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Július Koza, Tatranská Lomnica, The Slovak Republic
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Theodor Pribulla, Tatranská Lomnica, The Slovak Republic

Advisory Board
Bernhard Fleck, Greenbelt, USA

Arnold Hanslmeier, Graz, Austria
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Paola Marziani (Italy), co-chair Slaj.ana Knežević, secretary
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Jovanović Milena Astronomical Observatory, Belgrade, Serbia
Karlica Mile Astronomical Observatory, Belgrade, Serbia
Kirsanova Maria S. Institute of Astronomy of the RAS, Moscow, Russia

9



Kneževic Sladjana Astronomical Observatory, Belgrade, Serbia
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Milić Ivan Faculty of Mathematics - Department of Astronomy,
University of Belgrade, Serbia

Moiseev Alexei Special Astrophysical Observatory, Russian Academy
of Sciences, Russia

Mokadem Safia University of Sciences and Technology Houari Boume-
diene, Algeria

Naddaf Mohammad
Hassan

Institut d’Astrophysique et de Géophysique, Univer-
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Universidad de Valladolid, Spain

Rosato Joel Aix-Marseille Université, France
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PREFACE

The special issue of Contributions of the Astronomical Observatory Skalnaté
Pleso: Spectral Line Shapes in Astrophysics and related Atomic Data focuses on
research concerning the spectral line properties and the corresponding atomic
and molecular data. Namely, the analysis of spectral lines, their widths, and,
more generally, their shapes, is a powerful diagnostic tool for probing emit-
ting/absorbing gas, enabling to use the observed spectra for analysis and mod-
elling of various astrophysical objects from interstellar clouds of molecular and
ionized hydrogen to neutron stars and quasars. It is well known, that atomic and
molecular spectroscopy is a key method for plasma studies not only in astron-
omy but also for laboratory plasma, lasers and laser produced plasma, fusion
research, atmospheric investigations, applied physics and industry. Therefore,
interaction between astrophysicists and laboratory physicists who produce var-
ious atomic and molecular data and investigate spectra originating from differ-
ent cosmic sources can provide a boost to our understanding of the Universe.
Accordingly, stating from 1995 to 2025 we have organized 15 conferences on
Spectral line shapes in astrophysics, in order to bring together astronomers and
physicists from Serbia and other countries to review and present their current
research.
In this Special Issue there are 15 selected papers written by participants of XV
Serbian Conference on Spectral Line Shapes in Astrophysics, June 9-13, 2025,
Nǐs, Serbia, where 65 colleagues from 19 countries attended. The particpants
were from Algeria, Bangladesh, Belgium, Bulgaria, Chile, China, Dominican
Republic, France, Germany, Iran, Israel, Italy, Mexico, Romania, Russia, Ser-
bia, Slovenia, Spain, and USA. The conference sessions have been dedicated
to Databases and spectral line shapes from laboratory to space plasma, Spec-

tral line shapes and astrophysical phenomena, Emission lines in active galaxies

and nebulae, Spectral line phenomena in plasmas from diffuse to dense states,

Spectral lines in astrophysical and laboratory plasma, Surveys and spectral line

variability in extragalactic objects, Atomic parameters and spectral line shapes,

Spectral line phenomena in extragalactic objects, Spectral line shapes in different

space conditions, Spectral line research: new frontiers and Spectral line variabil-

ity and other characteristics in AGNs. More informations could be found on
the official website of the conference: http://servo.aob.rs/scslsa/. All materials
(programme, talks, presentations, photos, etc.) from the previous meetings are
available at http://servo.aob.rs/eeditions/SCSLSA.php through Serbian Virtual
Observatory ( http://servo.aob.rs/scslsa/ ).
All papers, selected for this special issue, were subjected to a strict refereeing
process. We are thankful to the reviewers for their valuable time to ensure the
strict scientific standard of the articles.

Milan S. Dimitrijević, Paola Marziani, Djordje Savić and Luka Č. Popović
guest editors
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Exploring the broad-line region of PKS

1510-089: Jet contributions and mass estimation

A.Amador-Portes1 , A.Garćıa-Pérez1,2 , V.Chavushyan1 and

V.M.Patiño-Álvarez1,3

1 Instituto Nacional de Astrof́ısica, Óptica y Electrónica, Luis Enrique Erro
1, Tonantzintla Puebla, México, C.P. 72840 (E-mail:

alfreportess9730@gmail.com)
2 Dipartimento di Fisica, Università degli Studi di Torino, via Pietro Giuria

1, I-10125 Torino, Italy
3 Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, D-53121

Bonn, Germany

Received: August 5, 2025.; Accepted: November 12, 2025.

Abstract.

