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SUMMARY: This study investigates reliability of the black hole mass (MBH) estimation using broad
emission lines in spectra of the Type 1 Active Galactic Nuclei (AGN) from the Sloan Digital Sky Survey
(SDSS). Masses derived from the broad Hα and Hβ emission lines are compared with the stellar velocity
dispersion (σ∗). The results show that the MBH–σ∗ correlation strengthens in spectral sub-samples
characterized by broader Hβ, red asymmetry in Hβ profiles, high continuum luminosity, and absence
of outflows. These findings suggest that Hα and Hβ provide more accurate black hole mass estimates
for objects with such spectral properties.
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1. INTRODUCTION

An active galactic nucleus (AGN) is a compact
region in the center of an active galaxy, with a
luminosity up to 104 times higher than that of a
typical galaxy. This luminosity excess originates from
the gas accreting onto the supermassive black hole
(SMBH) situated in the AGN core. The typical AGN
structure can be described using the Unified Model
(Antonucci 1993, Osterbrock and Ferland 2006): an
SMBH, with mass in the range (106−1010) M� at the
active galaxy center, is surrounded by a geometrically
thin and optically thick accretion disc, extending
outward into a vast dusty torus reaching scales of
tens of parsecs (see, e.g., Osterbrock and Ferland
2006, Netzer 2013). Beyond the outer edges of the
torus, further away from the AGN, lies the host
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Observatory of Belgrade and Faculty of Mathematics,
University of Belgrade. This open access article is distributed
under CC BY-NC-ND 4.0 International licence.

galaxy. Above and below the accretion disc there are
regions filled with clumps of optically thick gas, which
are accelerated by the SMBH’s gravitational field to
velocities ranging from a few thousand to tens of
thousands of km/s (Peterson 2006). The continuum
radiation emitted by the accretion disc ionizes the gas
in these regions, producing numerous emission lines
observed in the AGN spectra.

The gravitational field of SMBH highly influences
the kinematics of the ionized gas, especially in the
nearest region named the broad line region (BLR),
where the broad emission lines (BELs) originate
(see, e.g., Osterbrock and Ferland 2006, Netzer
2013). Hence, a highly ionized, fast-moving, BLR
gas impacts the BELs parameters from which we
can derive information on the SMBH mass (see, e.g.,
Sulentic et al. 2000, Peterson et al. 2004, Vestergaard
and Peterson 2006, Peterson 2014). Additionally,
some non-gravitational motion of the gas in BLR may
be occurring due to the physical complexity of the site
in the vicinity of SMBH and the accretion disc (see,
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e.g., Popović et al. 2019, 2023a), which then affects
the structure and kinematics of the BLR and BELs
shapes, and, consequently, might impact the SMBH
mass estimation (MBH).

As the BLR gas is predominantly moving in
Keplerian orbits around SMBH (Osterbrock and
Ferland 2006, Vestergaard and Peterson 2006, Gaskell
2009, Netzer 2013), the motion causes a broadening
of emission lines from this region due to the Doppler
effect. From the width of BELs, the velocity
dispersion of the gas could be estimated. Assuming
the virial relationship between the line width and
distance of emitters from the central mass, the virial
theorem could be used for the MBH estimation (see
Peterson et al. 2004, Peterson 2006, 2014), as shown
in Eq. 1:

MBH = f

(
RBLR ∆V 2

G

)
, (1)

where RBLR is the distance of BLR from the central
SMBH, G is the gravitational constant, and ∆V is
the velocity dispersion of the gas, usually determined
from the Full Width at Half Maximum (FWHM)
of BELs. The scaling factor f is a dimensionless
parameter that accounts for the unknown geometry
and orientation of BLR.

The most reliable method for a direct estimation
of the BLR dimensions (RBLR) and its distance
from the central source is reverberation mapping
(RM) as introduced by Blandford and McKee (1982).
The initial sample of AGNs with RM measurements
revealed an empirical radius-luminosity (R − L)
relationship which enables the estimation of the
BLR radius from continuum luminosity. This
relationship allows for estimation the SMBH masses
in AGNs from single-epoch observations (see, e.g.,
Peterson 2006, Shen 2013, Peterson 2014). As
the sample of AGNs with the RM measurements
has grown, some studies have shown that the
R − L relation oversimplifies the dynamics and
requires an additional parameter, the Eddington ratio
(Dalla Bontà and Peterson 2022, Dalla Bontà et al.
2024). Therefore, several corrections for the R − L
relation accounting for the Eddington ratio have been
proposed (Grier et al. 2017, Du and Wang 2019, Dalla
Bontà et al. 2020).

The most common single-epoch virial method for
estimations of MBH for low-redshift active galaxies
uses the optical continuum luminosity at λ 5100 Å
(the relationship is RBLR − L5100) and the width
of the broad Hβ emission line (Full Width at
Half Maximum, further FWHM) (Vestergaard and
Peterson 2006, Shen et al. 2015, Popović 2020).

Greene and Ho (2005) found that the broad Hα
emission line can also be suitable for estimation
of MBH. This method relies on the empirical
correlation between the scaled Hα luminosity and
optical continuum luminosity at λ 5100 Å, and the
strong correlation between the Hα and Hβ broad
emission line widths (see in Greene and Ho 2005,

Section 4), which enables an MBH estimation based
only on observations of the broad Hα emission line
(line luminosity and its width).

