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ABSTRACT
We obtained Sloan Digital Sky Survey spectra for a set of 37 radio-quiet quasars [(radio-quiet
quasi-stellar objects (RQQSOs)] that had been previously examined for rapid small-scale
optical variations, or microvariability. Their Hβ and Mg II emission lines were carefully fit to
determine linewidths (full width at half-maximum) as well as equivalent widths (EW) due to
the broad emission-line components. The linewidths were used to estimate black hole masses
and Eddington ratios, �. Both EW and FWHM are anticorrelated with �. The EW distributions
provide no evidence for the hypothesis that a weak jet component in the RQQSOs is responsible
for their microvariability.
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1 IN T RO D U C T I O N

Over the past 15 years, there have been rather extensive exami-
nations of a significant sample of radio-quiet quasi-stellar objects
(RQQSOs) and Seyfert (Sy) galaxies for small brightness changes
(typically 0.02 mag) over short times (a few hours) (e.g. Stalin,
Gopal-Krishna & Wiita 2004b; Carini et al. 2007; Ramı́rez et al.
2009). This phenomenon of microvariability or intranight optical
variability (INOV) was first confirmed for blazars (e.g. Miller,
Carini & Goodrich 1989; Carini 1990) for which microvariabil-
ity almost certainly arises from the relativistic jet (e.g. Marscher,
Gear & Travis 1992), at least when the source is in an active state;
however, in low states it is possible that rapid fluctuations are due
to processes originating in or just above the accretion disc (for a
review, see Wiita 2006). Since RQQSOs lack significant jets, the
microvariability in radio-quiet objects may arise from processes on
the accretion disc itself, and thus could possibly be used to probe
the discs (e.g. Gopal-Krishna, Wiita & Altieri 1993; Stalin, Gopal-
Krishna & Wiita 2004a; Kelly, Bechtold & Siemiginowska 2009).

Recently, Carini et al. (2007) reported new observations for
several sources and also compiled a sample of 117 objects from
the literature which have been searched for microvariability (their
table 3). Of these, 47 are classified as Sy galaxies, six as broad ab-
sorption line (BAL) quasi-stellar objects (QSOs) and 64 as QSOs.
In addition, in order to learn which classes might be the most fruitful
for making further searches for microvariability, they also classi-
fied their sample in terms of the following: redshift distribution;
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radio loudness, through R, the ratio of the radio (5 GHz) flux to
the optical (4400 Å) flux; optical magnitude, mV ; luminosity; and
observing strategy. In their entire sample 21.4 per cent of the objects
were found to exhibit microvariability, but among objects classified
as Sy galaxies, BAL QSOs and QSOs, microvariability was found
in 17 per cent, 50 per cent and 23.2 per cent, respectively (Carini
et al. 2007). The observed high fraction of microvariations in BAL
QSOs (although the sample is quite small) suggests that while plan-
ning microvariability studies to investigate the physical processes
in or near the accretion disc, it might be worthwhile to invest more
observing time on the BALQSO class.

With improvements in observation quality as well as in sample
size, constraints on the models capable of producing the intranight
variability have also improved over the last decade. Recently,
Czerny et al. (2008) have used non-simultaneous optical and X-ray
data of 10 RQQSOs with confirmed INOV to compare observa-
tional constraints on the variability properties with the predictions
of theoretical models such as (i) irradiation of an accretion disc by a
variable X-ray flux (e.g. Rokaki, Collin-Souffrin & Magnan 1993;
Gaskell 2006), (ii) an accretion disc instability (e.g. Mangalam &
Wiita 1993) and (iii) the presence of a weak Doppler-boosted jet or
‘blazar component’ (e.g. Gopal-Krishna et al. 2003). Their inves-
tigation suggests that a blazar component model yields the highest
probability of detecting INOV.

In this blazar component scenario, spectral properties of the
sources can play a crucial role in constraining the models fur-
ther. For instance, if blazar components are dominating the vari-
ability of RQQSOs, then, due to the increase in the continuum
level, one would expect emission lines to be diluted. Therefore,
smaller equivalent widths (EWs) of prominent emission lines
such as Hβ and Mg II should be detected in sources that showed
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microvariability when compared to their average values in the whole
sample. If we take the extreme case of BL Lacertae objects, which
often lack observable emission lines and are usually defined as ob-
jects that have no emission line with an EW ≥5 Å (e.g. Stickel
et al. 1991; cf. Marchã et al. 1996), this dilution by the jet compo-
nent is understood to be severe. So, it becomes very important to
test whether microvariability of RQQSOs has any correlation with
spectral parameters such as EW and full width at half maximum
(FWHM) of prominent emission lines. The Hβ and Mg II emission
lines are very promising for such investigations, as these lines have
also been found to be very useful in estimating other key parame-
ters of active galactic nuclei (AGN) central engines such as black
hole (BH) mass (e.g. McGill et al. 2008) and the Eddington ratio
(e.g. Dong et al. 2009a,b). The average Hβ EW of a large sample
of quasars is found to be around 62.4 Å (Forster et al. 2001), so any
correlation of Hβ EW or FWHM would not only give insight about
the nature of variability, such as the presence or absence of blazar
components, but also be very useful for making a promising sample
for future microvariability studies. Similarly, the measurements of
BH masses for RQQSOs that show microvariability may well be
another important constraint on the models trying to understand the
nature of their optical microvariability.

Here, we have worked towards these goals by exploiting the op-
tical spectra available from Sloan Digital Sky Survey (SDSS) Data
Release 7 (DR7; Abazajian et al. 2009) with careful spectral mod-
elling of the Hβ and Mg II emission-line regions. First, we aim to
investigate any effect of these key spectral parameters (e.g. EW and
FWHM) on microvariability of RQQSOs. Secondly, we estimate
other relevant AGN parameters such as the BH mass, Mbh, and the
Eddington ratio in the context of our RQQSOs sample, which has
been extensively searched for microvariability.

This paper is organized as follows. Section 2 describes the data
sample and selection criteria while Section 3 gives details of our
spectral fitting procedure. In Section 4, we focus on BH mass mea-
surements, and in Section 5 we give estimates of Eddington ra-
tios and of BH growth times. Section 6 gives a discussion and
conclusions. Throughout, we have used a cosmology with H 0 =
70 km s−1 Mpc−1, �M = 0.3 and �� = 0.7.

2 DATA SAMPLE AND SELECTION CRITERI A

Our sample is chosen from the compilation of 117 radio-quiet AGNs
in Carini et al. (2007). These sources have all been searched, of-
ten extensively, for optical microvariability. When there have been
several attempts at monitoring the same RQQSO or Sy galaxy by
different groups of authors around the globe, they often have used
different popular names or even different IAU names for the same
source. Therefore, we first looked in all the papers cited in the
compiled data (Carini et al. 2007, their table 3) and obtained the
right ascensions (α2000.0) and declinations (δ2000.0) of all the sources
monitored by different groups involved in searches for their optical
microvariability. Then, we searched these sources in the recent cat-
alogue of AGN and quasars by Véron-Cetty & Véron (2006) and
made the list of all sources monitored until 2005 by giving their
popular name from Véron-Cetty & Véron (2006).

