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ABSTRACT

Context. Precise measurements of black hole masses are essential to understanding the coevolution of these sources and their host galaxies.
Aims. We develop a novel approach for computing black hole virial masses using measurements of continuum luminosities and emission line
widths from partially overlapping, narrow-band observations of quasars; we refer to this technique as single-epoch photometry.
Methods. This novel method relies on forward-modelling quasar observations for estimating emission line widths, which enables unbiased mea-
surements even for lines coarsely resolved by narrow-band data. We assess the performance of this technique using quasars from the Sloan Digital
Sky Survey (SDSS) observed by the miniJPAS survey, a proof-of-concept project of the Javalambre Physics of the Accelerating Universe Astro-
physical Survey (J-PAS) collaboration covering '1 deg2 of the northern sky using the 56 J-PAS narrow-band filters.
Results. We find remarkable agreement between black hole masses from single-epoch SDSS spectra and single-epoch miniJPAS photometry, with
no systematic difference between these and a scatter ranging from 0.4 to 0.07 dex for masses from log(MBH) ' 8 to 9.75, respectively. Reverbera-
tion mapping studies show that single-epoch masses present approximately 0.4 dex precision, letting us conclude that our novel technique delivers
black hole masses with only mildly lower precision than single-epoch spectroscopy.
Conclusions. The J-PAS survey will soon start observing thousands of square degrees without any source preselection other than the photometric
depth in the detection band, and thus single-epoch photometry has the potential to provide details on the physical properties of quasar populations
that do not satisfy the preselection criteria of previous spectroscopic surveys.

Key words. galaxies: active – galaxies: photometry – quasars: emission lines – line: profiles

1. Introduction

Quasars are the most luminous persistent sources known; as
a result, they enable us to study the Universe from late to
very early epochs (e.g. Fan et al. 2006; Mortlock et al. 2011;
Bañados et al. 2018; Yang et al. 2020a; Wang et al. 2021). For
example, quasars are excellent large-scale structure tracers at
redshifts where the number density of bright galaxies is too low
for statistical studies (e.g. Busca et al. 2013; Castorina et al.
2019; Hou et al. 2021), provide crucial information about the
re-ionisation history of the Universe (e.g. Miralda-Escudé 1998;
Fan et al. 2006; Bañados et al. 2018; Davies et al. 2018; Wang
et al. 2020; Yang et al. 2020b), and have been proposed as stan-
dardisable candles (e.g. Watson et al. 2011; Wang et al. 2014;
Risaliti & Lusso 2019), which provides a new avenue to extend-
ing Hubble parameter constraints towards high redshift.

The accepted physical picture is that a quasar is powered
by the accretion of matter onto a supermassive black hole
(SMBH; e.g. Hoyle & Fowler 1963; Salpeter 1964; Lynden-
Bell 1969), which is inferred to exist at the centre of every
massive galaxy (e.g. Kormendy & Richstone 1995; Magorrian
et al. 1998; Ferrarese & Merritt 2000). The discovery of correla-
tions between multiple galaxy properties and SMBH mass (e.g.
Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al.
2000; Gültekin et al. 2009; Kormendy & Ho 2013; McConnell

& Ma 2013) suggests a coevolution between SMBHs and their
host galaxies, during which the energy released by the accret-
ing SMBH self-regulates its growth and impacts the evolution of
its host (Silk & Rees 1998; King 2003; Di Matteo et al. 2005).
The coevolution scenario is also supported by the similar redshift
evolution of the cosmic SMBH accretion rate and the cosmic star
formation rate up to z = 4 (Merloni et al. 2004; Silverman et al.
2008; Shankar et al. 2009; Aird et al. 2010; Delvecchio et al.
2014; Yang et al. 2018) as well as the need for active galac-
tic nucleus feedback to explain the stellar-to-halo mass rela-
tion for massive galaxies in hydrodynamical simulations and
semi-analytic models (e.g. Croton et al. 2006; Somerville et al.
2008; Dubois et al. 2012; Sijacki et al. 2015; Schaye et al.
2015; Weinberger et al. 2017; Pillepich et al. 2018). However,
the nature of the SMBH-galaxy relation is still not completely
understood; for instance, the presence of SMBHs with masses
larger than 109 M� at z > 6 raises an important question about
the origin and fast growth of these objects (see Inayoshi et al.
2020, for a recent review).

In the local universe, SMBH masses are estimated by resolv-
ing the dynamics of stars (e.g. Tremaine et al. 2002; Marconi
& Hunt 2003; Davies et al. 2006; Onken et al. 2007) or gas
(e.g. Davies et al. 2004a,b; Hicks & Malkan 2008) within the
SMBH’s gravitational sphere of influence. At cosmological dis-
tances, spatially resolving this region is impossible, and the
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standard approach to estimating SMBH masses for distant galax-
ies relies on measurements of the virial motion of gas in the
broad-line region (BLR; e.g. Czerny & Hryniewicz 2011). The
most precise method for computing virial masses is reverber-
ation mapping (RM; e.g. Blandford & McKee 1982; Peterson
1993; Netzer & Peterson 1997), which yields robust SMBH mass
estimates consistent with dynamical masses (e.g. Bentz et al.
2013). Reverberation mapping measures the velocity of clouds
in the BLR from the width of broad emission lines and the BLR
size from the time lag between the continuum and emission line
variability; to do so, it requires multiple spectroscopic obser-
vations over an extended period of time at high cadence (e.g.
MacLeod et al. 2010; Bentz et al. 2013), which has limited the
application of this technique to a few hundred sources so far
(Kaspi et al. 2021).

The only method for estimating SMBH virial masses for
a large number of sources is single-epoch spectroscopy (SES;
e.g. Wandel et al. 1999; McLure & Jarvis 2002; Vestergaard
2002), which relies on the tight correlation between quasar con-
tinuum luminosity and BLR size (e.g. Kaspi et al. 2000, 2005;
Bentz et al. 2006, 2009, 2013; Lira et al. 2018) to compute
SMBH masses from a single spectrum. These lesser require-
ments translate into noisier SMBH mass estimates compared to
RM, which require empirical calibration either from RM (e.g.
Kaspi et al. 2000, 2005; Bentz et al. 2013) or internally based
on the availability of multiple emission lines for the same object
(e.g. McLure & Jarvis 2002; Vestergaard & Peterson 2006; Shen
et al. 2011). Taken together with the systematics involved in the
measurement of line widths, these sources of uncertainty result
in differences between SMBH masses from SES and RM as large
as 0.5 dex (e.g. McLure & Jarvis 2002; Vestergaard & Peterson
2006; Shen 2013; Peterson 2014).

Traditionally, measuring SMBH masses was a prerogative of
spectroscopic surveys because the spectral resolution of photo-
metric surveys was too coarse to resolve even the broadest quasar
emission lines, which present widths of thousands of km s−1.
In addition, photometric redshifts from broadband photometry
do not present enough precision for unambiguous line identi-
fication. The emergence of medium- and narrow-band photo-
metric surveys continuously covering a large wavelength range,
such as the Subaru Cosmic Evolution Survey 20 (Subaru COS-
MOS 20; Taniguchi et al. 2015; Sobral et al. 2018), the Advance
Large Homogeneous Area Medium Band Redshift Astronom-
ical (ALHAMBRA) survey (Moles et al. 2008), the National
Optical Astronomy Observatory (NOAO) Extremely Wide-Field
Infrared Imager (NEWFIRM) Medium-Band Survey (NMBS;
van Dokkum et al. 2009), the Survey for High-z Absorp-
tion Red and Dead Sources (SHARDS; Pérez-González et al.
2013), the Physics of the Accelerating Universe Survey (PAUS;
Eriksen et al. 2019), and the Javalambre-Physics of the Accel-
erating Universe Astrophysical Survey (J-PAS; Benitez et al.
2014), is progressively changing this picture. Multi-band pho-
tometric surveys have reached high enough spectral resolution
to first detect broad emission lines (Chaves-Montero et al. 2017;
Lumbreras-Calle et al. 2019) and then detect narrow lines and
approximately resolve the profile of broad lines (Alarcon et al.
2021; Bonoli et al. 2021; Martínez-Solaeche et al. 2021).