Another spectroscopic method MBH − σ∗, relies
on the correlation between SMBH mass and velocity
dispersion of stars in the bulge of the host galaxy,
annotated by σ∗ (see, e.g., Gebhardt et al. 2000a,b,
Ferrarese and Merritt 2000, Tremaine et al. 2002).
Initially, this relation was observed for nearby
quiescent galaxies, where it was found that σ∗ is in a
strong correlation with black hole masses estimated
from stellar kinematics and gas dynamics (Gebhardt
et al. 2000a,b, Ferrarese and Merritt 2000, Tremaine
et al. 2002). The same correlation was also confirmed
for active galaxies (Gebhardt et al. 2000b, Ferrarese
et al. 2001, Onken et al. 2004, Grier et al. 2013,
etc.). Using the assumption that AGNs follow the
same MBH − σ∗ relation as the quiescent galaxies,
this relation was used for scaling the virial formula for
the MBH estimation by calculating an average virial
factor 〈f〉 (see Woo et al. 2015, Batiste et al. 2017,
and references therein).

This method is completely independent of the
virial method, which uses the kinematics of gas in
the BLR (see, e.g., Greene and Ho 2005, Vestergaard
and Peterson 2006, Harris et al. 2012, Shen et al.
2015). Therefore, it could be used to compare
the SMBH masses estimated using the Hα and Hβ
emission lines. Measuring the host galaxy stellar
velocity dispersion of Type 1 AGNs is notoriously
challenging, as the measurement of σ∗ requires a high
spatial resolution and thus is limited to relatively
nearby galaxies. Additionally, the Type 1 AGNs
luminosity excess complicates the observation of
suitable stellar absorption lines within the black
hole’s radius of influence, which is requisite for σ∗
measurements. Unfortunately, both these factors, in
their respective ways, limit the number of Type 1
AGNs with reliable σ∗ measurements. Consequently,
the literature contains only limited references to such
data.

In addition to the Keplerian motion of the BLR
gas within the gravitational field of the SMBH,
non-gravitational motions (such as outflows, flares,
coronal winds, etc.) may arise in the regions where
BELs originate. These motions, likely driven by
the complex physical conditions in the vicinity of
the SMBH and accretion disc, and often associated
with matter accretion or relativistic jets (see, e.g.,
Popović et al. 2019, 2023a), introduce additional
complexity to the structure and kinematics of BLR.
Consequently, they can influence the shapes of BELs,
potentially increasing broadening and asymmetry
or producing multiple velocity components in the
emission lines, which complicates their interpretation
and may affect the estimation of the SMBH mass. For
instance, the forbidden doublet [O III]λλ4959, 5007Å
was proven to be an effective tracer of gas outflows,
commonly used to study ionized gas outflows in the
narrow line region (NLR), and to investigate large-
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scale gas outflows in AGNs (Woo et al. 2016, Kang
et al. 2017, Kovačević-Dojčinović et al. 2022).

This study compares the SMBH masses derived
using σ∗ with those obtained via the virial method
based on the broad emission lines Hα and Hβ.
For this analysis, spectra from 90 Type 1 AGNs
with publicly available and previously measured
σ∗ values were utilized (Harris et al. 2012, Shen
et al. 2015, Bennert et al. 2015). The primary
objective was to evaluate the reliability of the virial
method when applied to different broad emission lines
(Hα and Hβ) and to investigate whether specific
spectral line properties, emission line shapes, or
features—including the presence or absence of gas
outflows—can indicate which of these spectral lines
are more reliable as the MBH estimators.

Throughout this manuscript, the following cosmo-
logical parameters were used: H0=70 km s−1Mpc−1,
and ΩΛ=0.7 and ΩM=0.3.

The structure of this paper is as follows: Section 2
describes the sample selection as well as the
decomposition and analysis of spectra. Section 3
presents the results, while Section 4 provides the
discussion and conclusions.

2. SAMPLE AND ANALYSIS

For this research, we required well-documented
Type 1 AGN objects that had a measured velocity
dispersion of the stars in the host galaxy bulge. The
sample was compiled from objects analyzed in studies
by Harris et al. (2012) and Shen et al. (2015).

In their study, Harris et al. (2012) derived a
spatially resolved stellar kinematics for a sample of 84
galaxies hosting Type 1 AGNs with redshifts between
0.02 and 0.09. This was accomplished by using long-
slit spectra obtained from the 10 m W. M. Keck-
1 Telescope. The σ∗ profiles were measured across
three distinct wavelength regions: Ca H&K, Mg Ib,
and Ca II NIR. To determine σ∗, they employed a
Python-based code that simultaneously fitted a linear
combination of broadened stellar templates and a
polynomial continuum to the data, using a Markov
Chain Monte Carlo (MCMC) routine to identify the
best-fit values.

The other group, as detailed by Shen et al.
(2015), utilized high signal-to-noise ratio (SNR)
co-added spectra from the Sloan Digital Sky
Survey Reverberation Mapping (SDSS-RM) project.
They employed the vdispfit routine (available in
idlspec2d) to measure σ∗ from the host component
of the decomposed galaxy spectra. Their study
included a sample of 88 broad-line AGNs within the
redshift range of 0.1 < z < 1.

