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ABSTRACT

Narrow-line Seyfert 1 galaxies (NLSyls) are a subclass of active galactic nuclei (AGNs), commonly associated with rapidly
accreting, relatively low-mass black holes (10°~10% M) hosted in spiral galaxies. Although typically considered to have high
Eddington ratios, recent observations, particularly of y-ray-emitting NLSy1s, have raised questions about their true black hole
masses, with some estimates approaching those of Broad-line Seyfert 1 (BLSy1) systems. In this work, we present the recalibrated
mass estimations for a large sample of NLSy1 galaxies with z < 0.8. We apply the damped random walk (DRW) formalism to
a comparison set of 1141 NLSy1 and 1143 BLSy1 galaxies, matched in redshift and bolometric luminosity using SDSS DR17
spectroscopy. Our analysis employs a multivariate calibration that incorporates both the Eddington ratio and the rest-frame
wavelength to refine the mass estimates. We obtain median DRW-based black hole masses of log(MPRY /M) = 6.25 £ 0.65
for NLSyls and 7.07 & 0.67 for BLSyls, in agreement with their respective virial mass distributions. Furthermore, we identify
strong inverse trends between the variability amplitude and both optical luminosity and Fe II emission strength, consistent with
a scenario where higher accretion rates suppress long-term optical variability. These findings reinforce the view that NLSyls
harbor smaller black holes and highlight the value of variability-based approaches in tracing AGN accretion properties.

Key words: methods: data analysis—galaxies: active —galaxies: nuclei—galaxies: photometry —galaxies: Seyfert—quasars:

supermassive black holes.

1 INTRODUCTION

Narrow-line Seyfert 1 (NLSy1) galaxies represent a unique subclass
of active galactic nuclei (AGN) distinguished by their narrow
Hp emission lines (FWHM < 2000kms~!) and relatively weak
[O11]A5007 emission lines, with a flux ratio of [O I]A5007/H 8 <3
(D. E. Osterbrock & R. W. Pogge 1985; R. W. Goodrich 1989). They
typically exhibit steeper soft X-ray spectra (E < 2keV), soft X-ray
excess, and rapid soft X-ray variability (T. Boller, W. N. Brandt &
H. Fink 1996; T. Wang, W. Brinkmann & J. Bergeron 1996; K. M.
Leighly 1999a, b). These spectral and variability features are found to
be significantly correlated. In particular, T. A. Boroson & R. F. Green
(1992), through principal component analysis, demonstrated that the
primary eigenvector (Eigenvector 1) in AGN reflects a strong positive
correlation with the strength of Fell emission, an anticorrelation
with the strength of [O 1] emission and with the width of broad
Balmer lines, highlighting the spectral diversity within AGNSs. Later,
Y. Shen & L. C. Ho (2014) demonstrated the Fe II/H 8 sequence is
indeed correlated with L/Lgqq, making the Fe 1l /H B ratio a reliable
albeit empirical indicator for the Eddington ratio. In addition to this,
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M. P. Véron-Cetty, P. Véron & A. C. Gongalves (2001) reported
that NLSy1 galaxies frequently exhibit an Fe1l/H 8 intensity ratio
exceeding 0.5, reinforcing the role of strong Fell emission as a
defining characteristic of this subclass.

In addition to their distinctive spectral and X-ray properties,
NLSyls are also distinguished by the physical characteristics of
their central engines. Their relatively narrow widths ‘broad’ emission
lines imply lower virial velocities, which, when combined with AGN
luminosity, suggest comparatively low black hole masses. These
scaling relations, commonly referred to as single-epoch (SE) mass
estimates, are established using techniques such as reverberation
mapping (RM; R. D. Blandford & C. F. McKee 1982; B. M. Peterson
1993; E. M. Cackett, M. C. Bentz & E. Kara 2021), which measures
the time delay between variability in the continuum and the response
in broad emission lines (S. Kaspi et al. 2000, 2005; M. C. Bentz et al.
2006, 2009, 2013). Applying these methods, numerous studies have
found that NLSyls typically host black holes in the range of 10°—
108 My, that accrete at high rates, often approaching or exceeding
the Eddington limit (D. Grupe & S. Mathur 2004; J. K. Williams, M.
Gliozzi & R. V. Rudzinsky 2018).

Despite their relatively low black hole masses and high accretion
rates, a subset of NLSy1 galaxies has been observed to emit y-rays,
indicating the presence of relativistic jets (A. A. Abdo et al. 2009;
L. Foschini et al. 2011; F. D’Ammando et al. 2012; V. S. Paliya
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et al. 2018). This discovery has sparked significant interest, as it
challenges the prevailing notion that powerful jets are exclusive to
AGNs with massive black holes in elliptical host galaxies. Detailed
multiwavelength analyses, particularly in the radio band, along with
broad-band spectral energy distribution modelling, reveal that these
y-ray emitting NLSyls share several characteristics with blazars,
especially flat-spectrum radio quasars (V. S. Paliya et al. 2016, 2018).
The key distinction lies in both the host morphology and the inferred
black hole mass, as blazars are typically powered by black holes
exceeding 103 My and are hosted by elliptical galaxies, whereas
NLSy s are believed to contain lower mass black holes within spiral
galaxies.

Further evidence challenging virial mass estimates comes from
spectro-polarimetric and accretion disc modelling studies. R. D.
Baldi et al. (2016) estimated a black hole mass of 6 x 10% M, for
the y-ray-emitting NLSy1 galaxy PKS 2004-447 based on spectro-
polarimetric observations, an order of magnitude higher than the
5 x 10% Mg value obtained from the unpolarized total intensity
spectrum. Similarly, G. Calderone et al. (2013) applied accretion
disc model fitting to the spectra of 23 radio-loud NLSyls (RL-
NLSy1s) and found black hole masses comparable to those of blazars.
Expanding on this approach, G. Viswanath et al. (2019) analysed a
sample of ~554 RL-NLSy1 and radio-quiet NLSyl (RQ-NLSy1)
galaxies and compared their mass distributions to a control sample
of 471 radio-quiet Broad-line Seyfert 1 (RQ-BLSy1) galaxies. They
reported that the mean black hole mass for the NLSyl sample is
systematically higher than values derived from virial estimators.
Accretion disc modelling, therefore, provides an alternative method
for estimating black hole masses in type-1 AGNs (D. M. Capellupo
et al. 2015, 2016), while virial estimators remain the standard
approach despite their known systematic uncertainties (J. E. Mejia-
Restrepo et al. 2018). However, the caveat here is that most NLSy1s
accrete at high accretion rates (ri1 > 0.3, where m = ML‘M), where
the standard thin-disc (Shakura—Sunyaev) model is no longer valid,
making accretion disc-based mass estimates less reliable in such
cases (M. A. Abramowicz et al. 1988; J.-M. Wang & H. Netzer
2003).