PKS 1510-089, a highly active flat-spectrum radio quasar, known for its
frequent flaring activity across the electromagnetic spectrum. We present a
decade-long analysis of its flux variability in optical bands and γ-rays, fo-
cusing on the non-thermal dominance parameter, Hβ and Hγ lines, and the
λ5100 Å continuum. We examine the Hβ flux and full width at half maximum
(FWHM), along with the λ5100 Å continuum light curves to assess whether
the primary source of continuum emission is the accretion disk or the jet dur-
ing different activity periods. Our results highlight that jet emission dominates
the continuum during flare-like episodes. We obtain an approximately 80 day
delay between the Hβ and continuum emissions, which we interpret as the spa-
tial separation between the optical emission region and the broad-line region
(BLR). Near-zero delays between optical and near-infrared bands indicate co-
spatial emission within the jet. Synchrotron self-Compton is identified as the
dominant γ-ray mechanism during flares, supported by minimal delays with op-
tical/NIR emission. A persistent anticorrelation between the Hβ FWHM and
luminosity reveals a ”breathing-BLR” effect, independent of whether ionization
arises from the disk or jet. This relation also holds between Hβ FWHM and
λ5100 Å luminosity during disk-dominated phases, suggesting that the emis-
sion line arises mostly from the canonical virialized BLR. Moreover, jet-related
λ5100 Å flares coincide with Hβ flares, suggesting the jet base lies within the
BLR. From 219 disk-dominated spectra, we estimate a mean black hole mass
of MBH = (2.85 ± 0.37) × 108 M⊙. This study sheds light on the jet-BLR
connection in PKS 1510-089, enhancing our understanding of blazar emission.

Key words: active galactic nuclei (16) – galaxy jets (601) – emission line
galaxies (459) – flat-spectrum radio quasars (2163) – supermassive black holes
(1663)
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1. Introduction

PKS 1510-089 (redshift z = 0.361; Burbidge & Kinman, 1966) is a flat-spectrum
radio quasar (FSRQ), one of the most active and well-studied sources across the
entire electromagnetic spectrum (e.g. Marscher et al., 2010; Rani et al., 2010;
Aleksić et al., 2014; Fuhrmann et al., 2016; Prince et al., 2019; Yuan et al.,
2023). The relativistic jet of PKS 1510-089 is oriented at an angle of roughly 3◦

to our line of sight (Homan et al., 2002), allowing the detection of knots with
apparent superluminal velocities of up to 20c along the jet (Jorstad et al., 2005).
The location of the γ-ray emission zone in this source remains uncertain. Some
studies place it close to the supermassive black hole (SMBH), within the broad-
line region (BLR) (e.g. Poutanen & Stern, 2010; Tavecchio et al., 2010; Brown,
2013), while others argue for a position further downstream, beyond the BLR
and outside the central parsec (e.g. Tavecchio et al., 2010; Orienti et al., 2013;
Dotson et al., 2015; H.E.S.S. Collaboration et al., 2021). This complicates the
identification of the dominant γ-ray production mechanism. While combined
external Compton (EC) and synchrotron self-Compton (SSC) scenarios are of-
ten invoked (Kataoka et al., 2008; D’Ammando et al., 2009; Castignani et al.,
2017), purely EC or SSC models (Aleksić et al., 2014; H.E.S.S. Collaboration
et al., 2021) and lepto-hadronic interpretations (Dzhatdoev et al., 2022) have
also been proposed and cannot be completely ruled out.

Aharonian et al. (2023) showed that during 2021 to 2022, PKS 1510-089 re-
mained in a low activity state, accompanied by a decline in optical polarization,
with spectra consistent with emission from the accretion disk and BLR. In these
epochs, Barnard et al. (2024) reported that the strength and width of emission
features (Mg II λ2798 Å, Hδ, and Hγ) were stable, but their average EW in-
creased. Furthermore, Podjed et al. (2024) found no polarized broad Hγ or Hβ
emission, suggesting that these lines are intrinsically unpolarized. Estimates
of the black hole mass (MBH) in PKS 1510-089 span a range of values. Disk
temperature profile modeling yields values of 5.40 and 2.40 × 108 M⊙ (Abdo
et al., 2010; Castignani et al., 2017, respectively). Single-epoch spectra based on
λ5100 Å continuum luminosity and Hβ full width at half maximum (FWHM)
give values of 3.86 and 2.00 × 108 M⊙ (Oshlack et al., 2002; Xie et al., 2005,
respectively), while reverberation mapping by Rakshit (2020) yields a mass of
5.71+0.62

−0.58 × 107 M⊙.

This work summarizes the results in Amador-Portes et al. (2024b, 2025),
where γ-ray variability alongside the fluxes of Hβ and Hγ, the Hβ FWHM, and
the optical continuum flux at λ5100 Å were analyzed. Multi-wavelength light
curves spanning ∼ 10 years using cross-correlation analysis were used to probe
time lags between bands and infer the locations and dominant mechanisms of
different emission regions. We also studied correlations between Lλ5100 and LHβ ,
as well as between FWHM Hβ and these luminosities. To assess the influence of
the jet on BLR emission, we separated spectra based on the dominant continuum
source, accretion disk or jet. For disk-dominated spectra, we estimated the MBH
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via single-epoch methods from LHβ and FWHM Hβ. Throughout this work, we
adopt a cosmology with H0 = 71 km s−1 Mpc−1, ΩΛ = 0.73, and ΩM = 0.27,
corresponding to a luminosity distance of 1906.9 Mpc at z = 0.361.