The spectra utilized in this research were sourced
from the Sloan Digital Sky Survey (SDSS-III), Data
Release 121 (DR12). The stellar velocity dispersions
(σ∗) were obtained from the works of Shen et al.

1https://www.sdss.org/dr12/
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Fig. 1: The AGN luminosity (after subtracting the host

galaxy contribution) as a function of redshift for the

sample, along with their distributions.

(2015) and Harris et al. (2012). All objects with
σ∗ < 70 km s−1 were excluded from the analysis, as
this threshold corresponds to the limit of the SDSS
instrumental resolution (Thomas et al. 2013). All
objects with low SNR were removed from the sample,
retaining primarily those with SNR > 20, which was
necessary for performing complex fitting routines and
analyzing line profiles meticulously. Additionally, the
spectra examined in this study required the inclusion
of Hα and Hβ, resulting in the exclusion of all objects
lacking the Hα line due to their high cosmological
redshift. As a result, the final sample contains 90
AGNs with redshifts in the range of 0.02 < z < 0.53,
including 24 from the Shen et al. (2015) sample and
66 from the Harris et al. (2012) sample (see Fig. 1).

The spectra were corrected for Galactic extinction
using data from the NASA/IPAC Infrared Science
Archive (IRSA)2, which provided extinction
coefficients mapped along the line of sight by
Schlegel et al. (1998). This correction was conducted
under the assumption of a standard extinction law
(as detailed in Howarth 1983). Subsequently, the
spectra were adjusted for cosmological redshift.

The spectral principal component analysis
(SPCA) was employed to eliminate the contributions
from the host galaxy and retain the pure AGN
emission for subsequent analysis (see Fig. 2). This
method follows the procedures outlined in Vanden
Berk et al. (2006), which involves non-parametric
fitting of the observed spectra through a linear
combination of 15 eigenspectra—ten corresponding
to quasar eigenspectra and five representing galaxy

2https://irsa.ipac.caltech.edu/applications/DUST/
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Fig. 2: An example of spectrum decomposition for object

1216-52709-0190 (SDSS plate-MJD-fiber) is shown, where

the host galaxy and AGN contributions are separated

using SPCA, followed by the continuum emission removal.

The black line represents the observed spectrum, the

green line shows the host galaxy contribution obtained

from SPCA, and the blue line represents the AGN

emission after subtracting the host galaxy component.

The gray line corresponds to the continuum emission,

while the red line shows the AGN spectrum after the

continuum subtraction.

eigenspectra (see Yip et al. 2004a,b,c). A slight
modification to the SPCA approach from Vanden
Berk et al. (2006) involved masking all narrow
emission lines in the host galaxy spectra derived
from SPCA model and subtracting the modified host
spectra from the observed spectra. This ensured
that all narrow lines were preserved in the spectra
utilized for further analysis. Finally, the continuum
emission was removed from all spectra using the
designated continuum windows (Kuraszkiewicz
et al. 2002), as illustrated in Fig. 2. The measured
continuum luminosity at λ 5100 Å, after removing
the host galaxy contribution, is plotted against
redshift (along with their distributions), is presented
in Fig. 1 for the entire sample.

Spectra were finally fitted using a multi-Gaussian
model for optical emission in the wavelengths ranges
of λλ 4000−5500 Å and λλ 6200−6900 Å, as described
by Kovačević et al. (2010) and Kovačević-Dojčinović
and Popović (2015). When fitting the Balmer lines
(Hα and Hβ), it is common to employ three Gaussian
functions for each line: one narrow line component
representing the emission from the narrow line region
(NLR), and two Gaussian components representing
contributions from the broad line region (BLR).
These are identified here as the very broad line
component, which originates from the very broad
line region (VBLR) near the supermassive black hole,
and the intermediate line component, which arises
from the intermediate line region (ILR) at a greater
distance from the SMBH (see Popović et al. 2004, Bon
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Fig. 3: Examples of decomposition of the Hα (top
panel) and Hβ (bottom panel) emission lines for the

object 0439-51877-0566 (SDSS plate–MJD–fiber). Both

lines are modeled using one narrow and two broad

Gaussian components. The observational data are shown

as dots, the overall model as a solid line, and the optical

Fe II template as a dashed line. Narrow emission-line

components are represented by thin lines, while broad

components are shown as thick, solid-colored lines.

et al. 2006, Kovačević et al. 2010, etc). The broad
emission lines of AGNs are often highly intricate and
convoluted, reflecting the complexity of the BLR.
As a result, a single Gaussian model is insufficient
to accurately represent the emission from the BLR.
Instead, a double-Gaussian model (VBLR+ILR) has
been employed to characterize the shapes of these
broad lines (see, e.g., Mullaney et al. 2013, Sexton
et al. 2021).
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The limitations of this two-component model
approach arise from the uncertainty regarding the
contributions of the ILR and VBLR Gaussians to the
overall broad Balmer line profiles. Nonetheless, the
model effectively describes various shapes of broad
Balmer line profiles, even in cases where the spectra
exhibit Lorentzian-like characteristics. These profiles
can be accurately fitted using the ILR Gaussian at
the line core, and the broader VBLR Gaussian in
the wings of the line, where the ILR Gaussian is
significantly more intense than the VBLR Gaussian.