In this work, we develop the first method for measuring
SMBH virial masses from narrow-band ‘photospectra’, photo-
metric observations from a contiguous set of partially over-
lapping narrow-band filters. This technique estimates the virial
velocity of BLR clouds from the width of broad emission lines
and the size of the BLR from the continuum luminosity; given
the similarity of this technique with SES, we dub this approach

single-epoch photometry (SEP). We show that the resolution of
J-PAS photospectra is too coarse for backward-modelling1 emis-
sion line widths in an unbiased fashion; motivated by this, we
combine forward-modelling quasar observations and Bayesian
inference to measure continuum luminosities and emission line
widths. To validate our methodology, we use 54 Sloan Digi-
tal Sky Survey (SDSS; York et al. 2000) quasars observed by
the miniJPAS survey (Bonoli et al. 2021), a proof-of-concept
project of the J-PAS collaboration. By comparing SES masses
from SDSS and SEP masses from miniJPAS, we find that SEP
delivers unbiased SMBH mass estimates with only slightly less
precision than SES measurements for most masses. Our find-
ings open up the possibility of studying the physical properties
of quasar populations that do not satisfy the preselection criteria
of previous spectroscopic surveys but will be observed by future
narrow-band surveys such as J-PAS.

The paper is organised as follows. In Sect. 2 we introduce the
dataset that we use to calibrate the performance SEP. In Sect. 3
we describe our approach to measuring continuum luminosities,
emission line properties, and SMBH virial masses from narrow-
band data, and in Sect. 4 we use SDSS quasars observed by
the miniJPAS survey to estimate the precision of the previous
measurements. In Sect. 5 we summarise our main findings and
conclude.

Throughout this paper we consider Planck 2015 cosmolog-
ical parameters (Planck Collaboration VI 2014): Ωm = 0.314,
ΩΛ = 0.686, Ωb = 0.049, σ8 = 0.83, h = 0.67, and ns = 0.96.
We use the term quasar to refer to unobscured active galactic
nuclei with at least one emission line broader than 1000 km s−1.
Emission lines with central wavelengths smaller and larger than
λ = 2000 Å are provided in vacuum and air wavelengths, respec-
tively. All magnitudes are reported in the AB system (Oke &
Gunn 1983). We use the symbol log to indicate decimal loga-
rithms.

2. Data

2.1. Narrow-band data: miniJPAS

The miniJPAS survey (Bonoli et al. 2021) observed '1 deg2 of
the northern sky using the J-PAS filter system, which includes
54 partially overlapping narrow-band filters of full width at half
maximum (FWHM) '145 Å covering the optical range from
3780 to 9100 Å and 2 broader filters expanding over the UV
and the near-infrared up to approximately 3100 and 10 000 Å,
respectively. The observations were carried out using an interim
camera mounted on the 2.5 m diameter Javalambre Survey Tele-
scope at the Astrophysical Observatory of Javalambre, which
will be the same telescope conducting observations for the J-PAS
survey. This survey was designed to serve as a proof-of-concept
for the J-PAS project (Benitez et al. 2014).

The footprint of miniJPAS covers the Extended Groth
Strip (EGS) field partially, where ancillary data from the All-
Wavelength EGS International Survey (AEGIS; Davis et al.
2007) and SDSS (York et al. 2000) are publicly available. To
facilitate the comparison with other surveys, each pointing of
miniJPAS was observed not only with all J-PAS filters, but also
with the broadband filters u, g, r, and i. The depth of miniJPAS

1 Backward-modelling refers to the process of measuring some target
property directly from observations, while forward-modelling indicates
the process of first producing plausible values of such a property using
a theoretical model, and then measuring it by comparing these values
with observations.
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in a circular aperture of 3′′ diameter reaches m ' 22−23.5 AB
at 5σ for the 54 narrow-band filters and up to m = 24 AB for
the broader filters. The primary catalogue of this survey contains
more than 64 000 sources detected in the r band with matched
forced photometry in all other bands (see Bonoli et al. 2021, for
more details).

The J-PAS filter system2 (Brauneck et al. 2018a,b) was
designed to provide accurate photometric redshifts for both blue
and red galaxies up to z ∼ 1 (Benítez et al. 2009; Benitez
et al. 2014), and for quasars up to z ' 6 (Abramo et al.
2012; Chaves-Montero et al. 2017). The first results from miniJ-
PAS confirmed the expectations of sub-percent photo-z precision
(Bonoli et al. 2021; Hernán-Caballero et al. 2021), the potential
of the J-PAS filter system to detect and characterise emission
line sources (Bonoli et al. 2021; González Delgado et al. 2021;
Martínez-Solaeche et al. 2021), and more specifically to capture
the main features of low redshift quasars (Bonoli et al. 2021)
using qsfit (Calderone et al. 2017). Furthermore, the William
Herschel Telescope (WHT) Enhanced Area Velocity Explorer
(WEAVE) Quasi-Stellar Object (WEAVE-QSO) survey (Pieri
et al. 2016) will follow up with high spectral resolution ∼400k
J-PAS quasars at z > 2, allowing our approach to be tested and
calibrated further.

2.2. Spectroscopic data: SDSS

The SDSS survey (York et al. 2000) also observed the EGS field,
and thus we can use quasars with SES measurements from SDSS
to estimate the performance of SEP for miniJPAS. In this section
we describe the main characteristics of the SDSS data we use.

To validate our methodology, we use publicly available SES
measurements from the 14th data release of the SDSS quasar
value-added catalogue (SDSS14Q; Rakshit et al. 2020), which
contains 526 356 sources observed by any of the stages of the
SDSS survey up to and including this data release (York et al.
2000; Eisenstein et al. 2011; Dawson et al. 2013, 2016). Quasars
included in this catalogue satisfy two selection criteria: i-band
absolute magnitude brighter than Mi(z = 2) = −20.5 and at least
one emission line broader than FWHM = 500 km s−1. For each
source, the SDSS14Q catalogue includes the most robust spec-
troscopic redshift solution from SDSS (see Pâris et al. 2018),
the FWHM and equivalent width (EW) of the broadest emission
lines, the monochromatic continuum luminosity nearby these
lines, and SMBH virial mass estimates based on these key spec-
troscopic measurements. The spectral information was measured
using the publicly available multi-component spectral fitting
code pyqsofit3 (Guo et al. 2018), which uses multiple com-
ponents to model the continuum emission and emission lines of
each quasar separately (for a detailed description of the code and
its applications see Guo et al. 2019; Shen et al. 2019).

2.3. Validation sample

We generate the quasar validation sample by cross-matching
miniJPAS observations and the 12th data release of the SDSS
quasar superset catalogue (SDSS12Q, Pâris et al. 2017), which
contains visually inspected spectra and redshifts from any of the
stages of the SDSS survey up to and including this data release.
We find that miniJPAS observed 117 SDSS quasars and that

2 http://svo2.cab.inta-csic.es/svo/theory/fps3/index.
php?mode=browse&gname=OAJ&asttype=
3 https://github.com/legolason/PyQSOFit/

85 out of these present successful SES measurements from the
SDSS14Q catalogue.

We generate a photospectrum for each source by combining
3′′ aperture magnitudes from each of the miniJPAS narrow-band
filters. We use this type of magnitude due to the point-like nature
of quasars, and we correct aperture to total magnitudes follow-
ing a two-step procedure. First, we compute the median differ-
ence between 3′′ aperture magnitudes of bright, unsaturated stars
from each miniJPAS tile and point spread function magnitudes
from the Panoramic Survey Telescope and Rapid Response Sys-
tem 1 (Pan-STARRS1; Chambers et al. 2016). We use these off-
sets to correct the magnitudes of each tile separately, and then
we compute the median difference between the resulting mag-
nitudes and synthetic magnitudes obtained by convolving the
spectra of 115 stars from the SDSS12Q catalogue with the J-
PAS filter system. Finally, we apply these differences to the par-
tially corrected magnitudes. We note that this two-step approach
corrects for both the finite size of 3′′ apertures and spectral
offsets (for more details about this process, see Queiroz et al.,
in prep.).

The miniJPAS survey conducted observations of most fil-
ters between May and October of 2018, and of a few filters
in July 2019 (Bonoli et al. 2021). Due to the variable nature
of quasars, we could expect variability to manifest as artifi-
cial emission or absorption lines in miniJPAS photospectra due
to filters observed at different epochs. The impact of variabil-
ity is increasingly weak for more luminous quasars (e.g. Hook
et al. 1994; MacLeod et al. 2012; Meusinger & Weiss 2013;
Kozłowski et al. 2016; Caplar et al. 2017), and the expected
level of optical variability is ∼0.1 AB per 100 rest-frame days for
the faintest sources. The maximum time span between miniJPAS
observations is approximately 400 days, so we expect the largest
band-to-band magnitude fluctuations to be smaller than 0.2 and
0.1 AB for quasars at z = 1 and 3, respectively. Taken together
with the high luminosity of miniJPAS quasars (see Sect. 4.1),
we expect minimal impact of variability on miniJPAS observa-
tions. On the other hand, the difference between SDSS and mini-
JPAS observations is of the order of years for some sources, and
thus we expect variability to affect the comparison between SES
and SEP measurements. We note that the virial theorem suggests
that a change of X dex in continuum luminosity manifests as a
−0.25 X dex difference in FWHM.