2. Observations and data

Figure 1. Example decomposition of the Hβ and Hγ emission lines from a spectrum

observed at the Steward Observatory on April 10, 2018. Top panel: The rest-frame

spectrum with the best-fit model overlaid. The continuum is represented by a pow-

er-law function. Bottom panel: The broad and narrow components used to fit Hβ and

Hγ, along with the Fe II template, [O III] doublet, and telluric absorptions.

We analyzed γ-ray data (0.1− 300 GeV) from the Fermi-LAT (Abdo et al.,
2010) public archive1 using Fermitools version 2.0.8 to construct weekly
light curves. The near-infrared (NIR) J-band data were obtained from the Small

1https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi

https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
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and Moderate Aperture Research Telescope System (SMARTS; Bonning et al.,
2012). Optical V-band data were retrieved from two sources, SMARTS and
the Steward Observatory (SO). We obtained 34 optical spectra from the Ob-
servatorio Astrof́ısico Guillermo Haro (OAGH2), and 353 spectra from the SO
as part of the Ground-based Observational Support of the Fermi Gamma-ray
Space Telescope monitoring program at the University of Arizona3. The OAGH
spectra, covers a wavelength range of 3800–7100 Å, while the SO spectra spans
the wavelengths 4000–7500 Å. Details of the OAGH spectra data reduction is
found in Amador-Portes et al. (2024b) and SO observational setup and data
processing are provided in Smith et al. (2009).

The spectra were shifted to the rest frame and corrected for cosmological ef-
fects using the (1+z)3 factor (Peterson, 1997). Galactic reddening was removed
using the dust maps from Schlafly & Finkbeiner (2011) with E(B − V ) = 0.09,
adopting the reddening law of Cardelli et al. (1989) with RV = 3.1. We extract
the Hβ, Hγ, and λ5100 Å continuum fluxes through spectral decomposition.
The local continuum was modeled with a power-law. Fe II multiplet emission
between 4000–5500 Å was modeled using the template from Kovačević et al.
(2010). Emission and absorption lines were fitted using the astropy.modeling4

framework. The Hβ and Hγ lines were each fitted with three Gaussian compo-
nents: narrow, broad, and very broad. An example of the spectral decomposition
is shown in Figure 1.

Three sources of uncertainty were considered for the emission line flux mea-
surements: i) Random error from spectral dispersion and signal-to-noise (S/N)
ratio (Tresse et al., 1999); ii) uncertainties from Fe II subtraction (León-Tavares
et al., 2013); and iii) a 10% contribution from flux calibration (Paul Smith pri-
vate communication). The narrow Hβ contribution to the total profile was min-
imal, ranging from 5.2% at its lowest line flux to 1.5% at its highest line flux,
smaller than the total Hβ flux uncertainty. Therefore, the total Hβ profile was
used in all calculations. Given that the Hγ line is expected to behave similarly,
its total profile flux was also adopted for the cross-correlation analysis.

We measured the FWHM from the sum of Gaussians used for the Hβ profile.
The uncertainty in the observed FWHM arises from two sources: i) the random
error due to spectral dispersion (∼ 4 Å), and ii) the fitting error, estimated as
the standard deviation between the fitted Gaussians and the observed spectrum.
A correction by instrumental broadening was made for each slit width used in
the SO observations, adopting the values from Amador-Portes et al. (2024a):
9.45±2.70 Å for 3.′′0, 12.92±3.69 Å for 4.′′1, and 16.07±4.59 Å for 5.′′1. As the
instrumental uncertainties dominate over S/N effects, the corrected FWHM was
obtained via quadratic subtraction of the instrumental and observed profiles,
with its uncertainty derived through standard error propagation.

2https://astro.inaoep.mx/observatorios/oagh/
3http://james.as.arizona.edu/~psmith/Fermi/
4https://docs.astropy.org/en/stable/modeling/index.html

https://astro.inaoep.mx/observatorios/oagh/
http://james.as.arizona.edu/~psmith/Fermi/
https://docs.astropy.org/en/stable/modeling/index.html
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Figure 2. Multi-wavelength light curves. (a) γ-ray data from Fermi/LAT (0.1 − 300

GeV), (b) FWHM of the Hβ emission line, (c) Hβ emission line flux, (d) Hγ emission

line flux, (e) λ5100 Å continuum flux, (f) V-band from SO and SMARTS, (g) J-band

from SMARTS, and (h) NTD parameter. The red dash-dotted and blue dashed lines

in panel (h) represent NTD= 1 and NTD= 2, respectively.