We searched for consistently produced optical spectra of these
sources by looking for these targets in SDSS DR7 (Abazajian et al.
2009) and found that out of these 117 sources (Carini et al. 2007)
SDSS DR7 spectra were available for the 37 sources listed in
Table 1. The first four columns give identification information and
redshift, the next two provide apparent and absolute V magnitudes,

and the last two indicate whether microvariability was detected
and whether the radio-quiet AGN has been classified as a QSO,
BALQSO, Sy galaxy or narrow-line type 1 Seyfert (NLS1) galaxy.
From among the 37 sources in our sample, eight source spectra cover
both Mg II and Hβ lines, 11 spectra covered only Hβ lines while
18 spectra covered only Mg II doublet lines. This set of RQQSOs
becomes a unique sample to look for any dependence on microvari-
ability of their optical spectral properties as its members had been
already targeted to search for optical microvariability in the past.

3 L I N E A NA LY S I S TH RO U G H S I M U LTA N E O U S
SPECTRAL FI TTI NG

The spectra were first corrected for Galactic extinction using the
extinction map of Schlegel, Finkbeiner & Davis (1998) and the
reddening curve of Fitzpatrick (1999). Then, they were transformed
into the rest frame using the redshift given in the header of the SDSS
spectra.

In order to have accurate measurements of spectral properties
such as the EWs and FWHMs of emission lines, one has to care-
fully take into account the contribution from continuum as well as
from Fe II emission multiplets. The common practice was to first
fit and subtract the AGN continuum and then the Fe II emission
(e.g. Boroson & Green 1992; Marziani et al. 2003) and finally the
other emission lines. The other possibility is to fit simultaneously
the continuum and the Fe II emission multiplets and other emission
lines (e.g. Dong et al. 2008, 2009a). Unfortunately, for the optical
spectra of most of RQQSOs in our sample, fitting the continuum
and the Fe II emission is very complicated because (i) there are es-
sentially no emission-line-free regions where the continuum can be
determined (Vanden Berk et al. 2001), (ii) the prominence of Fe II

features and their blending with the Hβ and Mg II lines and (iii)
the Hβ line is highly blended with the O III λλ4959, 5007 lines. As
a result, we have opted to carry out simultaneous fits1 of contin-
uum, Fe II emission, Hβ and Mg II and all other metal emission lines
present in the spectra.

For this purpose we follow the following procedure.

3.1 Hβ region fit

For fitting the optical region comprising the Hβ line, we consider the
rest wavelength range between 4435 and 5535 Å. The continuum
is modelled by a single power law, as since we limit ourselves to
below 5600 Å there is no need of a double or broken power-law
fit (e.g. Dong et al. 2008). As the profile of the Hβ line is rather
complex, it is fitted with multiple (as many as four) Gaussians. As
an initial guess we consider two narrow, one broad and one very
broad components. To reduce the arbitrariness of the component
fits and also to make the decomposition more physical, we have
constrained the redshift and width of the two narrow components
of Hβ to be the same as those of the O III λλ4959, 5007 lines. The
line profile of O III λ5007 (and hence of O III λ4959) are modelled as
double Gaussians, with one stronger narrow component with width
less than 2000 km s−1 and one weaker broader component with
width less than 4000 km s−1. However, if for some source spectra
the second component is not statistically required, the procedure

1 To carry out the simultaneous fit, we have used the MPFIT package
for non-linear fitting, written in INTERACTIVE DATA LANGUAGE routines.
MPFIT is kindly provided by Craig B. Markwardt and is available at
http://cow.physics.wisc.edu/∼craigm/idl/.
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Table 1. Our sample of radio-quiet QSOs and Sy galaxies from the compilation of Carini et al. (2007).

QSO namea zem α2000 δ2000 mV MV Variable? Class

Mrk 1014 0.163 01 59 50.2 +00 23 41 15.9 −23.8 Y Sy 1
US 3150 0.467 02 46 51.9 −00 59 31 17.1 −25.0 N NLS1
US 3472 0.532 02 59 37.5 +00 37 36 16.8 −25.7 N QSO
Q J0751+2919 0.912 07 51 12.3 +29 19 38 16.2 −27.7 Y QSO
PG 0832+251 0.331 08 35 35.9 +24 59 41 16.1 −25.5 Y QSO
US 1420 1.473 08 39 35.1 +44 08 11 17.5 −27.3 N QSO
US 1443 1.564 08 40 30.0 +46 51 13 17.2 −27.8 N QSO
US 1498 1.406 08 42 15.2 +45 25 44 17.7 −26.7 N QSO
US 1867 0.513 08 53 34.2 +43 49 01 16.9 −25.2 N Sy 1
PG 0923+201 0.192 09 25 54.7 +19 54 04 15.5 −24.8 Y Sy 1
PG 0931+437 0.456 09 35 02.6 +43 31 11 16.0 −26.4 N QSO
PG 0935+416 1.966 09 38 57.0 +41 28 21 16.8 −28.8 N QSO
CSO 233 2.030 09 39 35.1 +36 40 01 18.4 −27.3 N QSO
CSO 18 1.300 09 46 36.9 +32 39 51 17.0 −27.9 N QSO
US 995 0.226 09 48 59.4 +43 35 18 16.9 −23.4 Y QSO
PG 0946+301 1.220 09 49 41.1 +29 55 19 16.2 −28.2 N BAL QSO
CSO 21 1.190 09 50 45.7 +30 25 19 17.3 −27.3 N QSO
TON 34 1.925 10 19 56.6 +27 44 02 15.7 −29.8 Y QSO
PG 1049−005 0.357 10 51 51.5 −00 51 17 15.8 −25.7 N Sy 1
TON 52 0.434 11 04 07.0 +31 41 11 17.3 −24.9 Y QSO
PG 1206+459 1.155 12 08 58.0 +45 40 36 15.7 −28.4 N QSO
UM 497 2.022 12 25 18.4 +02 06 57 17.7 −28.0 N QSO
PG 1248+401 1.032 12 50 48.3 +39 51 40 16.3 −27.6 N QSO
CSO 174 0.653 12 51 00.3 +30 25 42 17.0 −26.1 N QSO
Q 1252+0200 0.345 12 53 17.5 +31 05 50 16.2 −25.3 Y QSO
CSO 179 0.782 12 55 19.7 +01 44 12 17.0 −26.4 N QSO
PG 1254+047 1.018 12 56 59.9 +04 27 34 16.3 −27.6 N BAL QSO
PG 1259+593 0.472 13 01 12.9 +59 02 07 15.9 −26.2 N QSO
PG 1307+085 0.154 13 09 47.0 +08 19 49 15.1 −24.6 N Sy 1
PG 1309+355 0.183 13 12 17.7 +35 15 20 15.6 −24.6 N Sy 1.2
CSO 879 0.549 13 21 15.8 +28 47 20 16.7 −25.8 N QSO
PG 1338+416 1.204 13 41 00.8 +41 23 14 16.8 −27.5 N QSO
CSO 448 0.316 14 24 55.6 +42 14 05 17.0 −24.3 Y QSO
PG 1444+407 0.267 14 46 46.0 +40 35 06 16.1 −24.7 N Sy 1
PG 1522+101 1.328 15 24 24.5 +09 58 30 16.2 −28.4 N QSO
Q 1628.5+3808 1.461 16 30 13.6 +37 58 21 17.7 −27.2 Y QSO
PG 1630+377 1.478 16 32 01.1 +37 37 49 16.3 −28.6 N QSO