In the top panel of Fig. 1, we display the median spectral
signal-to-noise ratio (S/N) of the 85 SDSS quasars with success-
ful SES measurements as a function of their miniJPAS r-band
magnitude. Blue, orange, and green dots indicate the results for
sources with r < 20, 20 < r < 21, and 21 < r < 22, respectively.
As we can see, most sources with r-band magnitude fainter than
r = 21 present an SDSS spectrum with median S/N smaller than
4. Multiple authors have investigated the impact of S/N on the
robustness of SES measurements (e.g. Shen et al. 2011, 2019;
Denney et al. 2016), finding that the precision of SES masses
decreases rapidly with the median S/N of SDSS spectra, reach-
ing measurement-related errors of 0.3 dex or larger for S/N < 10
(e.g. Shen et al. 2011; Rakshit et al. 2020). To reduce the impact
of noisy SES measurements on our analysis, in Sect. 4 we vali-
date SEP using the 54 sources brighter than r = 21.

In the bottom panel of Fig. 1, we display the redshift distri-
bution of these 54 quasars. As we can see, these sources present
spectroscopic redshifts between z ' 0.5 and 3.5, which enables
SEP to be tested using the lines Hβ, Mg ii, and C iv. The maxi-
mum redshift for quasar detection in J-PAS is z ' 6; nonetheless,
the validation sample does not present any source above z = 4
because the miniJPAS survey only observed '1 deg2 and the
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Fig. 1. Properties of SDSS quasars with successful SES measurements
observed by miniJPAS. Blue, orange, and green colours indicate the
results for sources with r < 20, 20 < r < 21, and 21 < r < 22,
respectively. The top panel shows the median S/N of SDSS spectra as a
function of miniJPAS r-band magnitude, and the bottom panel displays
the redshift distribution of quasars brighter than r = 21.

angular number density of quasars brighter than r = 21 at z > 4
is smaller than one per square degree (Palanque-Delabrouille
et al. 2013, 2016). Throughout this work, we use SDSS redshift
estimates to conduct SEP measurements; however, we will not
have access to spectroscopic redshifts for the majority of sources
that the J-PAS survey will observe. We expect photometric red-
shifts with subpercent precision for J-PAS quasars (Abramo et al.
2012; Chaves-Montero et al. 2017; Bonoli et al. 2021); as a
result, photometric redshift errors are expected to be a subdomi-
nant source of uncertainty for our technique (see Appendix B).

3. Model

In this section we describe our novel approach to measure
SMBH masses from SEP. We first discuss the theoretical foun-
dations of this method in Sect. 3.1, and then we describe our
strategy to measure continuum luminosities, emission line prop-
erties, and SMBH masses in Sects. 3.2–3.4, respectively. Lastly,
we test our methodology using simulated J-PAS photospectra in
Sect. 3.5.

3.1. Theory preambles

The standard approach to measure SMBH masses at cosmologi-
cal distances relies on measurements of the virial motion of gas
in the BLR. Assuming that the SMBH’s gravitational field domi-
nates the motion of these clouds, we can compute SMBH masses
using the virial theorem (e.g. Ho 1999; Wandel et al. 1999):

MBH = f
RBLR(∆V)2

G
, (1)

where G is the gravitational constant, RBLR indicates the size
of the BLR, ∆V refers to the virial velocity of the BLR gas,
and f is a dimensionless parameter of order unity that depends
on the geometry, kinematics, and inclination of the BLR (see
Mejía-Restrepo et al. 2018; Williams et al. 2018, and references
therein). In practice, it is standard to estimate the virial veloc-
ity using either the FWHM or the dispersion of broad emission
lines, each of which presents different advantages and disadvan-
tages (e.g. Shen 2013). Throughout the remainder of this section
we describe a new method to measure SMBH masses from
J-PAS photospectra by leveraging the tight correlation between
continuum luminosity and BLR size.

3.2. Continuum emission

The size of the BLR region presents a tight correlation with the
luminosity of the quasar continuum emission, which is emitted
by material in the accretion disk of the SMBH (Abramowicz &
Fragile 2013) and it is compatible with a power law from the
optical to the near-UV (e.g. Cristiani & Vio 1990; Vanden Berk
et al. 2001). However, measuring the luminosity of the contin-
uum is not straightforward; this is because the apparent contin-
uum of a quasar results from the combination of the power-law
continuum and other contributions such as unresolved emission
and absorption lines, blended iron lines (e.g. Véron-Cetty et al.
2004), Balmer continuum emission (e.g. Wills et al. 1985), host-
galaxy contamination (especially for faint sources; e.g. Shen
et al. 2011; Hernán-Caballero et al. 2016), dust reddening (e.g.
Hopkins et al. 2004), and photometric errors. To alleviate the
impact of these features on measurements of the monochro-
matic continuum luminosity, we first fit a power-law model
to the apparent continuum emission, and then we measure the
monochromatic luminosity from the best-fitting model.

To estimate the power-law continuum, we start by selecting
a set of rest-frame wavelengths λw not presenting strong emis-
sion features in their surroundings and sampling observer-frame
photospectra in a sufficiently dense fashion up to z = 5. We find
that the wavelengths λw = 1350, 1700, 1800, 2200, 3100, 4000,
4200, and 5200 Å satisfy both criteria: these wavelengths present
a separation of at least 100 Å from strong emission lines accord-
ing to quasar composite spectra (e.g. Vanden Berk et al. 2001)
and at least two λw fall within the J-PAS wavelength range up
to z ' 5. We continue by identifying the J-PAS narrow band
with the closest pivot wavelength4 to the observer-frame value
of each λw for every source. Then, we compute the median flux
of each selected band and those immediately preceding and suc-
ceeding; the resulting values approximate the continuum emis-
sion. We note that this approach is largely insensitive to redshift
errors perturbing λw less than half the width of survey filters (see
Appendix B).

Even though the selected λw are not close to strong emis-
sion features, we find it necessary to apply some corrections

4 As defined in Eq. (A.11) of Tokunaga & Vacca (2005).
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Fig. 2. Photometric decomposition of miniJPAS data from three SDSS
quasars. Top, middle, and bottom panels: results for a quasar at low,
intermediate, and high redshift, respectively. Blue and purple lines
show miniJPAS photospectra and SDSS spectra, respectively, black
lines display best-fitting continua, and orange, green, and red lines
denote best-fitting Hβ, Mg ii, and C iv emission lines. Error bars show
1σ-equivalent uncertainties. Despite the limited spectral resolution of
J-PAS filters, we can readily see that best-fitting lines precisely capture
the broad component of quasar emission lines in SDSS spectra.

to account for the impact of spectral features biasing high the
continuum emission. By comparing SDSS spectra and mini-
JPAS photospectra, we find that the impact of the O iv]–

Si iv λλ1397.2, 1402.8 complex and blends of Fe ii line emis-
sion redwards of the Mg ii line is alleviated on average by reduc-
ing 10% the flux at λw = 1350 and 3100 Å, respectively. Fur-
thermore, we find that reducing 10% the flux at λw = 5200 Å
partially corrects for the change in the continuum slope start-
ing at λ ' 5000 Å, which is caused by a combination of host-
galaxy contamination and emission from hot dust (see Vanden
Berk et al. 2001, and references therein). Both corrections enable
a better estimation of the quasar continuum emission from the
optical to the near-UV. On the other hand, we do not explicitly
correct the quasar continuum for the impact of host-galaxy con-
tamination because the quasars in the validation catalogue are
brighter than r = 21 and present redshift higher than z = 0.5 (see
Sect. 2.3), and the host-galaxy emission is increasingly weaker
for brighter sources at higher redshift (e.g. Shen et al. 2011). We
note that the results are weakly sensitive to all these corrections
because we use multiple λw to estimate the continuum emission
for each source.

We use the publicly available affine invariant Markov chain
Monte Carlo (MCMC) ensemble sampler emcee (Foreman-
Mackey et al. 2013)5 to compute the best-fitting power-law
model to the continuum of each source, fcont = f0λαλ , where
f0 and αλ are the normalisation and spectral index of the power
law, respectively. This process works as follows. For each step
of the Markov chain, emcee draws a new value of the pre-
vious two parameters, convolves the resulting continuum with
the J-PAS filter system, and compares the simulated and actual
continuum emission to obtain the likelihood of the selected
parameters. We ran the code using 100 independent chains of
150 steps, a burn-in phase of 75 steps, and broad uniform priors
(αλ ∈ [−3.5, 3.5]). We verify that this configuration results in
a robust sampling of the posterior. To determine the best-fitting
monochromatic continuum luminosity at a particular wavelength
and its error, we first compute the luminosity of the continuum
at such a wavelength from every accepted step of the MCMC
chains. Then, we obtain the best-fitting solution and its uncer-
tainty by computing the median and semi-amplitude of the range
enclosing the 16 and 84th percentiles of the resulting values,
respectively.