The numerous Fe II lines within the 4000 −
5500 Å range, which overlap with the broad Hβ
lines, were fitted using a semi-empirical iron template
presented in Kovačević et al. (2010), along with
additional lines as detailed in Shapovalova et al.
(2012). Since the narrow [O III]λλ 4959, 5007 Å
lines could have complex line profiles, they were
fitted with a double-Gaussian model, where one
Gaussian addresses the core and the other the
wings of the lines (see Woo et al. 2016, Kovačević-
Dojčinović et al. 2022). Both, the [O III]λ4959 Å
and [O III]λ5007 Å lines, exhibit identical line profiles
with their intensity ratio established at 2.99 (see
Dimitrijević et al. 2007). The Gaussians fitted
to the cores of the [O III]λλ 4959, 5007 Å lines are
assumed to share the same width and shift as
those fitted to the narrow Balmer lines. This
assumption is based on the premise that all narrow
lines originate from the same region (NLR), leading
us to expect that these lines will exhibit similar
shifts and widths. However, the wing components
of the [O III]λλ 4959, 5007 Å doublet were modeled
independently from other lines, allowing for free
width and shift parameters (as shown in Kovačević
et al. 2010). The [N II]λλ 6548, 6583 Å lines, which
overlap with the broad Hα line, are fitted with a
single Gaussian for each line, sharing the same width
and shift as the narrow Hα component, with their
intensity ratio set at 3.05 (Dojčinović et al. 2023).

An illustration of the decomposition of optical
emission for Hα and Hβ is presented in Fig. 3. In
this figure, the BEL profile is represented as the

sum of two broad Gaussians for both Hα and Hβ.
The Full Width at Half Maximum (FWHM) and the
asymmetry (A50) of BEL are measured as depicted
in Fig. 4. A50 is defined as the difference between the
centroid shift and the peak of the broad component
at 50% of Imax (see Jonić et al. 2016).

3. RESULTS

The SMBH masses were estimated using FWHM
of the broad Hβ line and the continuum luminosity
at 5100Å, applying the virial formula for MBH from
Vestergaard and Peterson (2006). For the estimation
of the SMBH masses based on Hα, FWHM of the
broad Hα line, and the luminosity of the Hα line
were used, following the formula provided by Greene
and Ho (2005).

Firstly, the correlations between σ∗ and the
widths of the Hα and Hβ lines are compared and
shown in Fig. 5. Then, the SMBH masses derived
from Hα and Hβ were separately compared with the
stellar velocity dispersions of the objects, relying on
the well-established MBH−σ∗ relation. Additionally,
the masses obtained from Hα and Hβ were directly
compared.

For the full sample of 90 objects, the SMBH
masses estimated using Hα exhibited a stronger
correlation with σ∗ (Spearman correlation coefficient
ρ = 0.41, P0 = 7 × 10−5) compared to those derived
from Hβ and L5100 (ρ = 0.28, P0 = 9 × 10−3), as
shown in panels (a) and (b) of Fig. 6 or Fig. 7, under
’total sample’ data. Furthermore, the comparison
of the SMBH masses obtained via virial formulas
from Hα and Hβ demonstrated a highly significant
correlation (ρ = 0.81, P0 = 2 × 10−22), as seen in
panels (c) of Fig. 6 or Fig. 7, also under ’total sample’
data.

The primary objective of this study was to
investigate whether specific spectral characteristics of
AGNs within the analyzed sample indicate physical
or kinematic conditions in BLR that could enhance
the correlation between the virial SMBH masses
estimated from broad Hα and Hβ lines, and
stellar velocity dispersions. Identifying such a sub-
sample could suggest that AGNs with these spectral
properties serve as more reliable MBH estimators.
Additionally, this investigation aims to highlight
spectral features and their threshold values that
characterize objects for which the virial formula
provides less reliable MBH estimates.

Several spectral characteristics were used to
define sub-samples and evaluate the aforementioned
correlations. The threshold values for each criterion
were chosen to divide the sample into two equal-sized
sub-samples for comparability. The criteria were:

i) FWHM of Hβ smaller/larger than 4500 km s−1,

ii) Asymmetry of the Hβ profile (A50) smaller/
larger than 30 km s−1,

iii) Continuum luminosity at λ 5100 Å smaller/
larger than 1.5× 1043 erg s−1,
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iv) Difference between σ[O III] and σ∗ (a measu-
re of outflow contribution in [O III] lines) sma-
ller/larger than 30 km s−1.

For each sub-sampling criterion, the correlations
between σ∗ and MBH derived from Hα and Hβ were
analyzed and are presented in Fig. 6 and Fig. 7.
Panels (a) of these figures show correlations between
σ∗ and MBH obtained using the Hα parameters, while
panels (b) present correlations with MBH estimated
using Hβ and L5100. Comparisons of the SMBH
masses derived from Hα and Hβ are shown in panels
(c). The Spearman correlation coefficients (ρ) and
the corresponding P-values are provided for the total
sample (90 objects) and the different sub-samples.