aName fromVéron-Cetty & Véron (2006).

we use automatically drops it during the fit. So, basically we have
only four free parameters for the width and redshift of O III λλ4959,
5007 and narrow Hβ components (two for redshift and two for
width).

The optical Fe II emission is modelled with two separate sets of
templates in analytical forms similar to those used by Dong et al.
(2008). One template is for the broad-line system and the other for
the narrow-line system, and we assume the form C(λ) = cbCb(λ) +
cnCn(λ), where Cb(λ) represents the broad Fe II lines and Cn(λ)
the narrow Fe II lines, with the relative intensities fixed at those of
I ZW 1, as given in tables A1 and A2 of Véron-Cetty, Joly & Véron
(2004). The redshift of the broad Fe II lines and the Hβ component is
fitted as a free parameter while their widths are kept the same, with
a constraint that they should be larger than 1000 km s−1; this width
is used for estimating the BH masses. Similarly, for the narrow
Fe II line the redshift is fitted as a free parameter but the width is
kept the same as that of the stronger narrow O III λ5007 component.
The fourth (very broad) Hβ component, if required for the fit, is
subject only to the constraint that its width should be more than
1000 km s−1. The emission lines other than Fe II and O IIIλλ4959,
5007 (see table 2 in Vanden Berk et al. 2001) are modelled with

single Gaussians. The final fit is achieved by simultaneously varying
all the free parameters to minimize the χ 2 value until the reduced
χ 2

r is ≈1. Samples of our spectral fitting in the optical region are
given for Hβ in Figs 1 and 2. The values for FWHM and EW (both
the broad component, EWB, and total, EWall) for the Hβ lines are
given in Table 2.

3.2 Mg II doublet region fit

For fitting the Mg II doublet region, we consider a rest wavelength
range between 2200 and 3200 Å. The continuum in this region
is modelled by a power law, i.e. a1λ

−α . For fitting the Mg II dou-
blet, we have tried both Gaussians and truncated five-parameter
Gauss–Hermite series (Salviander et al. 2007; Dong et al. 2009a).
In Gaussian profile fits, our initial guess consists of two Gaussian
components for each line of the Mg II doublet; however, whenever
the second component is not statistically required the procedure
automatically drops it during the fit. Only two cases where single
components fits were found to be sufficient were detected (UM
479 and US 1443). To test for any overfitting caused by assuming
two components, we also forced our procedure to fit only single
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Figure 1. The best fit to the Hβ emission line of the SDSS spectra of the QSO CSO 448. Upper panel: complete spectrum fit (thick dashed/red) and components
of the fit: power-law continuum (thin dashed/black line), broad Fe II (dot–dashed/blue) and narrow Fe II (dotted/magenta) lines. Lower panel: continuum, Fe II

and metal line subtracted spectrum (solid/black) with the best-fitting total Hβ profile (thick dashed/red) and Hβ components (dotted/blue) lines. Note that the
entire fit is performed simultaneously (not first continuum subtraction, then Hβ fit) but these aspects are shown separately for the sake of clarity.

components; however, in doing so for all other sources, a very good
fit is found neither for the wings of the lines nor for their central
narrow cores. The truncated five-parameter Gauss–Hermite series
was also tried, but the fits in this case also were not as good as
those from the two-component Gaussian profile model, so our final
analyses employ that fitting approach.

In our two-component Gaussian profile fits, the redshift and width
of each component (narrow/broad) of Mg II λ2796 were tied to the
respective components of the Mg II λ2803 line. In addition, we
have constrained the width of narrow component to be smaller than
1000 km s−1 and the width of the broader Mg II component to be
the same as the width of UV Fe II emission line in the region (UV
Fe II). We used a UV Fe II template generated by Tsuzuki et al.
(2006), basically from the measurements of I ZW 1, which also em-
ploy calculations with the CLOUDY photoionization code (Ferland
et al. 1998). This template is scaled and convolved to the FWHM
value equivalent to the broad components of Mg II by taking into
account the FWHM of the I ZW 1 template. The best-fitting value
of the broad component of Mg II obtained in this way is finally used
in our calculation of BH mass. The emission lines other than Fe II

lines identified from the composite SDSS QSO spectrum (see table
2 in Vanden Berk et al. 2001) are modelled with single Gaussians.
The final fit is achieved by varying all the free parameters simul-
taneously by minimizing the χ 2 value, until the reduced χ 2

r is ≈1.
Demonstrations of our spectral fitting in the UV region are given in
Fig. 3, and values for FWMHs and EWs are given in Table 3.

3.3 Optical microvariability and spectral properties

Among the 19 sources for which we have spectral coverage of the
Hβ line, optical microvariability is shown by seven of them while
the other 12 have not been seen to show this property (Carini et al.
2007). Similarly, among the 26 sources with spectral coverage of
Mg II doublet, only five show optical microvariability but the other
21 do not.

We have used our best-fitting values of FWHM and EW to search
for any correlation between them and optical microvariability. The
median value of total rest-frame EW of the Hβ line (i.e. the sum
of the EWs of all fitted components) for 12 sources without opti-
cal microvariability is found to be ∼69 Å. Its value for the seven
sources having optical microvariability is ∼79 Å. This seems to be
contrary to the expectation based on a blazar component model
of microvariability for RQQSOs, which would predict smaller EW
values for variable sources, due to dilution of emission-line strength
by jet components (Czerny et al. 2008). However, it should be noted
that observed Hβ profiles certainly require multiple components to
fit them. Therefore, if optical microvariability is a phenomenon re-
lated to the central AGN engine, then it is presumably better to do
such a comparison only using the broad component of the Hβ line
(Section 3.1). This is because the clouds responsible for this broad
component are clearly in the sphere of influence of the massive
BH, while the other components may not be. The median value of
rest-frame EW of this component for objects showing any optical
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Figure 2. Same as Fig. 1 for CSO 879.

