the few additional time-lag measurements
for C1v of high-luminosity quasars that are presented in these
proceedings by Lira et al. (submitted). This will be done in a
future publication (Kaspi et al., in preparation) and will probably
further update the slope of that relation.

In summary, reverberation mapping of high-luminosity, high-
redshift quasars is difficult to carry out and requires long
monitoring periods of order of at least a decade and probably
more. Our reverberation mapping project of a sample of such
objects resulted in time lags for the C1V line of order a hundred
to a few hundred days in the rest frame for objects with optical
luminosity of order 10’ erg/sec. The measured black hole
masses for these objects are of order 10° Mg which are the
highest black hole masses measured thus far with reverberation

mapping.
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