In top, middle, and bottom panels of Fig. 2, we display the
photometric decomposition of miniJPAS data from three SDSS
quasars at z = 0.68, 1.61, and 3.22, respectively. The appar-
ent magnitude of these sources is r = 18.1, 20.1, and 20.3,
their SDSS ID 7339–56722–108, 7339–56722–153, and 7339–
56722–147, and their miniJPAS ID 00853, 15867, and 14873.
Even though the spectral resolution of narrow-band filters is not
high enough to resolve narrow spectral features, we can read-
ily see that miniJPAS photospectra resolve broad emission lines
precisely.

We find that the best-fitting continua follow the SDSS-
observed continua closely, particularly for wavelengths not
contaminated by important spectral features. Black dots indi-
cate the values used to compute the best-fitting continua; as
explained above, we select these wavelength intervals because
the strongest quasar emission lines do not contaminate their flux.
On the other hand, weaker spectral features affect some of these
wavelength intervals. In the top panel, the 3000 Å bump (Grandi
1982; Oke et al. 1984; Wills et al. 1985) and the change in the
continuum slope near λ = 5000 Å (Vanden Berk et al. 2001)
modify the flux of the black dots immediately redwards Mg ii
and Hβ, respectively; nevertheless, we can readily see that the

5 https://emcee.readthedocs.io/en/stable/
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flux corrections mentioned above alleviate the impact of these
features.

3.3. Emission lines

Among all quasar emission lines, we are primarily interested
in Hβ λ4861, Mg ii λ2798, and C iv λ1549 because these lines
present EWs large enough to significantly modify narrow-band
photometry and are calibrated to compute SMBH virial masses
(e.g. Kaspi et al. 2000, 2005; Vestergaard & Peterson 2006; Shen
et al. 2011; Bentz et al. 2013). In addition, we can detect at least
one of these lines from the local universe up to z = 5 using the
J-PAS filter system, which enables a continuous estimation of
SMBH masses up to such a redshift. In the following we describe
our approach to extracting the properties of these emission
lines.

For each source, we start by identifying the J-PAS bands
with pivot wavelengths within the rest-frame intervals [4700,
5100] Å, [2600, 3000] Å, and [1450, 1630] Å for the analy-
sis of Hβ, Mg ii, and C iv, respectively. The widths of these
intervals are ∆λ ' 2.5, 4.3, and 3.5 × 104 km s−1, which are
wide enough to encompass the broadest quasar emission lines
almost entirely (e.g. Rakshit et al. 2020). We restrict our anal-
ysis to emission lines with observer-frame central wavelength
within the interval [4000, 8900] Å to ensure correct sampling of
line wings. Then, we compute the relative difference between
the miniJPAS photometry and best-fitting continuum emission
for the selected bands (see Sect. 3.2), producing a line-only
spectrum.

Spectral decomposition methods usually consider multiple
broad and narrow components to recover the shape of emission
line profiles more precisely (e.g. Greene & Ho 2005; Shen et al.
2011; Guo et al. 2019). However, to avoid degeneracies between
different components due to the limited spectral resolution of
J-PAS photospectra, we use a single Gaussian to compute the
amplitude, centre, and width of each emission line from the line-
only spectrum. We do so using the MCMC sampler emcee (see
also Sect. 3.2): for each step of the Markov chain, emcee draws
a new value for the amplitude, centre, and width of the target
emission line, convolves the resulting line with the J-PAS fil-
ter system, and compares the simulated line and the line-only
spectrum to obtain the likelihood of the selected parameters.
For each line, we ran the code using 75 independent chains of
500 steps, a burn-in phase of 150 steps, and broad uniform pri-
ors. Specifically, we allow the line centre to move as much as
an observer-frame distance of 75 Å from the rest-frame posi-
tion of the target line, which corresponds to approximately half
the width of a narrow-band J-PAS filter. This wide prior in the
line centre aims to accommodate for possible velocity shifts or
redshift errors. We compute the best-fitting value and error of
line properties following the same strategy as for the continuum
luminosity in Sect. 3.2.

We find that the [O iii] λλ4958.9, 5006.8 complex and
blended iron lines hinder the correct estimation of line prop-
erties for Hβ and Mg ii, respectively. Spectral methods usually
model these features; however, the spectral resolution of J-PAS
is too coarse to follow this approach. By comparing SDSS spec-
tra and miniJPAS photospectra, we find that we can mitigate the
overall impact of these features on line fits by reducing 50, 50,
25, and 50% the flux of the J-PAS bands with pivot rest-frame
wavelength closest to λ = 2700, 2950, 4960, and 5008 Å, respec-
tively. The Hβ correction is essential for all sources because
the spectral resolution of J-PAS bands is not high enough to

resolve Hβ and the [O iii] λλ4958.9, 5006.8 complex separately.
The Mg ii correction only improves the results for lines broader
than ∼8000 km s−1 because for narrower lines the spectral res-
olution of J-PAS is high enough to resolve Mg ii and blended
iron lines separately. Not introducing these corrections results in
overestimating the width of emission lines.

In Fig. 2, we show the best-fitting emission line models to
the broad lines of example quasars. By comparing the result of
photometric measurements and SDSS spectra, we can readily see
that best-fitting lines capture the broad component of Hβ, Mg ii,
and C iv precisely. This level of agreement is remarkable given
the significant difference in spectral resolution between SDSS
spectra and J-PAS photospectra, with average spectral resolu-
tions of R ' 1800 and 60 (respectively; York et al. 2000; Benitez
et al. 2014). The spectral resolution of J-PAS photospectra sug-
gests that we can only resolve lines broader than ∼5000 km s−1;
however, this calculation does not account for the overlapping of
the transmission curve of adjacent J-PAS filters.

3.4. SMBH virial masses

At cosmological distances, the standard approach to compute
SMBH masses assumes that the BLR is virialised and that the
SMBH gravitational field dominates the motion of gas clouds in
this region. Single-epoch spectroscopy computes virial masses
by leveraging the tight correlation between continuum luminos-
ity and BLR size (e.g. Kaspi et al. 2000; Bentz et al. 2009),

log
(

MBH

M�

)
= A + B log

(
λLλ

1044 erg s−1

)
+ 2 log

(
FWHM

km s−1

)
, (2)

where FWHM stands for the full width at half maximum of
broad emission lines, λLλ refers to the monochromatic con-
tinuum luminosity – typically measured over a spectral region
adjacent to the respective broad emission line –, and A and
B are virial coefficients calibrated using either sources with
both SES and RM measurements (e.g. Kaspi et al. 2000;
Bentz et al. 2013) or internally based on the availability of
multiple lines for the same source (e.g. McLure & Jarvis 2002;
Vestergaard & Peterson 2006; Trakhtenbrot & Netzer 2012;
Marinello et al. 2020). We compute Hβ-, Mg ii-, and C iv-based
virial masses using the continuum luminosity at λ = 5100,
3000, and 1350 Å, respectively, and the same virial coefficients
as SDSS-based quasar catalogues (Shen et al. 2011; Rakshit
et al. 2020): A = 0.91 and B = 0.50 for Hβ (Vestergaard &
Peterson 2006), A = 0.74 and B = 0.62 for Mg ii (Shen et al.
2011; Trakhtenbrot & Netzer 2012), and A = 0.66 and B = 0.53
for C iv (Vestergaard & Peterson 2006). Consequently, SMBH
masses depend approximately four times more strongly on the
FWHM than continuum luminosity measurements.

Different calibrations or spectral decomposition techniques
may result in differences as large as 0.4 dex between RM and
SES masses (e.g. Collin et al. 2006; Kelly et al. 2009; Shen 2013;
Dalla Bontà et al. 2020); motivated by this, some works recali-
brate virial coefficients using RM and SES measurements from
the same spectral decomposition code to reduce these errors. It
is also worth noting that the precision of SMBH mass estimates
depends on the emission line used during the inference process:
Hβ-based masses present a scatter of 0.3 and 0.5 dex relative
to Mg ii- and C iv-based masses, respectively (Trakhtenbrot &
Netzer 2012).

To compute SEP masses, we use continuum luminosities and
line widths estimated from J-PAS photospectra (see Sects. 3.2
and 3.3, respectively). Ideally, we would recalibrate Eq. (2)
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coefficients using sources presenting both RM and SEP mass
measurements; however, miniJPAS did not observe any quasar
with RM measurements. In Sect. 4, we resort to recalibrating
these coefficients using sources with both single-epoch spec-
troscopic and photometric measurements; to do so, we use the
gradient-based BFGS algorithm (Broyden 1970; Fletcher 1970;
Goldfarb 1970; Shanno & Kettler 1970) implemented in scipy
(Virtanen et al. 2020). This recalibration has two important bene-
fits: it absorbs systematic differences between spectroscopic and
photometric measurements of both continuum luminosity, which
may be caused by over- or under-estimating the correction from
aperture to total magnitudes (see Sect. 2.3), and line widths,
which may appear due to the different number of components
used to fit line profiles (see Sect. 3.3).