These discrepancies in virial mass estimates highlight the need
for alternative approaches and a critical reassessment of existing
methods. One such approach is the damped random walk (DRW)
model, a stochastic process that effectively describes the optical
variability of quasars and AGNs (B. C. Kelly, J. Bechtold & A.
Siemiginowska 2009; S. Koztowski et al. 2010; C. L. MacLeod et al.
2010; Y. Zu et al. 2013). The DRW model appears to be a good
description over months to years time-scales, but there are likely
deviations from the simple DRW behaviour on much shorter or much
longer time-scales (e.g. Z. Stone et al. 2022; W. Yu et al. 2022). In
practice, the DRW model can be implemented as a Gaussian process
with an exponential covariance kernel, enabling efficient modelling
of light curve variability through a characteristic damping time-scale
(Tprw) and amplitude (opgrw). In the frequency domain, AGN light
curves typically exhibit a power spectral density (PSD) with a slope
of —2 at high frequencies and flatten to white noise (slope — 0) at
low frequencies (U. Giveon et al. 1999; C. L. MacLeod et al. 2010).
The transition between these regimes occurs at a characteristic break
frequency, defined as fu, = 1/(27 tprw), Where tprw denotes the
variability damping time-scale. This time-scale has been proposed
as a proxy for physical parameters such as black hole mass. Early
studies by S. Collier & B. M. Peterson (2001) and B. C. Kelly
et al. (2009) suggested a connection between this time-scale and the
physical properties of the central engine, including black hole mass.
However, the exact form of this dependence remains uncertain, with
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several studies reporting inconsistent or weak correlations (e.g. S.
Koztowski et al. 2010; T. Simm et al. 2016). More recently, C. J.
Burke et al. (2021) reported a statistically robust correlation based
on a sample of 67 AGNs with high-quality optical light curves,
described by:

+0.05
Mgy 0.38T0 04
) , (H

_ +11
TDRW — 107_12 d (]08 M@

where Mpy is the mass of the supermassive black hole (SMBH) and
Tprw 1S the damping time-scale characterizing the optical variability.

This relation exhibits an intrinsic scatter of 0.33*(}| dex in Mgy.

Notably, this correlation appears to hold across a wide range of
accreting systems. It has been extended to the stellar-mass regime
through optical variability studies of nova-like accreting white dwarfs
(S. Scaringi et al. 2015). Additionally, H. Zhang, S. Yang & B.
Dai (2024) reported a similar scaling based on a sample of seven
microquasars and 34 blazars observed with the XMM-Newton X-ray

Telescope and the Fermi Large Area Telescope, respectively:

MBH 0.57+0.02
108 Mo, '

T =120"13d ( 2

Beyond black hole mass, several other physical parameters
influence the damping time-scale tprw, including the rest-frame
wavelength (1) and the Eddington ratio (Rgqq), defined as the ratio
of bolometric luminosity to Eddington luminosity (C. L. MacLeod
et al. 2010; K. L. Suberlak, 7. Tvezi¢ & C. MacLeod 2021; Z. Stone
et al. 2022). The dependence of these parameters can be understood
in the context of the standard Shakura—Sunyaev accretion disc model
(N. I. Shakura & R. A. Sunyaev 1973). According to this theory, for
a given wavelength A, the characteristic emission region R, satisfies
the condition kg T (R;) = hc/A, where kg is Boltzmann’s constant,
h is Planck’s constant, c is the speed of light, and T'(R;) is the disc

temperature at radius R;. This leads to the scaling relation:
R;. ~1/3 ,1/3
e Mgy RIS, 3)

where Ry = 2G Mgy /c? is the Schwarzschild radius and Rgqq is the
Eddington ratio, defined as
Lol M

o'¢
Lgwa Mg

Reqa = “
with Ly, being the bolometric luminosity, Lggq the Eddington
luminosity, and M the mass accretion rate.

In standard accretion disc theory, the thermal time-scale (#y) is
expected to scale with the black hole mass and the disc radius as
follows:

-1 M R\
ta ~ 1680 () ou d, &)
001/ \10°M, ) \ 100,

where « is the viscosity parameter

In the analysis by C. J. Burke et al. (2021), a constant Eddington
ratio was assumed across the sample. Under this assumption, the
emission radius scales simply with mass as R; Mé{_f and hence,
the thermal time-scale becomes:

fn & Myl 6)

implying a direct connection between tprw and Mpy when Edding-
ton ratio is held fixed. However, for systems with high or variable
Rgqq. this dependence must be explicitly incorporated. For AGNs
with high or varying Eddington ratios, it is essential to explicitly
account for the influence of Rgyq on the thermal time-scale. In this
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regime, the scaling becomes:

fn oo AEMYT RS )
Building on this theoretical framework, S. Zhou et al. (2024)
empirically calibrated the dependence of tprw on Mpy, Rpad, and
rest-frame wavelength (Ars) using a sample of 190 quasars. They
derived the following relation based on DRW modelling:

log,o(t/days) = alog,,(Mgu/Mg) + blog,y(REda)
+ clogo(hest/A) + d, (8)

where the best-fitting parameters are a = 0.65 +0.01, b = 0.65 £
0.01,c = 1.19 £ 0.01,andd = —6.04 £ 0.05 (all at 1o uncertainty).
This multiparameter calibration demonstrates that Tpry is sensitive
not only to black hole mass, but also to accretion rate and emission
wavelength, especially in high-Eddington ratio systems. In this
formulation, the accretion ratio is defined as