Table 2. Results of the Hβ line analyses.

QSO Name z L(5100 Å)
1044 erg s−1 FWHM (km s−1) log( Mbh

M� ) Lbol
LEdd

EWB (Å) EWall (Å)

CSO 174 0.653 18.41 7034.92 9.24 0.07 10.42 95.31 ± 0.98
CSO 179 0.782 52.71 5039.39 9.18 0.24 47.80 87.87 ± 1.21
CSO 448 0.317 7.45 3133.75 8.34 0.23 14.42 78.97 ± 0.66
CSO 879 0.551 27.24 4072.64 8.85 0.26 21.36 91.02 ± 0.67
Mrk 1014 0.163 3.77 2393.82 7.96 0.28 30.69 53.53 ± 0.51
PG 0832+251 0.331 13.89 5059.36 8.89 0.12 20.72 84.59 ± 0.55
PG 0923+201 0.192 8.85 10461.15 9.42 0.02 48.81 75.77 ± 0.49
PG 0931+437 0.458 31.42 9537.59 9.62 0.05 11.47 68.42 ± 0.52
PG 1049−005 0.359 24.17 5193.56 9.03 0.15 22.16 76.06 ± 0.40
PG 1259+593 0.474 42.13 2922.88 8.65 0.63 4.33 41.06 ± 0.50
PG 1307+085 0.154 5.22 4080.08 8.49 0.11 62.77 99.83 ± 0.54
PG 1309+355 0.183 10.98 4326.57 8.70 0.15 20.86 35.27 ± 0.46
PG 1444+407 0.268 10.15 3528.12 8.51 0.21 8.26 66.90 ± 0.50
Q 1252+0200 0.344 16.62 23694.59 10.27 0.01 26.78 90.09 ± 0.54
TON 52 0.434 16.68 2724.97 8.39 0.46 11.90 38.78 ± 0.69
US 1867 0.514 25.11 2837.29 8.52 0.52 33.89 68.80 ± 0.46
US 3150 0.469 14.44 3402.68 8.55 0.27 14.78 68.28 ± 0.67
US 3472 0.532 25.48 4587.36 8.94 0.20 14.30 69.93 ± 0.64
US 995 0.227 3.90 4509.77 8.51 0.08 46.58 51.95 ± 0.58

microvariability is 26.8 Å, and for objects without optical microvari-
ability it is 20.8 Å, which is again contrary to the expectation based
on a blazar component model of optical microvariability. The corre-
sponding values of median FWHM of these broad components for

sources with and without microvariability are somewhat different,
at 4509 and 4326 km s−1, respectively.

Similar to what we did with the Hβ line, we have also used our
Mg II spectral fits to look for any correlation with microvariability.
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Figure 3. Mg II emission-line fits for two RQQSOs, CSO 21 and CSO 18. The upper plot in each panel shows the SDSS spectra and continuum as a dashed
line with the best-fitting UV Fe II template as a solid (magenta) line. The lower plot in each panel shows the continuum and Fe II subtracted spectrum (solid),
the best-fitting Mg II profile (thick dashed/red) and Mg IIλλ2796,2803 components by (dotted/blue) lines. Note that the entire fits are performed simultaneously
(not first continuum subtraction, then Mg II fit) but are shown separately for the sake of clarity.

The median value of rest-frame EW of broad Mg II doublet com-
ponents (with width tied to the UV Fe II template width) is found
to be 9.15 Å for the five sources with optical microvariability and
9.24 Å for the 21 sources without any confirmed microvariability.
These values are essentially identical, and so again do not support
the simple blazar component model for microvariability in RQQ-
SOs. The corresponding values of median FWHM for sources with
and without microvariability are 2432 and 2447 km s−1, respec-
tively, and so are indistinguishable.

In Fig. 4, we show the histograms of our FWHM and rest-
frame EW values based on our best fits for Hβ and Mg II lines.
The shaded and non-shaded regions correspond, respectively, to
sources with and without confirmed optical microvariability. As
the figure shows, the distributions of sources with and without mi-
crovariability are on the whole quite similar, though there seems to
be a hint that the median EW width of the Hβ line might be larger
for sources with optical microvariability compared to those without
optical microvariability. To quantify this possibility, we performed
Kolmogorov–Smirnov tests on all the distributions shown in Fig. 4.
The probabilities that the sources with and without confirmed opti-
cal microvariability are drawn from similar distributions are 0.613
for Hβ(EW), 0.664 for Mg II(EW), 0.792 for Hβ(FWHM) and 0.995
for Mg II(FWHM). As these null probabilities are all high, our data
samples do not establish or support any relation of FWHM or EW
with the optical microvariability properties. The lack of a differ-
ence in the EW values does not support simple models in which the
microvariability arises from jets.

4 BLACK HOLE MASS MEASUREMENTS

The strong MBH–σ correlation between supermassive black hole
(SMBH) mass and the velocity dispersion of the surrounding
spheroidal stellar system (e.g. Tremaine et al. 2002) has shown
that BH assembly is intimately related to the bulge properties of its
host galaxy. This paradigm of ‘BH–galaxy co-evolution’ boosted
the efforts to measure BH masses over a wide range (e.g. Richstone
et al. 1998; Bower et al. 2000; Nelson 2000). However, one cannot
obtain BH mass estimates from either stellar or gas dynamics, based
upon traditional methods, beyond ∼100 Mpc, due to the difficulty
in resolving the BH sphere of influence. For these more distant
sources, the only viable way to probe BH masses is through their
AGN activity.

The reverberation mapping technique (e.g. Blandford & McKee
1982; Peterson 1993) is the most direct method to probe gas dy-
namics on spatial scales close to the BH in AGN, but the required
long-duration spectroscopic monitoring campaigns currently pre-
clude the method from being applied to large numbers of objects.
Since the time-lags involved grow linearly with the SMBH mass,
only relatively nearby Sy galaxies with modest values of MBH have
been studied in this fashion. Therefore, for any large statistical stud-
ies one has to rely on the more indirect technique of virial single-
epoch methods, which were pioneered by Dibai (1980) and shown
to be consistent with reverberation mapping masses (e.g. Bochkarev
& Gaskell 2009). These measurements make use of the widths of
emission lines such as Hβ, Mg II or C IV in conjunction with the
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Table 3. Results of the Mg II line analyses.