NTD =
Lobs

Lpred

(1)

The NTD parameter (Shaw et al., 2012) was calculated following Equation 1,
where Lobs is the observed continuum luminosity, and Lpred is the continuum
luminosity predicted from the Hβ luminosity using the non-blazar relation of
Greene & Ho (2005). The NTD parameter quantifies the relative non-thermal
(jet) contribution to the total continuum emission in AGN. Following Patiño-
Álvarez et al. (2016), NTD = 1 indicates purely thermal emission from the
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accretion disk; 1 < NTD < 2 implies disk-dominated emission with a jet con-
tribution; NTD = 2 corresponds to equal contributions from disk and jet; and
NTD > 2 indicates jet-dominated emission. Thus, two regimes can be defined:
Disk-Dominated (NTD < 2) and Jet-Dominated (NTD > 2). The light curves
of the γ-rays, Hβ and λ5100 Å continuum fluxes along with the FWHM of Hβ
and NTD are displayed in Figure 2.

3. Variability and correlations analysis

Table 1. Time lags between emission in different bands, and NTD values, obtained

from cross-correlation analysis of the full light curves.

Light Curves Delay (days)

5100 Åvs γ-rays −6.8± 6.4
5100 Åvs Hβ 82.4± 6.1
5100 Åvs Hγ 87.7± 6.6
5100 Åvs J-band 0.0± 3.7
5100 Åvs NTD 0.1± 6.7
5100 Åvs V-band 0.2± 2.5
γ-rays vs NTD 6.0± 6.7
J-band vs γ-rays −8.8± 6.4
J-band vs Hβ 81.8± 6.1
J-band vs NTD −0.5± 6.7
V-band vs γ-rays −9.0± 11.3
V-band vs Hβ 78.9+14.9

−4.2

V-band vs J-band 0.0± 3.7
V-band vs NTD 0.6± 6.7

We conducted cross-correlations amongst all multi-wavelength light curves
previously described. Three different methods were employed to ensure robust-
ness: the interpolated cross-correlation function (ICCF; Gaskell & Sparke, 1986),
the discrete cross-correlation function (DCCF; Edelson & Krolik, 1988), and
the Z-transformed discrete cross-correlation function (ZDCF; Alexander, 1997).
These methods followed the established protocols outlined in Patiño-Álvarez
et al. (2013); Patiño-Álvarez et al. (2018), and Amaya-Almazán et al. (2022).
Only time delays with correlation coefficients at above 99% significance,, and
consistent across at least two of the three methods, were considered. Further
details on significance levels can be found in Emmanoulopoulos et al. (2013)
and Amaya-Almazán et al. (2022) The reported delays represent the average
results obtained from either two or all three methods, depending on the case,
with the reported uncertainty being the maximum uncertainty value among the
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three methods employed. Results of the cross-correlation analysis for the are
summarized in Table 1.

Figure 3. Spectroscopic light curves for the disk dominance regime. (a) FWHM of

the Hβ emission line, (b) Hβ emission line flux, and (c) the λ5100 Å continuum flux.

Delays between the optical/NIR emissions (λ5100 Å continuum, J-band, V-
band, and NTD) are consistent with zero, indicating quasi-simultaneous, co-
spatial emission. Continuum variability is largely driven by flare-like episodes
linked to strong jet activity, as shown by NTD values exceeding 2. Thus, the
variability in the λ5100 Å continuum is predominantly powered by synchrotron
emission from the jet. Given the co-spatiality, the V-band and J-band emissions
during flares also arise primarily within the jet, confirming synchrotron radi-
ation as the main driver of variability across these bands. The ∼80-day delay
between the continuum and emission lines likely reflects the light-travel time
from the continuum source to the BLR. In addition, a cross-correlation analy-
sis between the λ5100 Å continuum and Hβ light curves, separated by jet- and
disk-dominated regimes (NTD+σ < 2) was performed. The results for these
subsets did not reveal any significant correlation, indicating no physical delay
between the light curves in separated regimes. In the jet dominance regime, the
observed delays appeared to be spurious correlations. Conversely, in the disk
dominance regime, we obtain inconclusive results, stemmed from the similarity
in the light curves, characterized by prolonged periods of quiescence with mini-
mal variability as shown in Figure 3. A detailed discussion of this inconclusive
results is presented on Amador-Portes et al. (2024b).
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Table 2. Pearson (ρP ) and Spearman (ρS) correlation coefficients obtained for Lλ5100

versus LHβ and LHβ or Lλ5100 versus FWHMHβ across various data sets: Full Set, Disk

Dominance (DD), and Jet Dominance (JD). Corresponding p-values are displayed for

each case.