Lyol
Reaa = ————, =
(1 + k)LEdd

where the factor (1 4 k) accounts for additional energy dissipation
associated with magnetic activity in the corona relative to turbulence
within the accretion disc (M. Sun et al. 2020; S. Zhou et al. 2024).
Motivated by this, we revisit the black hole mass estimates for NLSy1
galaxies, which are known to accrete at high Eddington ratios, often
near or above the Eddington limit. Using the DRW framework, we
aim to recalibrate Mgy for a large sample of NLSyls by explicitly
incorporating the role of accretion rate and comparing the results
with their BLSyl counterparts. Our analysis is based on g-band
photometric light curves from the Zwicky Transient Facility (ZTF),
including both archival and forced photometry, with sources drawn
from the catalogue of V. S. Paliya et al. (2024). Section 2 details
the sample selection and light curve assembly. In Section 3, we
describe the DRW modelling approach using the TAUFIT package
and the construction of the final analysis sample. Section 4 presents
our main results, including updated mass distributions and variability
correlations, followed by conclusions in Section 5.

)

W=

2 SAMPLE SELECTION

We began with an initial sample of 22656 NLSyls and 52273
BLSyls from the catalogue compiled by V. S. Paliya et al. (2024),
based on spectroscopic data from the Sloan Digital Sky Survey
(SDSS) Data Release 17. These sources, classified as either QSOs or
GALAXIES by the SDSS pipeline, span redshifts up to z < 0.8. To
ensure reliable NLSy]1 classification, the catalogue required that both
the H 8 and [O111] emission lines be present in the optical spectra,
with the FWHM of the broad H 8 line less than 2000 kms~' and a
flux ratio [O11] /H B < 3 (D. E. Osterbrock & R. W. Pogge 1985; R.
W. Goodrich 1989).

For this work, we selected a refined sample of 5666 NLSyls
and a controlled sample of 5557 BLSy1s, matched in the Redshift—
Luminosity (L-z) plane and limited to sources brighter than 19 mag in
the SDSS r band (see Fig. 1). The BLSy1 counterparts were selected
such that the matching distance in the L—z plane did not exceed 0.2,
resulting in a well-controlled sample with over 98 per cent of NLSy1s
successfully matched. The SDSS r-band filter was chosen for the
magnitude cut because it has a relatively high throughput, compared
to other SDSS filters. To analyse the optical variability of these
sources, we utilized light curves from both the archival ZTF survey
and the ZTF forced photometry data set (F. J. Masci et al. 2023).
The forced photometry data provide a significantly greater number
of epochs and a longer observational baseline than the archival data,
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Figure 1. Distribution of the refined sample of NLSy1s (red circle) and their
matched BLSy1 counterparts (black star) in the luminosity—redshift (L—z)
plane. All sources have SDSS r-band magnitudes < 19 and were selected
from the catalogue of V. S. Paliya et al. (2024). The BLSyl sample was
matched using a maximum distance of 0.2 in the L—z plane.

thereby improving the robustness and reliability of the DRW model
fitting.

2.1 Photometric data

We retrieved the light curves for our final sample from the Infrared
Science Archive (IRSA) at IPAC, using the most recent public data
release (DR23) of the ZTF survey (E. C. Bellm et al. 2019; M.
J. Graham et al. 2019; F. J. Masci et al. 2019). The data were
obtained using a positional search radius of 1 arcsec, which also
includes intranight observations from overlapping field IDs. ZTF is
a new optical time-domain survey conducted primarily with the 48-
inch Samuel Oschin Schmidt telescope at the Palomar Observatory.
It employs a custom-built wide-field camera with a field of view
of 47 df:g2 and observes in the g, r, and i bands, with effective
wavelengths of 4753, 6369, and 7915 A, respectively. In this study,
we focus exclusively on the g-band light curves, which provide the
highest number of observations and the longest temporal baseline
(~2000d). This makes it particularly well-suited for studying AGN
optical variability, compared to the more sparsely sampled r and i-
band data. Also, we do not use the r and i-band light curves to explore
the wavelength dependence on 7, as the small separation between the
g and r bands limits the ability to identify any significant trends in ©
with rest-frame wavelength. To ensure robust variability modelling,
we refined the initial sample by selecting only those sources with
g-band light curves containing more than 150 epochs. This selection
yielded a subsample of 4968 NLSy1 and 5044 BLSy1 galaxies, which
were subjected to further DRW fitting and quality assessment.
Before applying the DRW modelling to the archival light curve
data, we performed 3o clipping on each seasonal segment of the
light curves. This procedure helped mitigate the impact of outliers
by removing extreme deviations within individual seasons, thereby
preserving the intrinsic variability of the sources. In addition,
we filtered the light curves by retaining only those epochs with
CATFLAGS = 0, which ensures the exclusion of data points affected
by known observational issues such as moonlight contamination,
poor image subtraction, saturation, or proximity to charged-coupled
device edges. This quality filtering step enhances the reliability of the
photometric measurements used in our analysis. The archival ZTF
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Figure 2. Distribution of the number of epochs and temporal baselines for the ZTF g-band light curves. The left panel shows the archival (normal) photometry,
while the right panel shows the forced photometry. Red solid-line histograms represent NLSy1 galaxies (final sample: 1254), and black dashed-line histograms
represent BLSyl galaxies (final sample: 1270). For the archival light curves, the median baseline is ~2000d with a median of 580 high-quality epochs. In
comparison, the forced photometry offers an extended baseline of ~2250d and a higher median of ~665 epochs, enabling improved sampling for variability

studies.

photometric light curves typically contain around ~580 high-quality
epochs spanning a rest-frame baseline of approximately ~2000d,
with a typical photometric uncertainty of 0.047 mag in an image. The
distribution of epochs and baseline lengths is illustrated in Fig. 2.