3.5. Tests using idealised simulations

In order to thoroughly test our methodology, we proceed to study
the feasibility of using SEP to measure SMBH masses using sim-
ulated observations of J-PAS quasars.

Modelling the spectral energy distribution of a quasar is
challenging due to correlations between multiple quasar prop-
erties (e.g. Baldwin 1977; Dong et al. 2009; Shen et al. 2011),
the presence of a panoply of weak and blended emission lines
(e.g. Davidson & Netzer 1979), the complex profile of some
broad emission lines (e.g. Nagao et al. 2006; Shen et al. 2011;
Kollatschny & Zetzl 2013), the diversity of quasar continua (e.g.
Jensen et al. 2016), emission line velocity shifts (e.g. Richards
et al. 2011; Shen et al. 2016), and host-galaxy contamination
(e.g. Vanden Berk et al. 2001). Instead of accounting for all
these effects, we proceed to generate idealised quasar observa-
tions by modelling the quasar continuum emission as a power
law and each broad emission line as a single Gaussian. This
approach ensures that the only sources of uncertainty affecting
SEP masses are the limited resolution of the J-PAS filter sys-
tem and the level of photometric errors expected for this survey.
In Sect. 4, we study the aggregated impact of all the aforemen-
tioned effects and others such as variability by comparing SES
and SEP measurements from quasars in the miniJPAS validation
sample (Sect. 2.3).

For each source, we first modelled the continuum emission
using a power law of index αλ = −1.56, which provides an
excellent fit to the quasar continuum emission from Lyα to Hβ
(Vanden Berk et al. 2001). Then, we added the emission lines
Hβ, Mg ii, and C iv to the continuum emission, which we mod-
elled using a single Gaussian function with the same width. After
that, we redshifted the resulting spectral energy distribution from
rest- to observer-frame, and we convolved it with the J-PAS filter
system. Finally, we perturbed mock photospectra according to
the level of photometric uncertainties expected for the J-PAS sur-
vey (Benitez et al. 2014). In summary, four free parameters char-
acterise each simulated photospectra: continuum r-band magni-
tude, rest-frame EW, FWHM, and redshift. To generate mock
observations, we first drew 10 500 random combinations of these
parameters within the intervals z ∈ [0.01, 4.50], r ∈ [18, 23],
log(EW/Å) ∈ [1, 2.6], and log(FWHM/km s−1) ∈ [2.5, 4.0]
using Latin hypercube sampling (McKay et al. 1979). Then, we
followed the previously mentioned strategy to generate a J-PAS
photospectra for each combination of parameters.

In Fig. 3, we compare the SEP measurements from mock
photospectra and the input quantities used to simulate these. We
note that we analysed mock observations using a slightly modi-
fied version of the model described in Sect. 3: we did not apply
any correction to either the continuum emission or emission lines

because simulated photospectra do not incorporate any contam-
inant. Blue dots, orange squares, and green triangles indicate
the results for sources with 18 < r < 20, 20 < r < 21, and
21 < r < 22, respectively, and red dashed lines indicate the 1:1
relations between input and measured quantities. In each panel,
the middle and bottom sub-panels display the mean and standard
deviation of the logarithmic difference between input and mea-
sured values. As expected, the precision of all measurements is
increasingly larger for brighter sources as the relative impact of
the associated photometric errors decreases.

In the top-left and top-right panels, we display measure-
ments of the monochromatic continuum luminosity at 1350 Å
and the EW of C iv, respectively. As we can see, the precision
of the measurements increases for more luminous sources and
stronger lines; this is because the relative impact of photomet-
ric errors decreases with both the brightness of the continuum
and the strength of emission lines. We also find that our model
only delivers unbiased measurements for sources brighter than
r ' 21; motivated by this, we only consider sources brighter
than such a magnitude to estimate the performance of SEP in
Sect. 4.

In the bottom-left panel, we show measurements of the
FWHM of C iv. We find that the precision of these measure-
ments increases for broader lines; this is because the J-PAS filter
system resolves wider lines with a larger number of bands. The
most prominent feature of this panel is that FWHM measure-
ments display a systematic bias for emission lines narrower than
≈1500 km s−1. We can understand this trend in terms of the lim-
ited spectral resolution of the J-PAS filter system: on average,
emission lines narrower than ≈1500 km s−1 perturb the flux of a
single J-PAS band, which causes a complete degeneracy between
the amplitude and FWHM of the best-fitting line. For such lines,
our method delivers practically any result between the actual
width and the minimum one resolvable, thereby biasing high
FWHM measurements. In Appendix A, we show that backward-
modelling observations result in systematic biases even for lines
as wide as ≈10 000 km s−1; therefore, forward-modelling quasar
observations enables us to push this limit by almost an order of
magnitude. We note that our naive estimate for the width of the
narrowest line resolvable by J-PAS is approximately three times
larger than the actual value (see Sect. 3.3).

In the bottom-right panel, we display measurements of C iv-
based SMBH mass. We note that we compute SMBH masses
using the virial coefficients quoted in Sect. 3.4. As we can
see, our method yields unbiased masses only for sources with
log(MBH/M�) & 8, reflecting the biased FWHM measure-
ments for lines narrower than '1500 km s−1. For sources with
FWHM larger than the aforementioned threshold, we find that
SEP masses show no systematic bias and that the precision of
these ranges from 0.4 to 0.01 dex for SMBH with masses from
log(MBH/M�) ' 8 to 9.75, respectively. We also find that the pre-
cision of these measurements increases with the SMBH mass for
sources brighter than r = 21, which is explained by the increas-
ing precision of both continuum luminosity and FWHM mea-
surements for sources with brighter continua and broader lines.
We note that we find similar results for Hβ- and Mg ii-based
measurements.

In Fig. 4, we display SEP mass measurements from Hβ,
Mg ii, and C iv as a function of redshift. As we can see, these
lines enable SMBH masses from z = 0 to 5 to be measured
continuously. We only display results for sources with an actual
mass larger than log(MBH/M�) = 7.5; we set this threshold to
understand better the impact of the limited resolution of the J-
PAS filter system on measurements for low mass sources. We
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Fig. 3. SEP measurements of λLλ(1350 Å) continuum luminosity (top-left panel), C iv EW (top-right panel), C iv FWHM (bottom-left panel), and
C iv-based SMBH mass (bottom-right panel) from simulated J-PAS sources. Blue dots, orange squares, and green triangles show the results for
sources with 18 < r < 20, 20 < r < 21, and 21 < r < 22, respectively, and dashed red lines indicate a one-to-one relation between actual and
measured properties. The middle and bottom sub-panels display the mean and standard deviation of the logarithmic difference between actual and
measured properties. We find that our method yields unbiased FWHM measurements only for lines broader than '1500 km s−1 due to the limited
spectral resolution of J-PAS photospectra, which prevents us from measuring the mass of sources with log(MBH/M�) . 8 in an unbiased fashion.
We find similar results for Hβ and Mg ii.
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Fig. 4. SEP masses from simulated J-PAS observations of sources with
actual SMBH masses larger than log(MBH/M�) = 7.5. The dashed red
line indicates this threshold. As we can see, the combination of Hβ,
Mg ii, and C iv enables SMBH masses from z = 0 to 5 to be continu-
ously measured.

find that our model yields unbiased SMBH masses for sources
with both r < 20 and log(MBH/M�) > 7.5 across the whole
redshift range. On the other hand, sources with r > 20 present
slightly biased masses below z = 1, especially those with less
massive SMBHs. This is due to the combination of two effects:
the precision of SEP measurements increases with both apparent
magnitude and line width, and at fixed FWHM (in km s−1), the
observer-frame line width (in Å) grows with redshift as 1 + z.
We check that our model yields unbiased SMBH mass estimates
for sources with emission lines broader than an observer-frame
width of FWHM = 30 Å.