3.1. Width of broad Hβ line

The full width at half maximum (FWHM) of the
Hβ line is a well-established indicator of gas velocity
in BLR and, consequently, of the gravitational field
strength in regions where the broad emission lines
originate (Osterbrock and Ferland 2006, Vestergaard
and Peterson 2006, Shen 2013, etc.). A comparison
of correlation between σ∗ and the Hα and Hβ line
widths is shown in Fig. 5. For the analyzed sample,
σ∗ exhibits a stronger correlation with FWHM of the
Hα emission line (ρ = 0.37, P0 = 10−4) compared to
FWHM of the Hβ line (ρ = 0.27, P0 = 10−2).
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Fig. 5: Correlations between σ∗ and FWHMHα (filled

circle markers) and between σ∗ and FWHMHβ (empty

circle markers).

The sample division based on FWHMHβ at
the threshold of 4500 km s−1 follows the established
classification of AGNs into Populations A and
B, where the conventional boundary is set at
4000 km s−1 (Sulentic et al. 2000, Marziani et al.
2001, Shen and Ho 2014). A slight adjustment
in this study was made to ensure two sub-samples

of comparable sizes. Based on this criterion, the
sample was divided into two sub-samples: 42 objects
with broad Hβ (FWHMHβ > 4500 km s−1) and
48 objects with narrower broad Hβ (FWHMHβ <
4500 km s−1). The correlation between σ∗ and MBH

derived from the Hα line parameters is only slightly
stronger in the sub-sample with broader Hβ lines
(see Fig. 6, panel a1). However, the correlation
between σ∗ and MBH estimated using Hβ and L5100 is
significantly stronger in the sub-sample with broader
Hβ lines (see Fig. 6, panel b1). In contrast, no
correlation is observed for objects with narrower
broad Hβ lines (FWHMHβ < 4500 km s−1). A
comparison of the SMBH masses derived from the
Hα and Hβ line parameters reveals a substantially
stronger correlation for objects with broader Hβ
(ρ = 0.88, P0 = 10−14) than for the sub-sample
with narrower broad Hβ lines (ρ = 0.68, P0 = 10−7).
These correlations are illustrated in Fig. 6, panel (c1).

Applying the sample division based on a
FWHMHβ threshold of 4000 km s−1 does not
significantly change the results, although the sub-
sample with FWHMHβ > 4000 km s−1 contains
more objects (58), while the sub-sample with
FWHMHβ < 4000 km s−1 contains only 32. For
objects with FWHMHβ > 4000 km s−1, the
correlation between the SMBH masses estimated
using Hβ and L5100 is slightly weaker (ρ = 0.24, P0 =
7 × 10−2) compared to the correlation for the
sub-sample with FWHMHβ > 4500 km s−1, while
no correlation is found for the sub-sample with
FWHMHβ < 4000 km s−1. For masses obtained
from Hα, adjusting the threshold has no impact on
the correlation between σ∗ and MBH.

3.2. Asymmetry of broad Hβ line profiles

The blue asymmetry of the broad Hβ line (A50)
is generally interpreted as evidence of directed gas
motion, possibly non-virial, toward the observer
(such as outflows, flares, coronal winds, etc.) (Jonić
et al. 2016, Popović et al. 2019). In contrast to
the blue asymmetry, the red asymmetry observed in
broad emission lines is a more complex phenomenon.
It may arise from the inflow of radiating gas or
reflect the gravitational influence of SMBH, serving
as an indicator of the strength of its gravitational
field as first proposed by Netzer (1977). In
this interpretation, the redward asymmetry results
from gravitational redshift caused by the strong
gravitational influence of SMBH, implying that a part
of the emitting gas is located very close to it where
the relativistic effects become significant. Numerous
studies have explored this phenomenon in detail
(see, e.g., Zheng and Sulentic 1990, Popović et al.
1995, Bon et al. 2015, Jonić et al. 2016, Mediavilla
et al. 2018, Popović et al. 2019, Punsly et al.
2020, Mediavilla and Jiménez-Vicente 2021, Marziani
2023, etc.), suggesting that the gravitational redshift
could play an important role in producing the red
asymmetry in broad emission line profiles.
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Fig. 6: Correlations between σ∗ and MBH, estimated using the Hα and Hβ line parameters, for the total sample

and various sub-samples. Sub-samples are defined based on FWHMHβ (panels a1, b1, and c1) and Hβ asymmetry

(A50) (panels a2, b2, and c2). For the sub-sample with FWHMHβ < 4500 km s−1, the best linear fit is shown as

the dash-dotted line (empty circle markers), while for FWHMHβ > 4500 km s−1, it is represented by the solid line

(filled circle markers) in panels a1, b1, and c1. In panel c1, the dotted line indicates the one-to-one relation. The

same notation applies to sub-samples defined by A50, with a threshold of 30 km s−1, in panels a2, b2, and c2.