2.2 Forced photometry data

We also obtained data from the ZTF Forced Photometry Service
(ZFPS), maintained by the ZTF Science Data System team at
IPAC/Caltech (F. J. Masci et al. 2023), which provides light curves
on a request basis. The ZTF forced photometric light curves typically
consist of an average of ~665 epochs spanning a baseline of
approximately ~2250d, with a typical photometric uncertainty of
0.035 mag per detection. In forced photometry, the flux of a source
is measured at fixed celestial coordinates across all available epochs,
regardless of whether the source was independently detected in
individual exposures. The forced photometry is carried out on
difference images, obtained by subtracting the reference frame from
each science exposure, rather than on the original science images. The
measured differential flux is then combined with the reference flux
to obtain the total calibrated flux. This method ensures consistent
flux estimation across time and enables the recovery of faint or
transient features. Since the ZFPS includes both recent and archival
observations, it is particularly well-suited for generating uniform
light curves of variable AGN and improving the reliability of DRW
modelling.

Following ZFPS guidelines,' we performed a series of quality
control steps on all forced photometry light curves. Key photometric
quantities, such as difference flux and reference magnitude, were
converted to flux space, with associated uncertainties propagated
accordingly. We computed total fluxes and retained only those epochs
with a signal-to-noise ratio (SNR) greater than 3 to ensure the
reliability of the measurements. Calibrated magnitudes were then
derived, and non-detections or unreliable points were discarded.
We restricted the analysis to g-band observations and applied a
filter on the PROCSTATUS flag, retaining only values of 0, 59, or
60, which indicate successful or minimally problematic reductions.
The PROCSTATUS flag value of 0 indicates successful execution,
while 59 and 60 correspond to minor processing flags, slightly
elevated photometric uncertainties. These flags do not significantly
compromise the quality of the light curves and were found to
preserve the reliability of variability measurements without intro-
ducing systematic bias. To further mitigate contamination from poor
image subtractions or extended structures, we excluded epochs with

Uhttps://irsa.ipac.caltech.edu/data/ZTF/docs/ztf forced_photometry.pdf
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anomalously high values of NEARESTREF CHI, which quantifies the
reduced chi-squared of the PSF fit to the nearest reference image;
higher values typically indicate poor fits due to nearby sources or
extended morphology. As with the archival light curves, we also
applied 3o clipping on a seasonal basis to remove statistical outliers,
ensuring consistent treatment across both data sets. These steps
yielded clean, high-quality light curves suitable for DRW modelling
and time-domain variability analysis.

3 DATA ANALYSIS: LIGHT CURVE FITTING

AGN light curves have been extensively studied using the DRW
framework, which characterizes variability through two key parame-
ters: the damping time-scale, T representing the signal decorrelation
time-scale, and the variability amplitude, o (C. L. MacLeod et al.
2010). We modelled the light curves using the DRW-based TAUFIT
package,? developed by C. J. Burke et al. (2021). The package is
built on the fast Gaussian process solver Celerite (D. Foreman-
Mackey et al. 2017), which uses the following covariance kernel:

k(t;) = ZUSRWCXP(_tij/TDRW) + 0i25ij, 9

where t;; = |t; —t;] is the rest-frame time interval between epochs
t; and ¢t;. The term where o; captures additional white noise that is
common to all epochs, often referred to as jitter, to compensate for
underestimated or unmodelled uncertainties in the photometric data,
with o2 representing its variance. The Kronecker delta §;; ensures that
the noise is uncorrelated between different epochs. This covariance
structure corresponds to the form of the structure function (SF), given
by:

SFE,‘ = SFZ.(1 — exp(—t;;/Torw))s (10)

where SF, = ﬁaDRW denotes the asymptotic variability amplitude.
In the frequency domain, this kernel gives rise to a PSD that
transitions from a flat (white noise) regime at low frequencies to
a power-law (f~2) decline at high frequencies. The characteristic
break frequency at which this transition occurs is defined as:

Jor=-—"—, (11)

which provides a direct link between the time-domain damping time-
scale and the frequency-domain behaviour of the variability.

Within TAUFIT, we also perform Markov chain Monte Carlo
(MCMC) sampling via the EMCEE package (D. Foreman-Mackey
et al. 2013), to explore the posterior distributions of the model

Zhttps://github.com/burke86/taufit
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Figure 3. DRW modelling of NLS1 SDSS J000144.85+110959.9 Left panel: The g-band light curve of SDSS J000144.854+110959.9 (Mpy = 107795 M)
DRW model is fitted with 1o uncertainty as orange shaded area. Right panel: PSD normalized and binned, shown with 1o errors. The best-fitting broken power
law is overplotted in red, and the DRW-based posterior prediction of the PSD is represented by the orange shaded band. The corresponding break frequency fu,
(from the broken power-law fit) and 1/(27 tprw) (from the DRW fitting). The red shaded regions correspond to time-scales greater than 20 per cent the light
curve length (in panels left lower and right lower) and less than the mean cadence (panel C), where the PSD is not well sampled.

parameters. We adopted uniform priors for all parameters, used the
median of each posterior distribution as the best-fitting value, and
estimated the 1o uncertainties from the 16th and 84th percentiles. In
our analysis, these priors are uniform (flat) in log-space for the main
parameters: the damping time-scale (tprw), variability amplitude
(oprw), and white-noise term (o;). The prior ranges are automatically
set by TAUFIT based on the light-curve duration, cadence, and
photometric precision:

loga € [log(0.001 (mag err),,;,), log(10 A)],
log c € [log(1/(10baseline)), log(1/cadencemin)],
logo; € [—10, log A],

where mag err,; is the minimum photometric error, A is the total
amplitude of variability in the light curve, defined as A = (mag +
mag err)max — (mag — mag err)min, baseline is the total observing
period, and cadence,, is the minimum sampling interval. These
parameters further constrain the physical quantities of interest, where
¢ corresponds to the damping time-scale (¢ = 1/tprw) and a
corresponds to the variability amplitude term (a@ = 2073zy)-

In order to reliably constrain the damping time-scale (tprw)
while fitting the light curves, it is important that the duration of
the light curve is significantly longer than tprw as pointed out by
(S. Koztowski 2017). For light curves shorter than a few times
Tprw, the measured tprw can be systematically biased low and
saturated around 20-40 percent of the light curve duration, with
elevated scatter in the measurements. Furthermore, the amplitude
of variability o should also exceed the photometric measurement
uncertainties, as emphasized by C. J. Burke et al. (2021). This ensures
that for low SNR regimes, the inferred tprw does not exceed its true
intrinsic/true value due to noise-driven fluctuations.