Regime ρP pv ρS pv
Lλ5100 vs LHβ

Full Set 0.200 2.60× 10−6 0.450 6.0× 10−21

DD 0.800 6.90× 10−59 0.810 7.00× 10−53

JD 0.100 0.260 0.170 0.200
Lλ5100 vs FWHMHβ

Full Set -0.187 2.09× 10−4 -0.450 2.27× 10−20

DD -0.678 8.81× 10−31 -0.650 6.21× 10−28

JD -0.104 0.395 -0.054 0.658
LHβ vs FWHMHβ

Full Set -0.650 9.34× 10−48 -0.683 1.72× 10−54

DD -0.678 8.04× 10−31 -0.651 7.86× 10−28

JD -0.575 2.33× 10−7 -0.630 6.59× 10−9

The delay of 7.0± 7.7 days between optical/NIR bands and γ-ray emission
suggests that the optical emission region and the source of seed photons are
quasi-cospatial. Since optical variability is jet-driven, delays between the optical
light curves and other light curves will also trace jet activity during flares. The
near-zero lag therefore indicates that optical/NIR and γ-ray emission regions are
co-spatial within the jet. For the γ-ray energies detected by Fermi/LAT (0.1−300
GeV), the seed photons must be within the NIR-NUV range, corresponding
to observable flux in the V-band, J-band, and λ5100 Å continuum. Given the
quasi-cospatiality of optical/NIR and seed photon regions within the jet, SSC is
favored as the dominant emission mechanism during flares, where γ-rays arise
from synchrotron photons scattered by the same relativistic electrons. However,
EC processes cannot be excluded, as both are expected to occur simultaneously.

We look for correlations in the logarithmic space between FWHMHβ , Lλ5100,
and LHβ for the entire dataset, as well as separately for the jet dominance and
disk dominance regimes to picture the role of jet emission over the Hβ emission
line (and thus the BLR). The correlations were conducted with the Pearson (ρP )
and Spearman (ρS) correlation rank tests, Person or Spearman coefficients with
values absolute below |ρ| ≤ 0.39 are considered as a weak correlation, values
between 0.40 ≤ |ρ| ≤ 0.59 as a moderate correlation, and values greater than
|ρ| ≥ 0.60 as a strong correlation (positive or negative, given the case). All
correlation coefficients are displayed in Table 2.

Lλ5100 = 1044 erg s−1

(

LHβ

(1.425± 0.007)× 1042 erg s−1

)− 1

1.133±0.005

(2)
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Figure 4. Variation of the Hβ emission-line luminosity compared to the λ5100 Å con-

tinuum luminosity. In all panels, the color bar indicates the NTD value for each ob-

servation. Left Panel: Full sample. Middle Panel: Disk dominance (DD) regime data.

Right Panel: Jet dominance (JD) regime data. The dashed black line denotes the

boundary between the regimes. The orange solid line and shaded area represent the

Greene & Ho (2005) relation for a non-blazar sample and its uncertainty at 3σ. The

dashed red line denotes the significant (pv < 0.05) linear regression to the correspon-

dent data.

The NTD parameter, defined as the ratio of observed to predicted contin-
uum luminosity, with predictions based on the Hβ - continuum relation (Equa-
tion 2) from Greene & Ho 2005, was used to distinguish between jet- and disk-
dominated states. Figure 4 shows this comparison, with NTD= 2 marking the
boundary. Across the full sample, correlations between continuum and Hβ lumi-
nosities were weak to moderate, and linear regression failed to yield a significant
fit (as evidenced by their p-value5, pv of 1 to machine accuracy). For the linear
regression, a p-value below 0.05 is considered statistically significant, indicating
that the observed relationship is unlikely to have occurred by chance. To refine
the analysis, we separated the data: 219 spectra (56.6%) in the disk-dominated
regime, 17.8% in the jet-dominated regime, and 25.6% near the threshold. In
the disk-dominated regime, a strong correlation was recovered, with a slope of
β = 0.76± 0.05 (pv ≈ 0) for the linear regression, consistent with a non-blazar
AGN. In contrast, no significant correlation was found in the jet-dominated
regime, indicating that line luminosities do not reliably track continuum vari-
ability when the jet dominates.

Across the full dataset, the Pearson test shows no correlation between Lλ5100

and FWHMHβ, while the Spearman test reveals a moderate anti-correlation,
indicating a monotonic but non-linear relationship; the linear regression does not
accurately describe the data (pv = 0.620). In the disk-dominated regime, strong
correlations appear in both tests, with a regression slope β = −0.360 ± 0.034
(pv ≈ 0.0), reflecting the “breathing-BLR” effect (Figure 5): as the ionizing

5The p-value represents the probability that our null hypothesis is true, which states there is

no relationship between the model and the data.
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Figure 5. Top Row: Variation of the Hβ emission-line FWHM compared to the

λ5100 Å continuum luminosity. Bottom Row: Variation of the Hβ emission-line

FWHM compared to its luminosity. Left Column: Full sample. Middle Column: Disk

dominance (DD) regime data set. Right Column: Jet dominance (JD) regime data

set. Only linear regression fits with pv < 0.05 are plotted, as red dashed lines, for the

corresponding data.