The sample is divided into two sub-samples: one
consisting of objects with a significant red asymmetry
in the broad Hβ profile and the other containing
objects with either no significant asymmetry (weak
asymmetry) or with a blue asymmetry. Given that
the SDSS instrumental resolution limit for spectra
is 70 km s−1 (Thomas et al. 2013), the threshold
for sample division was set to a value greater
than zero to ensure a more reliable classification
based on this criterion. The threshold was set at
30 km s−1 to obtain two sub-samples of comparable
sizes. Thus, with the threshold at 30 km s−1, two sub-
samples were formed: the first sub-sample (A50 <
30 km s−1) consists of 46 objects exhibiting either a
blue asymmetry or no significant asymmetry, while
the second sub-sample (A50 > 30 km s−1) includes
44 objects with a significant red asymmetry in the
Hβ profile.

The presence of a red or blue asymmetry in
the broad Hβ line does not affect the correlation
between σ∗ and MBH when masses are estimated
using the Hα line (see Fig. 6, panel a2). However, for
masses estimated using Hβ and L5100, the correlation
between σ∗ and MBH is slightly stronger for objects

with a red asymmetry in Hβ (A50 > 30 km s−1), with
ρ = 0.32 and P0 = 3 × 10−2, compared to those
with no strong asymmetry or with a blue asymmetry
(A50 < 30 km s−1), where the correlation is weaker
(ρ = 0.24, P0 = 10−1), as shown in Fig. 6, panel (b2).

When comparing the SMBH masses estimated
using Hα and Hβ, the correlation is slightly stronger
for objects exhibiting red asymmetry in the Hβ line
(A50 > 30 km s−1), with Spearman correlation
coefficient of ρ = 0.84 and P0 = 10−13, than for
objects with no strong asymmetry or with a blue
asymmetry in Hβ (A50 < 30 km s−1), for which
ρ = 0.79 and P0 = 10−10 (see Fig. 6, panel c2).

Applying a stricter sample division at an A50

threshold of 70 km s−1 (instrumental resolution)
makes some correlations more pronounced. With
this criterion, the sub-sample with A50 > 70 km s−1

contains 35 objects, while the sub-sample with A50 <
70 km s−1 contains 55 objects. The correlation
between σ∗ and MBH estimated using the Hα line
improves slightly for the sub-sample with A50 >
70 km s−1 (ρ = 0.46, P0 = 5 × 10−3) compared to
the sub-sample with A50 > 30 km s−1. Similarly, the
correlation between σ∗ and MBH estimated using Hβ
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and L5100 is slightly stronger for the sub-sample with
A50 > 70 km s−1 (ρ = 0.37, P0 = 3 × 10−2) than
for the sub-sample with A50 > 30 km s−1. However,
adjusting the threshold does not affect the correlation
between SMBH masses estimated from Hα and Hβ.

3.3. The continuum luminosity at λ 5100 Å

The continuum luminosity at λ 5100 Å is strongly
correlated with the size of the broad-line region
(RBLR), following the well-established RBLR − L5100

relation (Kaspi et al. 2000, 2005, Bentz et al.
2006). Additionally, an excess in optical continuum
luminosity is often attributed to emission from the
accretion disc surrounding SMBH. More massive
SMBHs generally exhibit a stronger optical emission,
either due to higher accretion rates or the presence
of more massive accretion discs (Ferrarese and Ford
2005, Shen 2013).

To investigate the role of luminosity, the sample
was divided using a threshold of L5100 = 1.5 ×
1043 erg s−1. This resulted in two sub-samples: 47
objects with continuum luminosity below this limit
and 43 objects with higher luminosity.

The correlation between σ∗ and MBH obtained
from the broad Hα line parameters is stronger for the
high-luminosity sub-sample (ρ = 0.52, P0 = 3×10−4)
than for the low-luminosity sub-sample (ρ = 0.41,
P0 = 5 × 10−3). A similar trend is observed for
the MBH estimates based on the Hβ line, where
the correlation with σ∗ is more pronounced in the
high-luminosity subset (ρ = 0.43, P0 = 4 × 10−3),
compared to the low-luminosity sub-sample, ρ =
0.30, P0 = 4× 10−2 (see Fig. 7, panels a3 and b3).

Furthermore, the correlation between the SMBH
masses derived from the Hα and Hβ line parameters
is stronger in the high-luminosity sub-sample (ρ =
0.83, P0 = 6×10−12) compared to the low-luminosity
sub-sample (ρ = 0.76, P0 = 5 × 10−10), as shown in
Fig. 7, panel (c3).

3.4. Emission contribution from outflows

The profile of the [O III] λλ 4959, 5007Å emission
line doublet is commonly used as an indicator of
outflow emission (Rakshit and Woo 2018, Kovačević-
Dojčinović et al. 2022). The [O III] emission
originates in the narrow line region (NLR), located
on kiloparsec scales, much farther from SMBH than
BLR. The width of the [O III] lines is primarily
influenced by virial motion associated with the host
galaxy’s gravitational potential, along with the non-
virial ionized gas kinematics such as outflows (see,
e.g., Bae et al. 2017, Kang and Woo 2018, Sexton
et al. 2021). If the [O III] emission originates
purely from gas in virial motion, the [O III] lines
widths should be comparable to the stellar velocity
dispersion, σ∗. On the other hand, any discrepancy
between σ[O III] and σ∗ may indicate the presence
of non-virial gas motions, such as outflows driven by
the AGN activity. In such cases, the contribution

of gas outflows can be estimated from the difference
between σ∗ and σ[O III] (Woo et al. 2016, Rakshit and
Woo 2018, Woo et al. 2020).