3.1 Final sample

We fitted and analysed the light curves for each source in our sample
using the DRW model described above. Fig. 3 illustrates the results
for the NLS1 galaxy SDSS J000144.85+110959.9. The left panel
shows the observed light curve along with the predicted curve based
on the best-fitting parameters. The middle panel displays a corner
plot of the DRW parameters, oprw, Torw, and o;, obtained using
TAUFIT. The right panel presents the PSD of the observed light curve
in grey, with the model PSD shown as an orange shaded region
representing the 1o posterior uncertainty. Dashed vertical lines mark
the break frequency and its corresponding 1o confidence interval.

We applied the following criteria to select our final sample:

(i) Following S. Koztowski (2017), we required that each light
curve span at least ten times the damping time-scale, i.e. baseline >
10 X tprw, to ensure robust temporal coverage and minimize biases.

(ii) The best-fitting tprw must exceed the median cadence to
prevent undersampling related bias (C. J. Burke et al. 2021).
Additionally, we ensured that the upper bound (84th percentile) of
the posterior distribution for tprw remained within the light curve
duration.

(iii) We retained only those sources where the intrinsic variability
amplitude (oprw) exceeded the total noise. Specifically, we required
olrw > 07 + dy?, where o; is the jitter component and dy is the
median photometric uncertainty of the light curve.

(iv) Each light curve must include data from at least four distinct
ZTF observing seasons, with each season comprising a minimum of
50 epochs. On average, light curves in the final sample span seven
seasons and cover a ~2000-day baseline.

(v) We excluded sources whose auto-correlation functions were
statistically consistent with Gaussian white noise within the predicted
30 confidence band (p-value < 0.05).

After applying all selection criteria and estimating black hole
masses from the DRW parameters using equation (1), we obtain a
distribution of log,,(Mgn/Mg) that shows a distinct long tail toward
lower masses. This tail consists almost entirely of sources with very
short damping time-scales, tprw < 70d. For these cases, the PSD
derived from the DRW model appeared nearly flat, as illustrated in
Fig. Al. This is most likely due to shorter baseline coverage and
sparse sampling in the archival light curves. Such conditions yield
poorly constrained DRW parameters, often producing artificially flat
model predictions that fail to capture the intrinsic variability. In addi-
tion, for the BLSy1 sub-sample, even after incorporating Eddington
ratios when calculating black hole masses using the equation (8)
relation, the mass offset (A log Mgy = log Mg, . (equation 8) —
log MSE) shows significant deviations from the expectations based
on SE virial estimates (Fig. 4), again indicating that these DRW fits
are biased by insufficient data quality.

To address this issue, we retrieved updated light curves from the
ZFPS for approximately 307 sources with tprw < 70d, incorporat-
ing all available observations up to 2025 June 16. Forced photometry
offers denser temporal coverage and extended baselines, including
an additional ZTF observing season. Although forced photometry
may underestimate photometric uncertainties, particularly for highly
variable or slightly extended sources, its improved temporal sampling
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Figure 4. Comparison of the black hole mass offset, defined as A log Mgy =
log MBDgfghou(equation 8) — log Mgﬁ, as a function of the DRW time-
scale tprw, for forced and normal BLSyl light curves. The associated
error bars correspond to the median absolute deviation scaled by +N
in each bin. The solid black and red lines show the best-fitting MCMC
regression models for the forced and normal samples, respectively, with
shaded regions indicating the +30 confidence intervals. The vertical red
dashed line marks the intersection point of the two fits at tprw ~ 72.3d,
suggesting a potential threshold in time-scale-dependent mass discrepancies
between the two sampling regimes.

enhances the reliability of DRW modelling. The revised light curves
were processed following the procedures described in F. J. Masci
et al. (2019) and refitted using the same DRW formalism applied to
the archival data. A comparison of DRW-based black hole masses
from forced and archival photometry is presented in Fig. 4. As seen
in Fig. Al, for these same sources the updated fits yield improved
damping time-scales, and the PSDs are no longer flat, indicating that
the intrinsic variability is now better recovered. Hence, for sources
with tprw < 70d, forced photometry yields systematically more
consistent and physically plausible A log My estimates. However,
for longer time-scales, discrepancies between the two data sets
begin to emerge, likely due to growing biases in forced photometric
uncertainties.

Additional AGN physical parameters, such as black hole mass,
redshift, Fe 11 strength, and luminosity, are adopted from V. S. Paliya
et al. (2024). After applying all selection criteria, we obtained a final
sample of 1141 NLSy1s and 1143 BLSy1s. The two samples remain
well matched in the luminosity—redshift (L—z) plane. We find that
81 per cent of these final NLSy1 sources have corresponding BLSy1
counterparts within a matching distance of 0.2. For each source, we
compiled key parameters, including the light curve baseline, median
cadence, damping time-scale (7ops), variability amplitude (oprw),
photometric noise (o; ), bolometric luminosity (L), black hole mass
(Mgy), Eddington ratio (1), and redshift (z). A representative table
listing these parameters for a subset of these sources is provided in
Appendix Al.

4 RESULTS

We applied the DRW modelling framework to the g-band light curves
of 1141 NLSyl and 1143 BLSy1 galaxies using both archival and
forced photometry data from the ZTF survey. For each source, we
obtained posterior estimates of the DRW parameters, tprw, Oprw,
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Figure 5. The DRW damping time-scale (zprw) as a function of SE black
hole mass estimates (Mpy) for the final sample of NLSyls (red) and BLSyls
(black) galaxies. Right: The corresponding distributions of tprw, with solid
red and dashed black lines for NLSy1s and BLSyls, respectively. Upper: The
corresponding distributions are SE mass Mgy, for NLSyls (red) and BLSyls
(black).

and o;. Among these, tprw Was subsequently used for black hole
mass estimation.