QSO name z L(3000 Å)
1044 erg s−1 FWHM (km s−1) log( Mbh

M� )a log( Mbh
M� )b Lbol

LEdd
EWB (Å) EWall (Å)

CSO 18 1.300 139.87 2728.10 ± 0.49 8.71 9.25 0.32 20.28 22.09 ± 0.37
CSO 21 1.190 151.63 3244.49 ± 0.82 8.88 9.41 0.24 22.80 24.65 ± 0.33
CSO 233 2.030 220.37 1670.96 ± 0.95 8.40 8.92 1.08 17.60 17.60 ± 0.84
CSO 879 0.549 44.02 1548.88 ± 0.50 7.90(8.85) 8.50 0.56 10.47 14.96 ± 0.33
PG 0935+416 1.966 711.91 2518.34 ± 1.19 9.08 9.53 0.86 4.68 5.00 ± 0.34
PG 0946+301 1.220 355.37 2216.44 ± 0.37 8.78 9.27 0.78 13.62 14.80 ± 0.27
PG 1206+459 1.155 607.67 2441.60 ± 0.76 9.01 9.47 0.84 12.30 13.46 ± 0.21
PG 1248+401 1.032 254.23 2337.98 ± 0.28 8.73 9.24 0.59 16.82 18.84 ± 0.30
PG 1254+047 1.018 231.12 3603.36 ± 0.57 9.08 9.60 0.24 15.65 18.63 ± 0.28
PG 1259+593 0.472 76.12 2417.71 ± 0.65 8.44(8.65) 9.01 0.30 8.77 12.71 ± 0.28
PG 1338+416 1.204 249.35 3062.60 ± 0.85 8.96 9.47 0.34 13.22 16.08 ± 0.29
PG 1630+377 1.478 612.30 2793.42 ± 1.91 9.13 9.59 0.65 12.12 13.45 ± 0.26
Q 1628.5+3808 1.461 193.09 2167.82 ± 0.58 8.59 9.12 0.60 16.54 16.54 ± 0.37
Q J0751+2919 0.912 347.62 2432.96 ± 0.37 8.85 9.34 0.64 14.79 15.98 ± 0.25
UM 497 2.022 342.38 1901.77 ± 0.56 8.63 9.13 1.04 22.83 22.83 ± 0.46
US 1420 1.473 199.32 1708.34 ± 0.45 8.40 8.92 0.98 7.50 10.76 ± 0.33
US 1443 1.564 302.09 2589.39 ± 0.61 8.87 9.37 0.53 14.10 14.10 ± 0.30
US 1498 1.406 162.70 1844.98 ± 0.29 8.41 8.94 0.76 11.73 12.87 ± 0.34
US 1867 0.513 39.58 1745.21 ± 0.39 7.98(8.52) 8.58 0.42 13.12 16.87 ± 0.24
US 3150 0.467 22.81 1467.23 ± 1.09 7.68(8.55) 8.31 0.45 8.84 13.46 ± 0.39
US 3472 0.532 45.26 2234.99 ± 0.39 8.23(8.94) 8.83 0.27 15.13 18.94 ± 0.32
TON 52 0.434 28.10 1739.86 ± 0.78 7.88(8.39) 8.51 0.36 17.31 17.31 ± 0.49
CSO 174 0.653 36.73 3564.17 ± 1.06 8.58(9.24) 9.19 0.10 32.41 36.94 ± 0.36
TON 34 1.925 1761.85 3006.16 ± 0.62 9.47 9.88 0.94 10.77 14.04 ± 0.28
CSO 179 0.782 95.95 2691.86 ± 0.28 8.59(9.18) 9.15 0.28 20.44 25.62 ± 0.33
PG 1522+101 1.328 765.86 3437.96 ± 0.90 9.37 9.82 0.48 15.66 16.13 ± 0.25

aUsing the McLure & Dunlop (2004) scaling relation, i.e. equation (2). The values given in parentheses are from our Hβ

measurements for the same object from Table 2.
bUsing the fixed slope of the r–L relation from Dietrich et al. (2009), i.e. equation (3).

bolometric luminosity (e.g. Vestergaard & Peterson 2006). This
method relies upon the FWHM indicating the typical velocities of
clouds bound to the BH and the assumption that the mean distances,
r, of the clouds emitting particular lines are determined by their ion-
ization potentials, and thus scale with the ionizing continuum, L,
of the QSO. We have used our Hβ or Mg II FWHM measurements
to compute the BH mass of RQQSOs in our sample, as such es-
timates will also impose important constraints in studies trying to
understand the nature of RQQSOs (e.g. Czerny et al. 2008).

Vestergaard & Peterson (2006) presented improved empirical
relationships useful for estimating the central BH mass based on
FWHMs of emission lines such as Hβ, Mg II and C IV. We used
their following scaling relation to estimate the BH masses based on
Hβ lines (Vestergaard & Peterson 2006, their equation 5):

log MBH(Hβ) = log

{[
FWHM(Hβ)

1000 km s−1

]2
}

+ (6.91 ± 0.02) + log

[
λLλ(5100 Å)

1044 erg s−1

]0.50±0.06

, (1)

where Lλ(5 100 Å) is the monochromatic luminosity at 5100 Å,
which we have computed from the best-fitting power-law contin-
uum, a1λ

−α , in our simultaneous fit of the whole spectral region
(see Section 3.1).

As is evident from this equation, careful measurements of the
FWHM of emission lines are crucial for good BH mass estimations.
So, it is very important to decompose the lines into broad and narrow
components, since the former are much more likely to be in the BH

sphere of influence, while the latter are contributed from the much
more distant narrow-line region under the dynamical influence of the
galaxy’s stellar component. Therefore, as described in Section 3.1,
we have constrained the narrow component’s profile to be linked
to the O III λλ4959, 5007 line profile while the broad component’s
profile is associated with the broad Fe II emission multiplet. We have
modelled the whole Fe II emission multiplet by also decomposing
it into broad and narrow component contributions. This aspect of
the fitting has been largely ignored in almost all previous BH mass
estimation studies until recent efforts by Dong et al. (2008, 2009a).
So, in the above equation (1) the FWHM we used, from among
our Gaussian decomposition of Hβ line (Section 3), is the one with
its width tied with the width of the broad Fe II emission line, after
correcting for instrumental broadening. The result of our analysis
using Hβ lines is summarized in Table 2.

To estimate BH masses based on Mg II, we initially adopted the
calibrations in McLure & Dunlop (2004), i.e.

log MBH(Mg) II = (0.62 ± 0.14) log

[
λLλ(3000 Å)

1044 erg s−1

]

+ 2 log

[
FWHM(Mg II)

km s−1

]
+ 0.505 , (2)

where the monochromatic luminosity at 3000 Å has been computed
from our power-law fit of the continuum and the FWHM used is
the broad component of our double Gaussian decomposition model,
after correcting for the instrumental broadening. The result of our
Mg II analysis for BH mass based on the McLure & Dunlop (2004)
scaling relation is summarized in Column 5 of Table 3.
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Figure 4. Histograms of FWHM and rest-frame EW based on best fits of Hβ and Mg II lines. The shaded regions correspond to sources with confirmed optical
microvariability while the non-shaded regions are for those sources for which optical microvariability is not detected.