4. Results

In Sect. 3, we describe SEP and we validate our methodol-
ogy using simulated J-PAS photospectra. In this section we
characterise the precision of this technique by comparing SEP
and SES measurements for 54 SDSS quasars observed by the
miniJPAS survey (see Sect. 2.3). In Sects. 4.1–4.3, we show
the results for continuum luminosities, emission line properties,
and SMBH virial masses, respectively, and we gather these in
Table 1.
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Table 1. SEP measurements for some sources in the miniJPAS validation catalogue.

z log(Lλ[erg s−1]) log(FWHM[km s−1]) log(MBH[M�])

5100 Å 3000 Å 1350 Å Hβ Mg ii C iv Hβ Mg ii C iv

0.482 44.16+0.03
−0.03 44.23+0.02

−0.02 – 3.81+0.29
−0.37 3.61+0.52

−0.55 – 8.53 ± 0.66 7.65 ± 1.06 –
0.531 44.10+0.04

−0.04 43.86+0.04
−0.04 – 3.91+0.15

−0.36 3.87+0.18
−0.16 – 8.73 ± 0.51 7.94 ± 0.34 –

0.548 44.32+0.03
−0.03 44.29+0.04

−0.04 – 3.87+0.18
−0.38 3.74+0.24

−0.24 – 8.71 ± 0.56 7.94 ± 0.49 –
0.600 44.32+0.05

−0.05 43.74+0.08
−0.07 – 3.60+0.47

−0.75 4.08+0.23
−0.25 – 8.16 ± 1.22 8.30 ± 0.47 –

0.602 44.39+0.02
−0.02 44.45+0.02

−0.02 – 3.91+0.13
−0.16 4.03+0.11

−0.13 – 8.81 ± 0.29 8.62 ± 0.24 –
0.647 44.78+0.02

−0.02 44.89+0.02
−0.02 – 3.80+0.18

−0.28 3.83+0.26
−0.52 – 8.67 ± 0.46 8.47 ± 0.78 –

0.676 45.21+0.02
−0.02 45.48+0.02

−0.02 – 3.72+0.10
−0.17 3.86+0.24

−0.66 – 8.62 ± 0.28 8.89 ± 0.90 –
0.676 44.47+0.04

−0.04 44.45+0.05
−0.05 – 3.65+0.38

−0.73 3.85+0.47
−0.82 – 8.31 ± 1.11 8.26 ± 1.29 –

0.719 44.51+0.04
−0.04 44.61+0.03

−0.03 – 3.83+0.26
−0.84 3.59+0.61

−0.58 – 8.66 ± 1.10 7.84 ± 1.18 –
0.808 44.46+0.04

−0.04 44.36+0.03
−0.03 – 3.48+0.50

−0.68 4.09+0.21
−0.49 – 7.96 ± 1.18 8.67 ± 0.70 –

0.825 44.38+0.05
−0.05 44.38+0.04

−0.04 – 3.55+0.42
−0.39 3.54+0.24

−0.18 – 8.07 ± 0.81 7.60 ± 0.42 –
0.884 – 44.52+0.02

−0.02 – – 3.87+0.14
−0.23 – – 8.34 ± 0.37 –

0.897 – 44.68+0.03
−0.03 – – 4.09+0.16

−0.25 – – 8.88 ± 0.41 –
0.986 – 44.49+0.04

−0.04 – – 4.05+0.14
−0.18 – – 8.67 ± 0.32 –

0.986 – 44.75+0.02
−0.02 – – 3.71+0.19

−0.28 – – 8.16 ± 0.46 –
1.002 – 44.71+0.03

−0.03 – – 3.89+0.33
−0.51 – – 8.50 ± 0.84 –

1.086 – 44.65+0.03
−0.02 – – 3.99+0.17

−0.28 – – 8.66 ± 0.45 –
1.194 – 45.29+0.02

−0.01 – – 4.01+0.09
−0.10 – – 9.08 ± 0.19 –

1.213 – 45.64+0.01
−0.01 – – 3.94+0.13

−0.21 – – 9.14 ± 0.35 –
1.223 – 44.73+0.05

−0.04 – – 4.13+0.12
−0.13 – – 8.98 ± 0.25 –

1.269 – 45.20+0.02
−0.02 – – 3.76+0.24

−0.46 – – 8.52 ± 0.70 –
1.286 – 46.03+0.01

−0.01 – – 4.04+0.05
−0.06 – – 9.57 ± 0.11 –

1.391 – 45.31+0.02
−0.03 – – 3.78+0.22

−0.31 – – 8.62 ± 0.53 –
1.394 – 45.61+0.02

−0.02 – – 3.49+0.31
−0.39 – – 8.22 ± 0.70 –

1.492 – 45.44+0.03
−0.03 – – 4.09+0.12

−0.16 – – 9.33 ± 0.29 –
1.514 – 45.86+0.02

−0.02 – – 3.99+0.11
−0.13 – – 9.37 ± 0.24 –

1.515 – 45.07+0.05
−0.04 – – 4.05+0.15

−0.15 – – 9.01 ± 0.29 –
1.584 – 45.65+0.03

−0.03 45.96+0.02
−0.02 – 4.04+0.09

−0.09 3.57+0.27
−0.27 – 9.33 ± 0.19 8.55 ± 0.54

1.605 – 45.43+0.03
−0.03 45.62+0.03

−0.03 – 3.83+0.18
−0.22 3.64+0.19

−0.20 – 8.80 ± 0.41 8.60 ± 0.39
1.647 – 45.54+0.03

−0.03 45.86+0.03
−0.03 – 4.00+0.11

−0.11 3.70+0.28
−0.33 – 9.20 ± 0.22 8.79 ± 0.61

1.674 – 45.05+0.12
−0.12 45.23+0.10

−0.10 – 4.06+0.15
−0.40 3.97+0.27

−0.42 – 9.03 ± 0.55 9.16 ± 0.69
1.685 – 45.41+0.04

−0.04 45.51+0.03
−0.03 – 3.89+0.12

−0.16 4.18+0.05
−0.06 – 8.91 ± 0.28 9.64 ± 0.11

1.728 – 45.15+0.08
−0.08 45.49+0.05

−0.05 – 3.92+0.25
−0.37 3.63+0.34

−0.35 – 8.80 ± 0.62 8.56 ± 0.69
1.743 – 45.58+0.03

−0.03 45.79+0.03
−0.03 – 4.10+0.11

−0.15 3.82+0.22
−0.37 – 9.43 ± 0.26 9.00 ± 0.59

1.862 – 45.60+0.05
−0.05 45.39+0.05

−0.05 – 3.72+0.41
−0.80 4.17+0.24

−0.71 – 8.68 ± 1.21 9.60 ± 0.95
1.902 – 45.41+0.05

−0.05 45.65+0.02
−0.02 – 3.51+0.45

−0.39 3.79+0.09
−0.08 – 8.15 ± 0.84 8.90 ± 0.16

1.902 – 45.74+0.03
−0.03 45.84+0.02

−0.02 – 3.84+0.22
−0.57 3.64+0.22

−0.29 – 9.00 ± 0.78 8.65 ± 0.51
1.960 – 45.58+0.03

−0.03 45.73+0.02
−0.02 – 3.78+0.24

−0.53 4.05+0.06
−0.07 – 8.78 ± 0.77 9.45 ± 0.13

1.963 – 45.38+0.04
−0.04 45.62+0.02

−0.02 – 3.98+0.13
−0.16 3.73+0.19

−0.24 – 9.07 ± 0.29 8.78 ± 0.43
2.003 – 45.52+0.04

−0.04 45.63+0.03
−0.03 – 3.94+0.11

−0.13 3.95+0.14
−0.25 – 9.06 ± 0.24 9.23 ± 0.39

2.031 – 45.66+0.02
−0.03 45.60+0.02

−0.02 – 4.11+0.08
−0.12 4.01+0.07

−0.06 – 9.49 ± 0.20 9.34 ± 0.13
2.033 – 45.45+0.04

−0.04 45.70+0.04
−0.03 – 4.07+0.09

−0.10 3.75+0.16
−0.18 – 9.28 ± 0.19 8.83 ± 0.34

2.041 – 45.54+0.03
−0.03 45.70+0.03

−0.03 – 3.86+0.24
−0.32 3.59+0.48

−0.52 – 8.93 ± 0.56 8.52 ± 1.00
2.305 – – 45.81+0.05

−0.05 – – 3.95+0.11
−0.12 – – 9.26 ± 0.23

2.306 – – 46.17+0.02
−0.02 – – 4.07+0.08

−0.09 – – 9.61 ± 0.17
2.351 – – 45.58+0.07

−0.07 – – 4.08+0.16
−0.22 – – 9.48 ± 0.37

2.463 – – 46.63+0.02
−0.02 – – 3.95+0.07

−0.08 – – 9.49 ± 0.15
2.581 – – 46.10+0.02

−0.02 – – 3.85+0.12
−0.29 – – 9.15 ± 0.41

2.591 – – 46.02+0.02
−0.02 – – 4.11+0.06

−0.07 – – 9.64 ± 0.14
2.594 – – 45.99+0.02

−0.02 – – 3.96+0.09
−0.11 – – 9.34 ± 0.20

Notes. An extended version of this table containing SEP and SES measurements for all sources in the validation catalogue can be found here.
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Fig. 5. Continuum luminosity measurements from SDSS spectra and
miniJPAS photospectra. Triangles, squares, and stars indicate the con-
tinuum luminosity at λ = 5100, 3000, and 1350 Å, respectively. Blue
and orange symbols display the results for sources with r < 20
and 20 < r < 21, error bars denote 1σ-equivalent uncertainties,
and the dashed line indicates a 1:1 relation between SES and SEP
measurements.