4.1 The dependence of Tprw on Myy

To investigate the relationship between DRW damping time-scales
and black hole mass, we first compared tprw for NLSy1 and BLSy1
galaxies with their SE virial mass estimates. Fig. 5 presents this
comparison, where red points correspond to NLSyl galaxies and
black points to BLSyl galaxies. The top and right panels show
the corresponding histograms of log M35 and prw, respectively.
Although the two samples exhibit nearly identical tprw distributions,
their log MJE distributions are clearly distinct, with NLSy1s peaking
at lower masses. We then estimated DRW-inferred black hole
masses by applying the empirical tprw—Mpy relation calibrated
by C. J. Burke et al. (2021), given in equation (1). Fig. 6 shows
the distributions of DRW-inferred black hole masses for NLSyl
and BLSyl galaxies. The solid red and black lines represent the
NLSy1 and BLSyl populations, respectively. The median values
are log(MEEY /M) = 7.94 £ 0.38 for NLSy1s and 7.97 % 0.36 for
BLSyls. For comparison, the median SE virial mass estimates are
6.81 4 0.38 for NLSyls and 7.49 £ 0.41 for BLSyls, as shown by
the red and black shaded histograms in Fig. 6, respectively.

The DRW-based black hole mass distributions for NLSyls and
BLSyls appear similar, but are systematically higher in both cases
than the SE virial estimates. As discussed in Section 1, DRW damping
time-scales depend on both black hole mass and Eddington ratio.
However, the calibration by C. J. Burke et al. (2021) assumes a
constant Eddington ratio, and neglecting this dependence can lead to
overestimated black hole masses in high- Rgqq Systems.

4.2 The dependence of Tpgw on Mgy and Rggq

In our sample, Rgq4q spans a wide range, from 0.03 to 6.54 for NLSy1s
and from 0.001 to 0.95 for BLSy s, underscoring the need to account
for accretion-rate dependence when modelling DRW time-scales. To
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Figure 6. Distribution of black hole masses (log Mgy) in units of Mg for
the final sample of NLSy1 (red) and BLSy1 (grey) sources. The SE mass
estimates for NLSyls (shaded red) and BLSyls (shaded grey) are shown.
Solid lines represent mass estimates from the DRW model (as described in
equation 1), for NLSy1s (red) and BLSy1s (black). The dashed vertical lines
indicate the median values.

address this, we adopt the multivariate calibration from S. Zhou et al.
(2024) (equation 8), which explicitly incorporates both Mgy and
Rgq4q into the DRW framework. We also account for the wavelength
dependence of variability time-scales by using the g-band central
wavelength (4753 A), corrected to the rest-frame value as Apq =
4753A/(1 + 2).

Rgqq is typically determined from the bolometric luminosity and
the black hole mass. Since our goal is to examine black hole masses
in NLSy s, using the catalogue Rgqq introduces a cyclic bias, as these
values are derived from SE virial masses that may be underestimated
due to orientation effects. Consequently, the inferred Rgqq values
for NLSyls may also be biased. In BLSyls, where Rgqq spans a
narrower range, the mass—damping time-scale correlation in equation
(1) remains broadly applicable. Several studies have shown that the
strength of the optical Fe Il emission, quantified by R4570, serves as
a more inclination-independent proxy for the Eddington ratio (e.g. T.
A. Boroson 2002; Y. Shen & L. C. Ho 2014). Here, R4570 is defined
as the ratio of the Fell flux in the wavelength range 4434-4684 A
to the flux of the broad component of the H 8 line. In our analysis,
we use R4570 as a proxy for Rgqq and explore three strategies to
establish a parametric relation between the two.

First, we fit a linear relation between R4570 and Rgyq for the
BLSyl sample, for which the catalogue Rgqq values should be
relatively free of any biases. Fig. A2 shows the scatter plot of log Rgqq
versus R4570 for the full sample of BLSy1 (red) and NLSy1 (blue)
galaxies. For the BLSyls, R4570 was binned in steps of 0.05, and
a linear fit to the binned data yields, log,,(Rgaq) = 1.66 x R4570
— 1.372. The best-fitting line for the BLSyls is shown as a solid
black line, with its extrapolation to higher R4570 indicated by the
dashed black line. While the fit broadly traces both populations, the
substantial scatter, even within the BLSy1 sample, demonstrates that
a single-parameter relation between R4570 and Rgqq cannot capture
the underlying dependencies. Comparing the V. S. Paliya et al. (2024)
catalogue Rgyq for the BLSyl sample with the values reconstructed
from the linear relation, reveals a pronounced discrepancy between
their distributions. Consequently, we refrain from using this relation
to estimate black hole masses. Nevertheless, our analysis emphasizes
that the Rgqq-R4570 connection is inherently multivariate.
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showing measurement uncertainties. The black dashed line marks the one-to-
one relation for reference.

Next, we used the multivariate correlation established by P. Du
et al. (2016) between log Rgqa, R4570, and Dyg, where Dyp is
defined as the ratio of the FWHM to the line dispersion of the H 8
profile. This approach extends beyond the simple linear R4570—Rgqq
relation by also accounting for the H 8 line shape, thereby reducing
scatter and potential biases in the estimated Eddington ratios. The
relation is expressed as

log(REqq) = 0.31 — 0.82 x Dyg + 0.80 x R4570, (12)

where Dy g = FWHM/oy g, and oy g is the dispersion of the broad
H g line. Using this relation, we estimate the Eddington ratio for each
NLSy1 source based on its measured FeII strength and H g profile
shape. We note that this relation was derived from a sample of only
64 reverberation-mapped AGNSs, and thus may be affected by low-
number statistics. However, anchoring the calibration to RM-based
black hole masses reduces systematic biases relative to SE estimates.