continuum increases, the BLR radius expands due to clouds farther away being
ionized, producing narrower Hβ profiles. In contrast, the jet-dominated regime
shows no significant correlation, implying that the ionizing influence of the jet on
the BLR is weaker compared to the accretion disk, thus insufficient to induce a
similar dynamic response in the BLR. We find a strong anti-correlation between
LHβ and FWHMHβ across all subsets, indicating that changes in Hβ luminosity
similarly affect the BLR regardless of the ionizing source. Long-term trends over
∼ 10 years show that flux increases correspond to FWHM decreases. Linear
regression is statistically significant for all subsets, with slopes β = −0.467 ±
0.032 (full dataset), β = −0.509 ± 0.048 (disk-dominated), and β = −0.320 ±
0.056 (jet-dominated), all with pv < 0.002.

The observed ”breathing-BLR” effect, indicates that the photons driving
the Hβ emission consistently originate from the canonical BLR, regardless of
whether the dominant continuum source is the accretion disk or the jet. This
rules out the contribution of any external BLR material. Based on these, we pro-
pose that the base of the jet, where the UV synchrotron emission is produced,
resides within the canonical BLR. In this configuration, the jet emission directly
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impacts the Hβ line, reinforcing the idea that the canonical BLR remains the
principal emission region even when the jet dominates the continuum. In Fig-
ure 6 we present a schematic illustration of the Jet-BLR system coupling and
the different interactions between regions.

Figure 6. Schematic illustration of the Jet-BLR system suggested in this work (not

to scale). The blue dashed curve represents the orbit of a BLR cloud around the

SMBH with the parallel velocity component being low while crossing the jet section.

BLR clouds in this region will be ionized by a contribution of UV flux from the

accretion disk (red arrows) and from the jet (white arrows). The ∼ 80-day delay

between the continuum emission and the Hβ emission line traces the distance between

the continuum emission within the jet during flare-like events and the edge of the BLR.

4. Black hole mass estimation

The variability in this source is predominantly jet-driven. This complicates su-
permassive black hole mass (MBH) estimates via reverberation mapping, since
the measured delay in disk dominance regime yielded inconclusive results we
could not use reverberation mapping. Given these limitations, we adopted single-
epoch spectroscopic methods for MBH estimation, applying Equation 3 from
Greene & Ho (2005) to 192 spectra in the disk-dominated regime. FWHMHβ

is corrected for instrumental broadening. From this set of data points, we es-
timated a weighted mean mass for the supermassive black hole (MBH). The
resulting value is MBH = 2.85 ± 0.37 × 108 M⊙, with the uncertainty derived
from the standard deviation of this set.
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MBH = (3.6± 0.2)× 106
(

LHβ

1042 erg/s

)0.56±0.02 (
FWHMHβ

103 km/s

)2

M⊙ (3)

5. Summary and results

Delays between optical/IR emissions are consistent with zero, indicating nearly
simultaneous, co-spatial regions. Continuum variability is driven by flares, sug-
gesting that optical and NIR emissions mainly arise from synchrotron processes
in the jet. The 7.0 ± 7.7-day lag between optical/IR and γ-rays indicates a
close spatial link, with seed photons for inverse Compton emission originating
from jet-produced optical/NIR flux. SSC is suspected to be the dominant γ-ray
emission process during flare-like events, but further analysis needs to be made.
Cross-correlations across the full dataset between the λ5100 Å continuum and
the Hβ and Hγ emission line fluxes revealed a delay of approximately 80 ± 6
days. This delay reflects the separation between the continuum emission region
and the BLR, and cannot be interpreted as the size of a virialized BLR. Instead,
it likely traces the distance between the edge of the BLR and the continuum
source associated with the jet during flare-like events. In the disk-dominated
regime, the results were inconclusive, a behavior attributed to the prevalence of
quiescent periods with minimal variability.

The λ5100 Å continuum and Hβ luminosities show a weak positive correla-
tion across the full dataset, diverging from the non-blazar relation at NTD> 2.
In the disk dominance regime, the correlation strengthens (Pearson = 0.80,
Spearman = 0.79), indicating that the emission line closely follows the contin-
uum, as in non-blazar AGNs. A consistent anti-correlation between LHβ and
FWHMHβ across all datasets reflects the ”breathing-BLR” effect. These results
suggest that the BLR responds similarly to ionizing flux from both the accretion
disk and the jet, supporting a scenario where the jet base is embedded within
the canonical BLR.