4.1. Continuum luminosity

In Fig. 5, we display continuum luminosity measurements from
SDSS spectra and miniJPAS photospectra for the 54 quasars in
the validation sample. Triangles, squares, and stars indicate the
continuum luminosity at λ = 5100, 3000, and 1350 Å, respec-
tively, and blue and orange symbols display the results for sources
with r < 20 and 20 < r < 21, and the dashed line indicates
a 1:1 relation between SES and SEP measurements. Error bars
denote 1σ-equivalent uncertainties from spectral and photomet-
ric decomposition. As we can see, these uncertainties do not cap-
ture the dispersion of measurements between SDSS spectra and
miniJPAS photospectra; this is likely because error bars do not
attempt to capture the impact of variability on the results, which
is an important source on uncertainty in the comparison between
spectroscopic and photometric measurements (see Sect. 2.3).

We find a small systematic difference between photometric
and spectroscopic measurements: the mean and standard devia-
tion of their difference are −0.11 and 0.11 dex for λLλ(5100 Å),
−0.07 and 0.11 dex for λLλ(3000 Å), and −0.07 and 0.12 dex for
λLλ(1350 Å). We check that this bias is sensitive to the photo-
metric correction used to convert aperture to total magnitudes
(see Sect. 2.3), and that it disappears by slightly decreasing such
a correction. Nonetheless, it is crucial to keep in mind that a con-
stant bias has negligible impact on the computation of SMBH
masses because the recalibration of virial coefficients absorbs it
(see Sect. 3.4).

4.2. Emission line properties

In Fig. 6, we display EW (top row) and FWHM (bottom row)
measurements from SDSS spectra and miniJPAS photospec-
tra for the 54 quasars in the validation sample. The left, mid-
dle, and right panels show the results for Hβ, Mg ii, and C iv,
respectively. These lines are broader than 1500 km s−1 for all
sources, and thus we expect accurate FWHM measurements
from miniJPAS photospectra (see Sect. 3.5). The symbol ρ
indicates the Pearson correlation coefficient between spectro-

scopic and photometric measurements. As we can see, EWs and
FWHMs present much larger error bars than continuum lumi-
nosity measurements, reflecting the complexity of extracting line
properties. The median precision of EW and FWHM measure-
ments from photometric data is 16 and 30%, respectively, and
from spectroscopic data is 6 and 8%. Therefore, at fixed r-band
apparent magnitude, spectroscopic measurements from SDSS
are between two to four times more precise than photometric
measurements from miniJPAS. We note that these error bars do
not attempt to capture the impact of variability on the compari-
son between spectroscopic and photometric measurements (see
Sect. 2.3).

We find that the Person correlation coefficient between spec-
troscopic and photometric FWHM measurements is almost unity
for Hβ, close to ρ = 0.5 for C iv, and approximately ρ = 0.3
for Mg ii. The modest value of the correlation coefficient for
some lines is likely caused by the combination of the limited
S/N of observations quasar variability. Nonetheless, the agree-
ment between emission line properties from spectroscopic and
photometric measurements is substantial: we find that the mean
and standard deviation of the difference for EWs are 0.15 and
0.36 dex for Hβ, −0.07 and 0.19 dex for Mg ii, and 0.09 and
0.17 dex for C iv, and for FWHM −0.06 and 0.09 dex for Hβ,
−0.28 and 0.19 dex for Mg ii, and −0.20 and 0.18 dex for C iv.
We thus find a systematic difference between FWHM measure-
ments from SDSS spectra and miniJPAS photospectra, possibly
because we use a single component to fit line profiles while
Rakshit et al. (2020) does so using multiple components (see
Sect. 3.3). We note that differences of the same order are found
between widths measured by spectral decomposition methods
using a single and multiple components (e.g. Shen et al. 2011;
Rakshit et al. 2020). However, it is essential to notice that a con-
stant bias has a negligible impact on the computation of SMBH
masses because the recalibration of virial coefficients absorbs it
(see Sect. 3.4).

4.3. SMBH virial masses

Before computing SMBH virial masses, we recalibrated the
virial coefficients of Eq. (2) to correct for possible systematic
differences between SES and SEP measurements due to the dif-
ferent methodologies to compute continuum luminosities and
emission line properties. Following the approach explained in
Sect. 3.4, we find A = 0.876 ± 0.005 and B = 0.263 ± 0.013 for
Hβ, A = 0.292 ± 0.017 and B = 0.590 ± 0.006 for Mg ii, and
A = 0.894 ± 0.125 and B = 0.263 ± 0.029 for C iv.

In Fig. 7, we compare different SMBH mass estimates for
quasars in the validation sample: SEP masses from miniJPAS
photospectra produced using the previous coefficients and SES
masses from SDSS spectra generated using the coefficients
quoted in Sect. 3.4. The middle and bottom sub-panels show
the mean and standard deviation of the logarithmic difference
between spectroscopic and photometric measurements, respec-
tively. Horizontal error bars denote 1σ uncertainties for SES
masses, which are computed via error propagation of Eq. (2)
(see Rakshit et al. 2020). We compute error bars for SEP masses
following the previous approach for a fair comparison between
spectroscopic and photometric error estimates. As we can see,
the size of error bars decreases with the mass of the sources for
both techniques, reflecting the increasingly larger precision of
measurements for brighter sources, and at fixed apparent magni-
tude, for sources with broader lines (see Sect. 3.4). We note that
error bars do not capture the impact of systematic uncertainties
affecting single-epoch masses.
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Fig. 6. EW (top row) and FWHM (bottom row) measurements from SDSS spectra and miniJPAS photospectra. Left, middle, and right panels:
results for Hβ, Mg ii, and C iv, respectively. Dashed lines indicate a 1:1 relation between photometric and spectroscopic measurements. The
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We find that SEP and SES masses display a remarkable
agreement, with no systematic difference between these and
most measurements less than 1σ away from the 1:1 relation. We
can thus conclude that SEP delivers unbiased measurements of
SMBH masses despite the limited spectral resolution of J-PAS
photospectra. We also find that the standard deviation of the dif-
ference between spectroscopic and photometric measurements
decreases with the mass of the sources: it ranges from 0.4 to
0.07 dex for SMBHs with masses from log(MBH/M�) ' 8 to
9.75, respectively. This level of precision is in line with our fore-
casts from simulated miniJPAS observations (see Sect. 3.5), sug-
gesting limited impact unresolved emission lines, host-galaxy
contamination, and other effects on continuum luminosity and
emission line properties (see Sects. 3.2 and 3.3).

It is a well-established observational result that black hole
mass estimates show a residual dependence on the Eddington
ratio (Du et al. 2016, 2018; Grier et al. 2017; Du & Wang 2019;
Martínez-Aldama et al. 2019; Fonseca Alvarez et al. 2020; Dalla
Bontà et al. 2020), which serves as a measure of the accretion
rate of the system. Therefore, it is conceivable that the perfor-
mance of SEP could depend upon the Eddington ratio,

REdd = Lbol/LEdd, (3)

where LEdd = 1.257 × 1038(MBH/M�) is the Eddington luminos-
ity, while Lbol is the bolometric luminosity, which we estimate
from the monochromatic luminosity at 5100, 3000, and 1350 Å
using Lbol = 9.26 L5100, 5.15 L3000, and 3.81 L1350, respectively
(Shen et al. 2011). We note that the previous expressions can
result in uncertainties as large as a factor of two (Richards et al.
2006); this is because precise estimation of bolometric luminosi-
ties requires observations of the spectral energy distribution from
X-ray to radio.

In Fig. 8, we display Eddington ratio measurements from
miniJPAS photospectra as a function of SEP masses. The colour
of the symbols indicates the logarithmic difference between
mass measurements from SDSS spectra and miniJPAS photo-
spectra. As we can see, there is no apparent dependence of the
mass difference upon the Eddington ratio, letting us conclude
that the performance of SEP is independent of the Eddington
luminosity of the system.