In our sample eight QSO spectra cover both Mg II and Hβ lines,
which allow us to compare whether or not the BH masses estimated
with them are consistent with one another. As can be noted from
Column 5 of Table 3, where BH mass estimates based on Hβ lines
are in parentheses, the differences can be even as large as 0.95 dex
(e.g. CSO 879, Fig. 2). Also, we note that in all the eight cases the
Mg II-based mass estimate is smaller than the one based on the Hβ

line. One possible reason could be the uncertainty in the slope, β, of
the r–L relation; from equation (2), β = 0.62 ± 0.14, so the nominal
uncertainty is ∼25 per cent. Recent studies on the r–L relation also
indicate that the slope of the radius–luminosity relation is close to
β = 0.5, consistent with basic predictions of photoionization models
(e.g. Davidson & Netzer 1979; Osterbrock & Ferland 2005). The
presence of steeper slopes in some analyses appears to be caused by
not correcting for contributions of the host galaxy to the continuum
luminosity (Bentz et al. 2006, 2009). Dietrich et al. (2009) have
addressed this problem by assuming the slope of the r–L relation to
be 0.5, as seems to hold for the Hβ line, and they then calculated
the average scaling constant D; following their equation (6), viz

Mbh(Hβ) = Mbh(Mg II) = D

[
λLλ(3000)

1046 erg s−1

]0.5

[
FWHM(Mg II λ2800)

1000 km s−1

]2

M� , (3)

where the Mbh(Hβ) values were computed from their near-infrared
spectra and the FWHM(Mg II λ2800) values came from their optical

spectra. They find D = (2.0 ± 0.5) × 108 M�. Using this empirical
constant D in equation (3), we recalculated the Mg II-based BH
masses; the results are given in the sixth column of Table 3. As
can be noted from Columns 5 and 6 and illustrated in Fig. 5, the
discrepancy between the masses from the two lines for the cases
where both can be evaluated is reduced, and ranges from 0.05 to
0.36 dex, which is within the expected systematic uncertainty of BH
masses (around a factor of 4) based on single-epoch measurements
(Vestergaard & Peterson 2006). These consistent BH mass estimates
range from ∼108 to >109 M� for our sample. We note that the
prescriptions we have adopted are not unique and that several other
prescriptions for BH masses in terms of virial parameters obtained
from Hα as well as Hβ and Mg II also have been considered. These
have been recently summarized by McGill et al. (2008) who show
that the level of agreement we have obtained can be improved upon
somewhat with the consideration of a larger number of AGN.

5 ED D I N G TO N R AT I O S A N D B L AC K H O L E
GROW TH TI MES

We have also estimated the Eddington ratio � ≡ Lbol/LEdd, where
Lbol is taken as 5.9 × λLλ(3000 Å) and 9.8 × λLλ(5100 Å) for Mg II

and Hβ, respectively (McLure & Dunlop 2004) and LEdd = 1.45 ×
1038(Mbh/M�) erg s−1, assuming a mixture of hydrogen and helium
so the mean molecular weight is μ = 1.15. The results are given
in Fig. 6 which shows that distributions of sources showing and not
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Figure 5. Comparison of BH masses estimated using Hβ and Mg II lines
for the eight sources for which spectra cover both Hβ and Mg II lines. The
Mg II-based BH masses using equation (2) (McLure & Dunlop 2004) are
shown by hollow circles, while those based on equation (3) (Dietrich et al.
2009) are shown by filled circles. The dotted line shows equal BH masses
estimated using Hβ and Mg II lines.

showing optical microvariability are not significantly different with
respect to either BH mass or �.

To test the reasonableness of estimated Eddington ratios, we also
computed BH growth times to compare them with the age of the
Universe (at the time the QSO is observed), by using the following
equation (Dietrich et al. 2009):

Mbh(tobs) = M seed
bh (t0) exp

[
�

(1 − ε)

ε

τ

tEdd

]
, (4)

where τ = tobs − t0 is the time elapsed since the initial time,
t0, to the observed time, tobs,M

seed
bh is the seed BH mass, ε is the

efficiency of converting mass to energy in the accretion flow and
tEdd is the Eddington time-scale, with tEdd = σ Tc/4πGmp = 3.92 ×
108 yr (Rees 1984). We used equation (4) to derive the times, τ ,
necessary to accumulate the BH masses listed in Tables 2 and 3 for
seed BHs with masses of M seed

bh = 10 M�, 103 M� and 105 M�,
respectively. Two cases are considered: (i) BHs are accreting at
the Eddington-limit, i.e. � = Lbol/LEdd = 1.0 and the efficiency
of converting mass into energy is ε = 0.1; (ii) BHs are accreting
with our observed Eddington ratios and ε = 0.1. These results are
summarized in Tables 4 and 5.

In Fig. 7, we show the observed variations of FWHM and EW
with � based on both Hβ and Mg II lines. There appear to be linear
relations of both FWHM and EW with � in these log–log plots.
For the FWHM plots, this is unsurprising since the BH masses are
proportional to LEdd. To quantify any such linear relations for the EW
plots, we perform linear regressions, treating � as the independent
variable, and find

logEW(Hβ) = (1.12 ± 0.14) + (−0.22 ± 0.15) log �,

logEW(Mg II) = (1.04 ± 0.05) + (−0.34 ± 0.12) log �.
(5)

Here, the errors on the fit parameters are purely statistical. We have
calculated the Spearman rank correlations of logEW with log� and
found the correlation coefficient for rs(Hβ) = −0.22, with null
probability pnull = 0.35, and so only a possible weak correlation is
present. Whereas rs(Mg II) = −0.52, with pnull = 0.01 and so this
negative correlation is significant.

6 D I SCUSSI ON AND C ONCLUSI ONS

Several recent papers have used the very large numbers of quasars
discovered by modern surveys to estimate their BH masses using
virial approaches (e.g. Fine et al. 2008; Shen et al. 2008; Vestergaard
& Osmer 2009). The large numbers of quasars whose spectra are fit
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Figure 6. The upper-left and middle panels show the histograms of the Eddington ratio Lbol/LEdd and log(Mbh/M�) based on the Hβ line, while the
corresponding bottom panels show the results based on the Mg II line. The shaded regions correspond to sources with confirmed optical microvariability while
the non-shaded regions are for those sources for which optical microvariability is not detected. The right-upper and bottom panels, respectively, show plots of
log(Mbh/M�) versus Lbol. Triangles and circles, respectively, show sources with and without confirmed optical microvariability.
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Table 4. BH growth time estimates (in units of Gyr) from the Hβ line analysis.