However, while the [O III] emission line is a
valuable tracer of outflows in NLR, it does not
necessarily reflect an outflow activity in BLR, nor
does the detection of outflow signatures in the
[O III] line profile imply the corresponding features
in the broad Balmer line profiles. Studies, such
as Zamanov et al. (2002) and Vietri et al. (2018),
emphasize that different outflow mechanisms may
operate in these regions, and that the NLR and BLR
outflows can have distinct kinematic characteristics
and driving forces. Nevertheless, these studies
support the possibility that the outflows detected in
the [O III] emission lines may be part of a larger, more
complex outflow structure that extends from the BLR
to the NLR, and potentially even farther. With
these considerations in mind, we use the comparison
between σ[O III] and σ∗ as a tracer of outflows.

Using a threshold of σ[O III] − σ∗ = 30 km s−1 to
divide the sample based on outflow contribution, we
obtained two sub-samples:

� 47 objects with significant outflow contributions
(σ[O III] − σ∗ > 30 km s−1).

� 43 objects where outflow contributions are
negligible (σ[O III] − σ∗ < 30 km s−1).

The threshold was chosen arbitrarily to ensure two
sub-samples of comparable sizes.

The sub-sample with negligible outflow
contribution in narrow emission lines (σ[O III]−σ∗ <
30 km s−1) exhibits a significantly stronger
correlation between σ∗ and MBH estimated from
the Hβ line (ρ = 0.47, P0 = 10−3) compared to
the sub-sample with a stronger outflow influence
(σ[O III] − σ∗ > 30 km s−1) where the correlation is

weaker (ρ = 0.27, P0 = 7 × 10−2, see Fig. 7, panel
b4). On the other hand, no significant difference
is found between these two sub-samples when
comparing the correlation between σ∗ and MBH

obtained using Hα (see Fig. 7, panel a4).
Additionally, the sub-sample with negligible

outflow contribution shows a stronger correlation
between the SMBH masses estimated from Hα and
Hβ (ρ = 0.87, P0 = 10−14) compared to the sub-
sample with prominent outflow contributions (ρ =
0.79, P0 = 10−11), as shown in Fig. 7, panel (c4).

3.5. Influence of the R−L scaling law on the
MBH estimation

The influence of different R − L scaling laws
on single-epoch MBH estimates is examined using
the formulas for the MBH calculation provided by
Dalla Bontà et al. (2020) for MBH(Hβ) and by Dalla
Bontà et al. (2024) for MBH(Hα). These formulas
incorporate a more recent scaling law that accounts
for the Eddington ratio. The results are compared
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Fig. 7: Same as Fig. 6, but for sub-samples divided by L5100 = 1.5×1043 erg s−1 (panels a3, b3, c3) and by σ[O III]

- σ∗ = 30 km s−1 (panels a4, b4, c4).

with the previously calculated MBH values obtained
using the formulas from Greene and Ho (2005) for
MBH(Hα) and Vestergaard and Peterson (2006) for
MBH(Hβ).

The comparison reveals that for both lines, the
MBH values obtained using the updated scaling law
strongly correlate with the previous MBH estimates
(ρ ≈ 0.94, P0 = 0). Additionally, it is found
that accounting for the Eddington ratio in the R −
L scaling law systematically lowers the estimated
SMBH masses, which is consistent with similar
findings reported by Dalla Bontà et al. (2024).

The black hole masses obtained using Dalla Bontà
et al. (2020, 2024) are further compared with the
stellar velocity dispersion. The correlation coefficient
between σ∗ and MBH(Hα) calculated using Dalla
Bontà et al. (2024) is slightly weaker (ρ = 0.36,
P0 < 10−4) compared to the estimates obtained
using Greene and Ho (2005) for the total sample
(see Fig. 6 and 7). A similar trend is observed
for the correlation between σ∗ and MBH(Hβ), where
the MBH values estimated using Dalla Bontà et al.
(2020) yield a slightly lower correlation coefficient
(ρ = 0.21, P0 < 10−2) compared to those estimated
using Vestergaard and Peterson (2006).

Nevertheless, the correlation between the black
hole masses derived from the Hα and Hβ lines is
slightly stronger when using the updated R − L
scaling law (ρ = 0.89, P0 = 0) compared to

the correlation between MBH(Hα) and MBH(Hβ)
obtained with the formulas from Greene and Ho
(2005) and Vestergaard and Peterson (2006).

4. DISCUSSION AND CONCLUSIONS

This study investigated the reliability of the
SMBH mass (MBH) estimates based on Balmer
BELs in Type 1 AGN spectra by comparing MBH

derived from the kinematic parameters of Hα and
Hβ with stellar velocity dispersion, σ∗. The results
indicate that the correlation between the SMBH
masses estimated using either of these BELs and
σ∗ depends on specific spectral properties. The
correlations are more significant for sub-samples of
objects characterized by:

� Broader Hβ emission line profiles,

� Higher continuum luminosity at λ 5100 Å,

� Red asymmetry in the Hβ line profile,

� Negligible outflow contributions to emission
lines.