Single-epoch spectra were employed to estimate MBH in the disk dominance
regime, using the scaling relation proposed by Greene & Ho (2005). A robust
MBH value of 2.85± 0.37× 108 M⊙ was derived exclusively from spectra span-
ning approximately a decade within the disk dominance regime. This approach
minimized jet contamination and short-term variability potentially associated
with jets. However, for this object, the jet does not significantly impact the
MBH estimated, as seen from the analysis of the complete spectra set for this
particular source.
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30 A.Amador-Portes, A.Garćıa-Pérez, V.Chavushyan and V.M.Patiño-Álvarez
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Abstract. Green Bean is a rare type of galaxy which represents a short-
lived phase in the life cycle of active galactic nuclei (AGN), characterised
by large-scale, powerful ionised clouds in the circumgalactic medium. Recent
studies demonstrate that these extended ionised structures may reflect fad-
ing signatures of past AGN activity, often manifested in the form of large-
scale ionisation cones. The analysis of their observational properties provides
unique constraints on AGN lifetimes, feedback mechanisms, and transitions
between radiative and kinetic modes of activity. In this paper we announce
the first results of the project dedicated to the long-slit spectroscopic and
scanning Fabry-Perot interferometric observations of Green Bean galaxies at
the Russian 6-m telescope with SCORPIO-2 multi-mode instrument. We de-
scribe the data reduction and spectral fitting procedures that allow one to
characterise ionisation conditions in extended gaseous regions of the galaxy
SDSSJ095100.54+051026.7.

Key words: galaxies: active – galaxies: evolution – galaxies: ISM – galaxies:
nuclei – techniques: spectroscopic

1. Introduction

Active Galactic Nuclei (AGN) represent a critical transitional stage in galaxy
evolution, where supermassive black holes undergo intense but temporary phases
of accretion. While extremely luminous, their true significance lies in this fleet-
ing yet transformative period – a key link in understanding how galaxies and
their central black holes co-evolve. Although estimates of the duration of the
active phase vary and are subject to debate, they have been determined in re-
cent years using a variety of ‘galactic archaeology’ methods (Morganti, 2017a,
and references therein). In some radio-loud AGNs, extended relic structures can

https://orcid.org/0009-0002-9297-8809
https://orcid.org/0000-0002-0507-9307


32 A.Arshinova, K. Sanderson and A.Moiseev

be identified, marking the decline of past activity and characterised by steep
radio spectra and specific morphological features (Morganti, 2024). These relics
typically trace AGN activity cycles on timescales of ∼ 106–108 yr, reflecting the
gradual fading of synchrotron-emitting plasma. Similarly, in the optical domain,
extended photoionised nebulae (ionisation cones) are observed, providing clues
to the timescales of their activity. Such structures often extend up to 3–50 kpc,
corresponding to light-travel timescales of ∼ 104–105 yr, while the recombina-
tion timescales of the ionised gas are much shorter (see Section 6.5 Schirmer
et al., 2016), thereby probing much more recent phases of AGN activity.

These indicators of fading activity are typically studied separately for radio-
loud and radio-quiet AGNs, with links to different accretion rates — either
low or high, approaching the Eddington limit – or to kinetic and radiative
forms of activity, respectively (Mullaney et al., 2013; Kukreti & Morganti, 2024).
Recent multi-wavelength studies of nearby AGNs have revealed rare instances of
galactic nuclei transitioning between kinetic and radiative regimes, or vice versa
(Harvey et al., 2023; Moiseev et al., 2025). While a comprehensive theoretical
explanation for this behaviour is still lacking, some models suggest that the
influence of the nucleus on the interstellar medium during the earlier active
phase of the galaxy plays a critical role (Morganti, 2017b; Ciotti et al., 2017).

‘Green Bean’ galaxies (GBGs), thought to be remnants of quasar ionisa-
tion, are extended ionised clouds detected in the SDSS sky survey at redshifts
up to z ∼ 0.6 (Schirmer et al., 2013). While these systems were originally
characterised primarily by their extended emission-line regions, recent work has
demonstrated that they can also host extended radio structures, including jet-
induced lobes on scales of hundreds of kiloparsecs (Sanderson et al., 2024). More-
over, the same study revealed that the radio jets are at least 6 Myr old, and
estimate of the ionisation balance indicates that the central activity has faded
over the past 0.15 Myr. The ability to probe these accretion and radiative fading
timescales makes GBGs ideal laboratories for studying changes in AGN activity,
with Hanny’s Voorwerp (Lintott et al., 2009) representing a well-studied exam-
ple in the local Universe. Motivated by this, we have initiated observations of the
ionised gas in GBGs already known to host extended radio structures, in order
to probe whether the ionisation, kinematics, and spatial extent of the ionised
gas correlate with the relic radio morphology, and to characterise the current
evolutionary state of the AGN. As part of this program, we use long-slit (LS)
spectroscopy and scanning Fabry–Perot interferometry (FPI) to obtain spatially
resolved spectroscopic information on the extended emission-line regions. In this
paper we present the first results for SDSS J095100.54+051026.7, selected as a
pilot target because it shows clearly separated, spatially extended ionised clouds
visible already in the photometric data.