Finally, we also fit the P. Du et al. (2016) multivariate re-
lation between log,y(Rgda), Dug, and R4570 for our BLSyl
sample of 1143 sources. The Dyp values were measured using
PyQSOFit (H. Guo, Y. Shen & S. Wang 2018). The resulting
correlation, log;y(Rgqq) = (—0.33 £0.04) — (0.52 £ 0.02) Dy 5 +
(0.59 £ 0.05) R4570 is consistent with the equation (12). Fig. 7
compares the catalogue Rgqq values with those recalibrated using
this relation for the BLSyl sample. The dashed line indicates the
one-to-one correspondence, showing good agreement with modest
scatter. Nonetheless, our calibration depends on Rgqq values derived
from SE virial black hole masses and is therefore more susceptible
to systematic biases than the P. Du et al. (2016) relation.

The Rgqq values are then incorporated into equation (8), which uses
Torw, REad, and rest-frame wavelength to compute the black hole
masses. Our second approach, using the equation (12), yields a me-
dian DRW-based black hole mass of log(MERY /Mp) = 6.25 £ 0.65
for NLSylsand 7.07 & 0.67 for BLSy1s. Finally, our third approach,
using the adapted P. Du et al. (2016) relation calibrated for our
BLSyl sample, yields log(MBRY /M) = 6.62 £ 0.46 for NLSyls
and 7.20 £ 0.47 for BLSyls. This suggests that, regardless of the
method adopted, the DRW-based masses for NLSy1s remain system-
atically lower than those for BLSy1s. Fig. 8 shows the distribution of
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Figure 8. Distribution of black hole masses (log Mpy) in units of Mg, for
the final sample of NLSyl (red) and BLSy1 (black) sources. The SE mass
estimates (shaded) are shown along with DRW-based estimates (solid lines).
The dashed vertical lines indicate the median values.

black hole masses (log Mpy) for the final sample of NLSy1 (red) and
BLSy]1 (black) sources obtained using the second approach (equation
12). The SE mass distributions are shown as shaded histograms, with
red and black shading representing the NLSy1 and BLSy1 samples,
respectively. The figure clearly illustrates that, after correcting for
Eddington ratio effects, NLSy1 galaxies occupy a lower black hole
mass regime compared to BLSyls. We also note that DRW-based
masses from equation (12) are systematically lower than the SE
estimates, while those from equation (1) are systematically higher,
indicating the presence of a residual zero-point offset in DRW-based
mass predictions.

5 DISCUSSION

In this study, we measured the black hole masses of NLSy1 galaxies
by modelling their optical variability within the framework of the
DRW formalism. The widely held view that NLSy1s host relatively
low-mass black holes is largely based on virial mass estimates, which
rely on the FWHM of the H g line and are therefore sensitive to
orientation effects (e.g. D. Grupe & S. Mathur 2004). To mitigate
these orientation-related biases, we applied the DRW method to
model their optical variability using high-cadence g-band light curves
from the ZTF survey. Our final sample consists of 1141 NLSy1 and
1143 BLSy1 galaxies, matched in the L—z plane. To ensure robust
constraints on variability time-scales, we made use of both archival
and forced photometry light curves from ZTF. The archival light
curves generally provide higher SNR measurements, but are limited
by source detection thresholds and become incomplete for fainter
epochs. While the forced photometry recovers fluxes at fixed source
positions even when the source is weakly detected in individual
epochs, it provides many more data points and smoother light curve
coverage, though at the cost of larger formal photometric errors. The
denser sampling it offers is particularly valuable for constraining
the DRW damping time-scale, tprw. Moreover, forced photometry
also adds extra observing seasons, effectively extending the temporal
baseline and further improving the robustness of the inferred time-
scales. We recommend using forced photometry, particularly for
sources with small tprw. Crucially, our main result is unchanged
regardless of whether we use forced or archival photometry. Forced-
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photometry light curves primarily tighten the inferred MER™ distri-
butions by suppressing the extended low-mass tail.

Using the DRW modelling of these light curves, we obtained
the two key DRW variability parameters, tprw and o, explored
their correlations with physical properties such as Mgy, Rgdd,
and spectral diagnostics. This analysis revealed that DRW-based
black hole mass estimates, when calibrated using the equation
(1) under the assumption of a constant Rggy, are systematically
overestimated for NLSyls. The calibration yielded median masses
of log(MEEY /Mg) = 7.94 £ 0.38 for NLSyls and 7.97 % 0.36 for
BLSyls, significantly exceeding the corresponding SE-based values
of 6.81 £ 0.38 and 7.49 + 0.41, respectively. While the DRW-based
approach for BLSyl yields broadly consistent results, with only
a slight upward bias attributable to their relatively narrow Rggq
range (0.001-0.95), it substantially overestimates black hole masses
in NLSyls. This discrepancy arises from the calibration itself in
equation (1), which assumes a constant Eddington ratio across all
sources, a condition that does not hold for NLSy1s. In our sample,
NLSy1s span a much broader and higher range of Rg4q values (0.03—
6.54), introducing substantial variation in the observed damping
time-scales. Because tprw depends not just on black hole mass, but
also on Rgyq as suggested by accretion disc theory, ignoring these
factors can make a black hole appear more massive, simply because
its variability time-scale is longer.

To address this discrepancy, we incorporated a multivariate cali-
bration from equation (8) that explicitly includes Tprw, Rgqq, and rest-
frame wavelength. Since Rgqq is defined as the ratio of bolometric to
Eddington luminosity, it is inherently linked to the black hole mass.
Crucially, using the catalogue SE, virial-based black hole masses
to compute Rggqq and then employing that Rggq in equation (8) to
estimate Mpy introduces a cyclic bias. To reduce such biases, we
explored the use of R4570 (the Fe 11 /H B flux ratio) as a more robust,
inclination-independent proxy for Rgqq. We first tested the direct
correlation between Fe 11 strength, quantified by R4570, and Rg4q for
BLSyls, in line with earlier suggestions that R4570 traces accretion
rate. However, in our BLSy1 sample, the simple linear R4570—
Rgqq relation exhibits substantial intrinsic scatter and yields Rgqq
distributions that disagree with the V. S. Paliya et al. (2024) catalogue
values. We therefore conclude that a simple linear dependence on
R4570 does not work for reliable mass estimation; the Rggq—R4570
connection is inherently multivariate and requires additional spectral
information.