When comparing Hα and Hβ as the SMBH
mass estimators, the analysis of the total sample
suggests that masses estimated using Hα exhibit a
somewhat stronger correlation with σ∗ than those
derived from Hβ and L5100. This discrepancy may
stem from uncertainties in fitting the Hβ profile
due to its overlap with [O III] and numerous Fe II
lines. Similarly, the L5100 measurements may be
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affected by uncertainties in subtracting the host
galaxy contribution. In extreme cases, where the Fe II
emission is exceptionally broad and strong, L5100 can
also be contaminated by the Fe II pseudo-continuum
(Popović et al. 2023b), making it difficult to isolate
the actual continuum emission.

The stronger correlation between σ∗ and MBH

for objects with red asymmetry in Hβ, compared to
those with blue asymmetry suggests that the blue
asymmetry likely arises from a non-virialized gas
motion directed toward the observer. This introduces
an arbitrary contribution to the line profile, affecting
FWHM of Hβ and, consequently, the SMBH mass
estimation, making these objects less reliable for the
MBH determination. In contrast, the red asymmetry
is likely a signature of gravitational redshift, implying
that these profiles are not influenced by non-virial
motion (see Jonić et al. 2016, Popović et al. 2019).

Previous studies by Jonić et al. (2016) and
Popović et al. (2019) examined the profiles of broad
Hβ and Mg II lines and concluded that the blue
asymmetries in these profiles likely indicate the
presence of a non-virialized motion. Thus, these lines
should be used with caution when estimating MBH.

In cases where significant outflows of emitting
gas are present, as indicated by the [O III] profiles
and σ∗ measurements, the emission from non-
virialized gas may contribute substantially to the
narrow emission lines, particularly in their wing
components. Among the narrow emission lines, the
strongest outflow contributions are typically observed
in [O III] (Bae et al. 2017, Kang and Woo 2018,
Kovačević-Dojčinović et al. 2022), which overlaps
with the broad Hβ line. In extreme cases, the
[O III] outflow components exhibit complex shapes
and FWHM values reaching up to 1400 km s−1

(see Kovačević-Dojčinović et al. 2022), making them
difficult to separate from the broad Hβ profile. The
inclusion of non-virialized gas emission in broad-
line profiles can distort the virial ”signature” on
the profiles, weakening the correlation between the
MBH estimates from Hβ and σ∗. Consequently, the
SMBH mass estimates based on Hβ are expected to
be more reliable in objects with negligible outflow
contributions.

The stronger correlation between σ∗ and MBH

obtained using Hβ and L5100 for objects with broader
Hβ profiles and higher continuum luminosity at
λ 5100 Å, presents a more complex challenge to
explain. Objects with broader Hβ profiles and higher
luminosity generally host larger SMBHs, suggesting
that σ∗ measurements may be more uncertain for
smaller SMBHs. Alternatively, narrower broad Hβ
profiles may be more affected by non-virialized gas
emission (see Jha et al. 2022).

Some authors address the apparent discrepancy
between MBH estimated for Narrow Line Seyfert 1
galaxies (NLS1s) and expectations from the host
galaxy–black hole mass scaling relations, such as
MBH − σ∗ (Decarli et al. 2008, 2011, Brotherton

et al. 2015). Decarli et al. (2008) propose that if
BLR in NLS1s has a disc-like geometry and if these
galaxies are viewed face-on, their narrow BELs result
from orientation effects rather than intrinsically lower
MBH. This effect could lead to an underestimation
of MBH when using the standard methods based on
Hβ for these objects, which could, in turn, result in
lower correlations with σ∗.

Future work will aim to test the conclusions of
this study on a significantly larger sample of AGN
spectra, in order to confirm the obtained trends
and gain a deeper understanding of their physical
background. This approach could help to identify
sub-samples of AGN spectra with specific BLR
geometries, viewing angles, or other intrinsic physical
properties, where the single-epoch MBH estimators
may require adjustments, such as corrections to the
R− L relation or the scaling factor f .
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Popović, L. Č., Ilić, D., Burenkov, A., et al. 2023a, A&A,

675, A178
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Originalni nauqni rad

U ovom radu predstavǉeno je istra�ivaǌe
pouzdanosti procene masa crnih rupa (MBH)
korix�eǌem xirokih emisionih linija iz
spektara aktivnih galaktiqkih jezgara (AGN)
tipa 1, preuzetih iz Sloan Digital Sky Survey
(SDSS) baze. Mase crnih rupa dobijene iz xi-
rokih emisionih linija Hα i Hβ upore�ene
su sa disperzijom brzina zvezda (σ∗) iz galak-
tiqkog ovala (bulge) aktivnih galaksija. Re-
zultati pokazuju da se korelacija MBH–σ∗ po-

boǉxava u onim poduzorcima koje karakteri-
xu slede�e spektralne osobine: xira xiroka
Hβ linija, crvena asimetrija u Hβ profilima
emisionih linija, visoka luminoznost konti-
nuuma i odsustvo izbacivaǌa materije iz ak-
tivnog jezgra (outflows). Ovi rezultati ukazuju
na to da Hα i Hβ pru�aju preciznije procene
mase crne rupe za objekte sa navedenim spek-
tralnim karakteristikama.
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