object z Lbol/LEdd = 1.0 Lbol/LEdd obs.a Age of the
Mbh(seed) Mbh(seed) Universe

10 M� 103 M� 105 M� 10 M� 103 M� 105 M� (109 yr)

CSO 174 0.653 0.83 0.63 0.43 11.81 8.94 6.07 7.44
CSO 179 0.782 0.82 0.62 0.42 3.42 2.58 1.75 6.73
CSO 448 0.317 0.74 0.54 0.33 3.20 2.33 1.46 9.89
CSO 879 0.551 0.79 0.59 0.39 3.03 2.26 1.49 8.08
Mrk 1014 0.163 0.70 0.50 0.30 2.49 1.78 1.06 11.43
PG 0832+251 0.331 0.79 0.59 0.39 6.59 4.92 3.25 9.77
PG 0923+201 0.192 0.84 0.64 0.44 42.22 32.19 22.16 11.12
PG 0931+437 0.458 0.86 0.66 0.46 17.29 13.28 9.27 8.73
PG 1049−005 0.359 0.81 0.60 0.40 5.37 4.03 2.69 9.52
PG 1259+593 0.474 0.77 0.57 0.37 1.22 0.90 0.58 8.62
PG 1307+085 0.154 0.75 0.55 0.35 6.83 5.01 3.18 11.53
PG 1309+355 0.183 0.77 0.57 0.37 5.15 3.81 2.47 11.22
PG 1444+407 0.268 0.75 0.55 0.35 3.59 2.63 1.68 10.35
Q 1252+0200 0.344 0.93 0.73 0.53 92.97 72.91 52.85 9.66
TON 52 0.434 0.74 0.54 0.34 1.61 1.18 0.74 8.91
US 1867 0.514 0.75 0.55 0.35 1.45 1.06 0.68 8.33
US 3150 0.469 0.76 0.56 0.36 2.80 2.06 1.32 8.65
US 3472 0.532 0.80 0.60 0.40 3.98 2.98 1.98 8.20
US 995 0.227 0.75 0.55 0.35 9.41 6.91 4.40 10.76

aValues of � estimated using Hβ lines (Table 2).

Table 5. BH growth time estimates (in units of Gyr) from the Mg II line analysis.

Object z Lbol/LEdd = 1.0 Lbol/LEdd obs.a Age of the
Mbh(seed) Mbh(seed) Universe

10 M� 103 M� 105 M� 10 M� 103 M� 105 M� (109 yr)

CSO 18 1.300 0.83 0.63 0.43 2.59 1.96 1.33 4.73
CSO 21 1.190 0.84 0.64 0.44 3.51 2.68 1.84 5.07
CSO 233 2.030 0.79 0.59 0.39 0.74 0.55 0.36 3.18
CSO 879 0.549 0.75 0.55 0.35 1.34 0.98 0.63 8.09
PG 0935+416 1.966 0.86 0.65 0.45 0.99 0.76 0.53 3.28
PG 0946+301 1.220 0.83 0.63 0.43 1.06 0.81 0.55 4.97
PG 1206+459 1.155 0.85 0.65 0.45 1.01 0.77 0.53 5.18
PG 1248+401 1.032 0.83 0.63 0.43 1.40 1.06 0.72 5.63
PG 1254+047 1.018 0.86 0.66 0.46 3.59 2.76 1.92 5.68
PG 1259+593 0.472 0.80 0.60 0.40 2.68 2.01 1.34 8.63
PG 1338+416 1.204 0.85 0.65 0.45 2.50 1.91 1.32 5.02
PG 1630+377 1.478 0.86 0.66 0.46 1.33 1.02 0.71 4.25
Q 1628.5+3808 1.461 0.81 0.61 0.41 1.36 1.02 0.69 4.30
Q J0751+2919 0.912 0.84 0.64 0.44 1.31 0.99 0.68 6.12
UM 497 2.022 0.82 0.61 0.41 0.78 0.59 0.40 3.19
US 1420 1.473 0.79 0.59 0.39 0.81 0.61 0.40 4.27
US 1443 1.564 0.84 0.64 0.44 1.58 1.21 0.83 4.05
US 1498 1.406 0.80 0.60 0.40 1.05 0.78 0.52 4.44
US 1867 0.513 0.76 0.56 0.36 1.81 1.33 0.85 8.33
US 3150 0.467 0.73 0.53 0.33 1.63 1.18 0.74 8.67
US 3472 0.532 0.79 0.58 0.38 2.91 2.17 1.42 8.20
TON 52 0.434 0.75 0.55 0.35 2.09 1.53 0.98 8.92
CSO 174 0.653 0.82 0.62 0.42 8.21 6.21 4.20 7.43
TON 34 1.925 0.89 0.69 0.49 0.95 0.73 0.52 3.35
CSO 179 0.782 0.82 0.62 0.42 2.92 2.20 1.49 6.73
PG 1522+101 1.328 0.88 0.68 0.48 1.84 1.42 1.01 4.65

aValues of � estimated using Mg II lines (Table 3).

in these particular papers (between 1100 and almost 57 700) have al-
lowed for very important new conclusions to be drawn about quasar
demography. Shen et al. (2008) have found that the linewidths of
Hβ and Mg II follow lognormal distributions with very weak depen-
dencies on redshift and luminosity. Their comparison of BH masses

of radio-loud quasars [radio-loud quasi-stellar objects (RLQSOs)]
and BALs with those of ‘ordinary’ quasars (RQQSOs) shows that
the mean of virial masses of RLQSOs is 0.12 dex larger than that of
ordinary quasars, while that of BALs is indistinguishable from that
of ordinary quasars. Fine et al. (2008) used Mg II lines to estimate
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Figure 7. Observed variation of FWHM (upper) and EW (lower) with the Eddington ratio (� = Lbol/LEdd) based on both Hβ (left) and Mg II (right) lines.
Triangles and circles, respectively, show sources with and without confirmed optical microvariability. The dashed lines show the linear regression fits treating �

as the independent variable. The correlations of both FWHM and EW with � suggest that the Eddington ratio is one of the fundamental parameters responsible
for some AGN properties.

BH masses, and found that the scatter in measured BH masses is
luminosity-dependent, showing less scatter for more luminous ob-
jects. Vestergaard & Osmer (2009) have studied the mass functions
of BH masses at different redshifts, and found evidence for cosmic
downsizing in their cosmic space density distributions.

The sample we have considered is much smaller, but each mem-
ber has been carefully selected to be among the special group of
RQQSOs and Sy galaxies already examined for optical microvari-
ability (e.g. Carini et al. 2007). This criterion demands that modest
aperture (usually 1–2 m) telescopes can make precise photometric
measurements in just a few minutes, and so limits the members
to the rare QSOs with bright apparent magnitudes (usually mV <

17.5). In addition, special care was taken in the fitting of the line
profiles as discussed in Sections 3.1 and 3.2.