To further refine the estimation, we incorporated broad line
region (BLR) kinematic information through the H g line shape
parameter Dyg. Applying the relation from equation (12), which
links Rggg to both R4570 and Dyg, we obtained even lower
median masses of log(MPRY /Mg) = 6.25 & 0.65 for NLSyls and
7.07 £0.67 for BLSyls. We also derived an independent recali-
bration using our own BLSy1 sample, based on the same param-
eters. This yielded median masses of 6.62 £ 0.46 for NLSyls and
7.20 £ 0.47 for BLSy s, consistent within the uncertainties reported
by C. J. Burke et al. (2021). Both approaches produced similar
results, and the mass estimates for BLSyls remain systematically
higher than those for NLSyls. This persistent offset reinforces the
physical distinction between the two populations and highlights
the need to correct tprw for accretion-rate effects in high-Rgyq
AGN:s. Further, the zero-point offsets of the corrected DRW-based
masses from all methods relative to the SE estimates, which
likely reflect differences in the calibration relations, suggest that
further anchoring of DRW-based scalings to reverberation-mapped
samples will be needed to resolve the offset. To improve this,
future work should tie the DRW scaling relations more directly to
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reverberation-mapped masses so that a consistent zero-point can be
established.

In our sample, we also identify 161 NLSy1 sources with absolute
magnitudes brighter than My = —23, classifying them as narrow-
line quasars. These objects tend to have higher black hole masses.
However, even after excluding these quasars to isolate a more
conservative sample of NLSy1 galaxies, we obtain a median DRW-
based black hole mass of log(MERY /My) = 6.22 & 0.69, indicating
a further downward shift in the mass distribution, as expected for a
purer NLSy1 population. Additionally, our sample includes 16 radio-
loud NLSy1 galaxies, a small subset that can host relativistic jets and,
in principle, alter the optical continuum, variability amplitudes/time-
scales, and emission line properties. However, this subset is too small
to drive the population trends reported here, and our conclusions
remain unchanged.

For the initial sample of BLSy1 galaxies, we obtained a median SE
virial mass of log(Mpu/Mg) = 7.49. This value, itself, is somewhat
lower than typically reported in the literature, likely reflecting the
fact that our L—z controlled sample was constructed to match
the lower luminosities of the NLSyls. As a result, the BLSyl
masses in our analysis carry a mild downward bias, which should
be considered when comparing to studies based on luminosity-
unrestricted BLSy1 samples. Taken together, our findings support
a consistent interpretation: the relatively low variability amplitudes
and longer damping time-scales observed in NLSyls are more
likely driven by their higher accretion rates rather than by sys-
tematically larger black hole masses. By incorporating Eddington
ratio corrections and adopting inclination-independent proxies such
as R4570, we achieve more physically motivated and robust mass
estimates. This approach effectively mitigates orientation-induced
biases, particularly important given that our sample likely includes
sources across a wide range of viewing angles. More broadly, these
results underscore the diagnostic power of time-domain variability in
constraining accretion physics and black hole demographics in active
galaxies.

6 CONCLUSION

In this work, we used optical variability modelling to recalibrate black
hole mass estimates for a large sample of NLSy1 and BLSy1 galaxies.
By applying the DRW formalism to archival g-band light curves
from the ZTF survey, we derived characteristic variability time-
scales and amplitudes for each source. Our analysis demonstrates
that DRW-mass scaling relations only depend on blackhole masses,
systematically overestimate black hole masses in NLSy1s, primarily
because they neglect the impact of Eddington ratio on variability
time-scales.

To address this limitation, we implemented a multivariate re-
lation that incorporates both the Eddington ratio and the rest-
frame wavelength, resulting in more physically consistent mass
estimates. Additionally, we employed the Fe 11 strength (R4570) as an
inclination-independent proxy for accretion rate, and further refined
the calibration using the H B line shape parameter Dy g which traces
BLR kinematics.

Our findings suggest the interpretation that, as a population,
NLSy1 galaxies harbor lower-mass, rapidly accreting black holes
compared to their BLSyl counterparts. More broadly, this study
highlights the importance of accounting for accretion-driven vari-
ability effects in time-domain analyses and demonstrates the utility
of DRW modelling as a powerful tool for probing AGN black hole
demographics in large photometric surveys.
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Table A1. Tabulated properties for the first 10 NLSy1 sources in the sample.
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Figure A1. Comparison of ZTF g-band light curves between archival (normal) and forced photometry for four representative sources. Each row corresponds
to a different object, identified by its right ascension (RA) and declination (Dec) coordinates: (Top to bottom) (1) SDSSJ121948.93 + 054531.7
(RA,DEC = 184.9539, 5.758811), (2) SDSSJ130004.09 + 294624.4 (RA,DEC = 195.0171, 29.77346, (3)
SDSSJ144707.05 + 292025.5 (RA,DEC = 221.7794, 29.34043, and (4) SDSSJ122900.29 4+ 272522.2 (RA,DEC
= 187.2512, 27.42285. In each pair, the left panel shows the light curve and corresponding DRW + PSD fit based on archival photometry,
while the right panel shows the same analysis using forced photometry. These comparisons highlight the improved sampling and PSD fidelity achieved with
forced photometry, enhancing the reliability of DRW-based modelling.
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Figure A2. Scatter plot of Eddington ratio and Fe1I strength (R4570) for
the full sample of NLSyl (blue) and BLSyl (red) galaxies. The solid
black line denotes the best-fitting linear relation for the BLSy1 subsample,
extended to the NLSyl regime as a dashed line. The best-fitting relation is
log(LBol/LEdd) = 1.66 x R4570 — 1.372.
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