Another important consideration is that SEP faces simi-
lar systematic uncertainties as SES, including the chosen mea-
surement that characterises line widths, different assumptions
involving spectral decomposition methods, host-galaxy contam-
ination, broad absorption lines, outflows, residual dependence
of SMBH masses on the Eddington ratio, uncertainties in the
relation between continuum luminosity and BLR size, varia-
tions in the virial factor with the BLR geometry, and pos-
sible non-reverberating components of some emission lines
(for a recent detailed discussion about these effects see Dalla
Bontà et al. 2020). The aforementioned effects induce differ-
ences of the order of 0.4 dex between RM and SES masses,
with little dependence on SMBH mass (e.g. Grier et al. 2019;
Homayouni et al. 2020; Dalla Bontà et al. 2020). If we assume
that the impact of the previous systematics on SES and SEP is
of the same order, we can compare the precision of these tech-
niques measuring SMBH masses. For SMBHs with masses of
the order of log(MBH/M�) = 8, the standard deviation of the
difference between SES and SEP masses is of the same order
as the impact of systematic uncertainties, suggesting that SEP
masses are

√
2 ' 1.4 times less precise than SES masses. Sys-

tematic uncertainties progressively dominate the error budget for
SMBH with larger masses; for sources with log(MBH/M�) ' 9.0
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Fig. 8. Performance of SEP as a function of Eddington ratio. Symbols
indicate results from miniJPAS photospectra, and their colour denotes
the logarithmic difference between mass measurements from SDSS
spectra and miniJPAS photospectra. As we can see, the mass difference
shows no dependence upon the Eddington ratio.

and 9.5, SES masses are only 12 and 3% more precise than
SEP masses, respectively. We can thus conclude that SEP yields
SMBH virial masses with only mildly lower precision than SES
for the majority of sources in the validation sample. However,
a more thorough study of the accuracy of SEP requires sources
with both RM and SEP masses.

5. Conclusions

Precise measurements of SMBH masses are crucial for charac-
terising the properties of the SMBH population, understanding
the links between SMBHs and their host galaxies, and using
quasars as large-scale structure tracers for multiple cosmologi-
cal applications. In this work, we develop a novel approach for
measuring SMBH virial masses from single-epoch, narrow-band
photometric observations. We summarise our main findings as
follows:

– In Sect. 3 we describe a Bayesian-based approach for mea-
suring continuum luminosities and emission line proper-
ties from narrow-band photometric data. We validate our
methodology using simulated J-PAS observations, finding
that they can deliver accurate continuum luminosities for
sources brighter than r = 21 and unbiased FWHM measure-
ments for lines broader than '1500 km s−1. For the kinds of
quasars we consider here, this value translates into a mini-
mum SMBH mass of approximately log(MBH/M�) = 8.

– In Sect. 4 we characterise the performance of our method-
ology using 54 SDSS quasars observed by the miniJPAS
survey, a proof-of-concept project of the J-PAS Collabora-
tion covering ≈1 deg2 of the northern sky using the 56 J-
PAS narrow-band filters. We find that the standard deviation
of the difference between SES measurements from SDSS
and SEP measurements from miniJPAS is approximately 0.1
and 0.2 dex for continuum luminosities and FWHMs, respec-
tively. However, we caution that quasar variability is a signif-
icant source of uncertainty for this comparison.

– In Fig. 7 we compare SES masses from SDSS and SEP
masses from miniJPAS, finding that both are compatible
within error bars. We also show that the standard devia-
tion of the difference between spectroscopic and photometric
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measurements ranges from 0.4 to 0.07 dex for masses from
log(MBH/M�) ' 8 to 9.75, respectively. Reverberation map-
ping studies show that SES masses are affected by systematic
uncertainties of the order of 0.4 dex; given that SES and SEP
face similar systematics, we can conclude that SEP yields
SMBH virial masses with only mildly lower precision than
SES for the majority of sources in the validation sample.

Throughout this work, we have focused on characterising the
precision SEP for the J-PAS survey, which will soon start observ-
ing thousands of square degrees of the northern sky without
applying any source preselection other than the photometric
depth in the detection band. Therefore, SEP has the potential
to provide details on the physical properties of new types of
quasar populations that do not satisfy the preselection criteria
of previous spectroscopic surveys. We have shown that our cur-
rent technique delivers precise measurements only for sources
brighter than r = 21; to push our technique towards fainter mag-
nitudes, we plan to measure SMBH virial masses from stacked
photospectra of low signal-to-noise sources. Taken together, we
expect J-PAS and SEP to be of paramount importance for com-
pleting our knowledge of SMBH demographics across cosmic
time.

To estimate the performance of our methodology, we have
relied upon SDSS sources with both SES and SEP measure-
ments. Due to the limited precision of SES measurements, we
would have rather used quasars with SEP and either RM or
direct mass measurements; however, we did not find any source
with these more precise mass measurements within the miniJ-
PAS footprint. On the other hand, the J-PAS survey will soon
observe quasars with these types of mass measurements, thereby
enabling a better characterisation of the performance of SEP.
Furthermore, we will have more sources available for statisti-
cal studies, which will enable a more precise assessment of the
performance of our novel technique for sources with different
Eddington ratios and redshifts.

Although our technique was developed to analyse J-PAS
photospectra, SEP can also be used to compute SMBH masses
for quasars observed by other surveys without substantial modi-
fications. For instance, we could use this methodology to analyse
data from multi-band surveys with enough spectral resolution to
resolve the profile of broad emission lines, such as SHARDS
and PAUS, and low-resolution spectroscopic surveys covering
an extensive wavelength range, such as Gaia (Gaia Collabora-
tion 2012) and the Spectro-Photometer for the History of the
Universe, Epoch of Reionization and Ices Explorer (SPHEREx)
survey (Doré et al. 2014).
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Appendix A: Forward- versus backward-modelling
observations

In this section we study if we can extract unbiased measure-
ments of emission line widths by backward-modelling quasar
observations.
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Fig. A.1. Backward-modelling measurements of C iv FWHMs from
simulated J–PAS observations. This approach results in biased
FWHM measurements even for lines as wide as 10 000 km s−1, while
forward-modelling observations enable FWHMs of lines broader than
1500 km s−1 in an unbiased fashion.

To backward-modelling emission line widths, we first
estimate the quasar continuum emission following the same
approach as in Sect. 3.2, and then we subtract it from observa-
tions to produce a line-only spectrum. After that, we identify the
J–PAS bands in which the centre of the broad emission lines Hβ,
Mg ii, and C iv fall; if one of these lines falls between two J–
PAS bands, we select the band with the maximum flux. Finally,
we compute the FWHM of each line by subtracting the wave-
lengths at which the continuum emission intercepts half the flux
of the band at which the centre of the line falls. We note that we
perform a linear interpolation of the flux between J–PAS bands
to improve the resolution of the results.

In Sect. 3.5, we use simulated J–PAS photospectra to study
the impact of both the limited spectral resolution of J–PAS and
photometric errors on SEP. In Fig. A.1, we show the result
of backward-modelling the C iv width from simulated J–PAS
observations. We can readily see that this approach results in
biased FWHM measurements even for emission lines as broad as
10 000 km s−1. In Fig. 3, we show that forward-modelling obser-
vations enables the FWHM of lines as narrow as 1500 km s−1 to
be measured in an unbiased fashion, thereby pushing the accu-
racy of the results by almost an order of magnitude relative to
backward-modelling. We thus conclude that forward-modelling
observations is crucial for unbiased estimation of emission line
properties from narrow-band surveys.

Appendix B: Impact of photometric redshift errors

In Sect. 4, we use spectroscopic redshift estimates to con-
duct SEP measurements. The J–PAS survey will soon observe
hundreds of thousands of quasars for which we will only
have access to photometric redshift estimates. In this section
we study the impact of photometric redshift errors on SEP
measurements.
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Fig. B.1. Dependence of SEP masses upon the level of photometric
redshift errors expected for J–PAS quasars. Using simulated J–PAS
observations, we find that the impact of these errors on SEP masses is
negligible.

Forecasts for the J–PAS survey and preliminary results from
the miniJPAS survey suggest that the precision of photometric
redshifts for J–PAS quasars will be ≈0.5% (Abramo et al. 2012;
Chaves-Montero et al. 2017; Bonoli et al. 2021). To study the
impact of this level of uncertainties on SEP results, we first per-
turb the actual redshift of simulated J–PAS observations (see
Sect. 3.5) according to a Gaussian of width σz = 0.005(1 + z),
and then we apply our methodology. In Fig. B.1, we show the
precision of SEP masses measured from this sample. By com-
paring the results shown in this figure and the lower-right panel
of Fig. 3, we can readily see that the impact of photometric red-
shift errors on SEP masses is negligible for the level of errors
expected for J–PAS.

It is important to note that the previous approach does not
account for the possibility of redshift outliers, that is, sources
with photometric redshift estimate very far from their actual red-
shift primarily due to low S/N observations and line confusion
(e.g. Chaves-Montero et al. 2017). We expect minimal impact of
the first type of outliers because we only analyse sources brighter
than r = 21. On the other hand, outliers caused by line confusion
are more problematic because these can be brighter than r = 21,
and our code will return precise measurements of the misclas-
sified line. We will carry out a more detailed study about this
source of uncertainty in future works.
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