As the precision of CCD-based differential photometry has typ-
ically improved to better than 0.01 mag for these measurements
made in a few minutes, the question as to the presence of mi-
crovariability in RQQSOs has been clearly settled in the affirmative
(Gopal-Krishna et al. 2000, 2003; Stalin et al. 2004a,b; Gupta &
Joshi 2005; Carini et al. 2007; Gupta & Yuan 2009; Ramı́rez et al.
2009). However, these papers find that the duty cycle (DC), or frac-
tion of nights such behaviour is detected, is low, roughly 10–20 per
cent, for RQQSOs observed for reasonably long periods (4 h or
more) during a night. On the other hand, blazars show much more
rapid variability, with DCs for such monitoring periods around 50–
60 per cent and when observed for >6 h the blazar DCs rise to

60–85 per cent (e.g. Carini 1990; Sagar et al. 2004; Gupta & Joshi
2005). The difference in microvariability amplitudes and DCs be-
tween RQQSOs and blazars can be easily understood if all the
fluctuations arise from a jet very close to the central engine, but that
jet only escapes that region and emits significant radio power for RL
objects (e.g. Gopal-Krishna et al. 2003; Gopal-Krishna, Mangalam
& Wiita 2008). Moreover most RLQSOs that are not blazars would
only have modest (if any) Doppler boosting, so that they also have
DCs comparable to those of RQQSOs, as found in the samples of
Stalin et al. (2005) and Ramı́rez et al. (2009), or at a level between
those of RQQSOs and blazars (35–40 per cent, in the sample of
Gupta & Joshi 2005), is not surprising. Only recently has a decent-
sized sample of radio intermediate quasars (RIQs), defined as those
relatively rare objects with radio to optical flux ratios in the regime
between those that are truly radio quiet and those normally defined
as RLQSOs, been targeted for microvariability monitoring (Goyal
et al. 2009); their key result is that the RIQs also probably have
a DC ≤ 20 per cent. Therefore, they are not likely to be beamed
versions of RQQSOs as has been frequently suggested (Goyal et al.
2009).

We conclude that there may be a weak negative correlation be-
tween Hβ EW and the Eddington ratio, �, but there is a significant
one between the Mg II EW and � (Fig. 7; Section 5). This latter
point has been made independently and more firmly by Dong et al.
(2009b) using a larger sample drawn from SDSS. We can also
see from Fig. 7 that there is a decline in FWHM with �; this is
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Figure 8. As in Fig. 7 with Lbol as the independent variable. This panel indicates that most of the sources with optical microvariability are of low luminosities.

unsurprising since the BH masses are proportional to LEdd. We see
from Fig. 8 that there is a tendency for sources with detectable opti-
cal microvariability to have somewhat lower luminosities than those
with no such detections. This is interesting, and should be confirmed
by examining larger samples. But it is not surprising, as regardless
of whether the microvariability arises in accretion discs or jets,
more massive BHs have naturally longer characteristic time-scales
that will presumably make any variations harder to detect over the
course of a single night.

We also find that the BH masses estimated from the FWHMs
of both the Hβ and Mg II lines are reasonable, in that growth to
their estimated masses from even small seed BHs is easily possible
within the age of the Universe at their observed redshift if the mean
� values are close to unity (Tables 4 and 5). This remains true for
the great majority of RQQSOs if the value of � we compute from
the current continuum flux was constant until the time we observe
them; however, this assumption does not work for four out of the
19 QSOs with Hβ lines. It is also problematical for one out of the
26 QSOs with Mg II lines (i.e. CSO 174, which is also among the
difficult set of four using Hβ profiles).

We find no difference between the EWs (of both the Hβ or Mg II

lines) and the presence or absence of radio emission in those QSOs
(Figs 4 and 7). As discussed in the Introduction, if much of the
optical emission in RLQSOs comes from a jet, then we would expect
the EWs of the RLQSO sources to be significantly lower than those
of the RQQSOs and, if anything, they are slightly higher in our
sample. This result does not support the hypothesis (e.g. Czerny

et al. 2008) that RQQSOs possess jets that are producing rapid
variations. Instead, it may indicate that variations involving the
accretion disc (e.g. Wiita 2006) play an important role here.

Improvements to our results could be obtained through extensive
searches for INOV in a larger sample of RQQSOs. It should be
useful to divide the sample of sources based on their EWs as avail-
able from SDSS, or otherwise uniformly obtained, spectra. Such
samples could be divided into three classes based on EW of Hβ,
e.g. EW < 40 Å, 40 Å ≤ EW < 80 Å and EW ≥ 80 Å. Such sam-
ples should be made as homogeneous as possible on the basis of
apparent magnitudes, z and MV . With such larger and homogeneous
samples, the absence of a correlation between EW and DC of INOV,
as found here in our modest sample, could be confirmed or shown
to be unlikely.
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Dibai É. A., 1980, SvA, 24, 389
Dietrich M., Mathur S., Grupe D., Komossa S., 2009, ApJ, 696, 1998
Dong X.-B., Wang T.-G., Wang J.-G., Yuan W., Zhou H., Dai H., Zhang K.,

2008, MNRAS, 383, 581
Dong X.-B, Wang J.-G., Wang T.-G., Wang H., Fan X., Zhou H., Yuan, W.,

2009a, preprint (arXiv:0903.5020)
Dong X.-B., Wang T.-G., Wang J.-G., Fan X., Wang H., Zhou H., Yuan W.,

2009b, ApJ, 703, L1
Ferland G. J., Korista K. T., Verner D. A., Ferguson J. W., Kingdon J. B.,

Verner E. M., 1998, PASP, 110, 761
Fine S. et al., 2008, MNRAS, 390, 1413
Fitzpatrick E. L., 1999, PASP, 111, 63
Forster K., Green P. J., Aldcroft T. L., Vestergaard M., Foltz C. B., Hewett

P. C., 2001, ApJS, 134, 35
Gaskell C. M., 2006, in Gaskell C. M., McHardy I. M., Peterson B. M.,

Sergeev S. G., eds, ASP Conf. Ser. Vol. 360, AGN Variability from
X-rays to Radio Waves. Astron. Soc. Pac., San Francisco, p. 111

Gopal-Krishna, Wiita P. J., Altieri B., 1993, A&A, 271, 89
Gopal-Krishna, Gupta A. C., Sagar R., Wiita P. J., Chaubey U. S., Stalin

C. S., 2000, MNRAS, 314, 815

Gopal-Krishna, Stalin C. S., Sagar R., Wiita P. J., 2003, ApJ, 586, L25
Gopal-Krishna, Mangalam A., Wiita P. J., 2008, ApJ, 680, L13
Goyal A., Gopal-Krishna, Joshi S., Sagar R., Wiita P. J., Anupama G. C.,

Sahu D. K., 2009, MNRAS, in press
Gupta A. C., Joshi U. C., 2005, A&A, 440, 855
Gupta A. C., Yuan W., 2009, New Astron., 14, 88
Kelly B. C., Bechtold J., Siemiginowska A., 2009, ApJ, 698, 895
Mangalam A. V., Wiita P. J., 1993, ApJ, 406, 420
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