This paper is structured as follows. In Section 2 we describe the observations
and the reduction procedure. Section 3 presents the analysis of the long-slit
and FPI data, including the emission-line fitting, kinematics, and diagnostic
diagrams. Section 4 summarises the main results.
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2. Observation and data reduction

As a pilot study, we focus here on the GBG candidate SDSS J095100.54+051026.7
(hereafter GP 117) at z = 0.24072, selected from our sample of visually green
galaxies originally identified by participants of the Radio Galaxy Zoo project
(Banfield et al., 2015). To explore its properties, we obtained LS spectroscopy
and scanning FPI, which together allow us to probe the spatial distribution and
kinematics of the ionised gas. The details of the observational setup are sum-
marised in Table 1. The following subsections describe the observations and the
data reduction procedures. The accepted spatial scale in this work is based on a
flat ΛCDM cosmology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.
The conversion between angular and physical scales was performed using the
astropy.cosmology package (Astropy Collaboration et al., 2013). At the red-
shift of GP 117 (z = 0.24072±0.00014) as measured from the centroid positions
of the Hα, Hβ, [O iii], [N ii], and [S ii] emission lines in our long-slit spectrum,
this corresponds to a spatial scale of 3.8 kpc arcsec−1.

Table 1. Log of GP 117 observations at the 6-m telescope.

Data set Date Texp, s FOV Seeing, ′′ ∆λ Å
FWHM

Å

LS spectroscopy

SCORPIO-2

PA=72◦
2025 Jan 20 7200 1′′ × 6.8′ 1.7 3500–8500 7

FPI data

SCORPIO-2 2025 Mar 07 3330 6.8′ × 6.8′ 2.3 6170–6300 13

2.1. Long-slit spectroscopy

We conducted long-slit spectroscopy using SCORPIO-2 multi-mode focal re-
ducer (Afanasiev & Moiseev, 2011) installed in the prime focus of the BTA 6-m
telescope of Special Astrophysical Observatory of Russian Academy of Science
(SAO RAS).

Individual exposures were 600 s each, with a total exposure of 7200 s. The slit
was positioned at PA=72◦, as shown in Fig. 1 (top left). The observations were
carried out on 2025 January 20. The log of observations with other parameters
(spectral range – ∆λ, spectral resolution – FWHM, field-of-view – FOV) are
given in Tab. 1.

The primary reduction of the long-slit spectra was performed using the cus-
tom longwid pipeline (designed for SCORPIO-1,2) operating in the IDL envi-
ronment. The reduction followed a standard sequence of steps to calibrate the
data and extract 2D spectra.
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The process began with the creation of master calibration frames: a master
bias was constructed from multiple zero-exposure frames to model the bias read-
out level, and a master flat-field was produced by system of LEDs (Afanasiev
et al., 2017), providing stable and reproducible illumination for correcting vari-
ations of pixel-to-pixel sensitivity, optics transmission and non-uniformity of the
slit width.

Wavelength calibration was performed by constructing a master He–Ne–Ar
lamp frame from multiple comparison exposures and fitting a polynomial to
positions of identified lines, which was then applied to each science frame.

Science frames were subsequently corrected for the curvature of spectral
lines across the detector, ensuring that each wavelength aligned along a con-
stant spatial column. The geometric correction was derived from the He–Ne–Ar
lamp calibration frames by tracing the positions of comparison lines along the
slit and modelling their curvature to construct a distortion map, which was
then applied to the science frames using a two-dimensional warping transfor-
mation. The frames were then divided by the normalized master flat to apply
flat-fielding. The geometric distortions related with aberrations of SCORPIO-
2 optics and misalignment between CCD chip horizontal axis and direction of
dispersion were modelled and corrected using a 13-point test pattern (13-dot
mask) observed during the same run. This allowed for the precise rectification
of the spectra.

The night sky background was modelled and subtracted by fitting a fifth-
order polynomial to the spatial profile at each wavelength column in regions
of the slit devoid of astronomical sources. Following sky subtraction, residual
cosmic ray hits were identified and removed with standard algorithms based
on sigma-clipping algorithm applied to multiple exposures, as described for the
CCD261-84 detector (see Sec. 9 in Afanasieva et al., 2023). Residual cosmic rays
were manually masked when necessary.

Finally, the data were flux-calibrated. Spectrophotometric standard star
Feige 56 was observed at a close zenith distance before the object to mini-
mize the effects of atmospheric extinction variations. A sensitivity function was
derived by comparing the extracted spectrum of the standard star to its abso-
lute flux table. This function was applied to the science target to produce a final
spectrum in absolute flux units [erg s−1 cm2Å−1].

In parallel with the spectroscopic reduction, Poisson noise and readout noise
were estimated from the raw frames. These measurements were then propagated
to construct error frames, allowing proper error propagation throughout the
subsequent data reduction steps.

From the long-slit data, we extracted one spectrum from the central region
(hereafter C ) and two from the extended emission-line regions located to the
East and West of the nucleus (E and W components, respectively). The extrac-
tion areas were chosen to match the regions of enhanced [O iii] emission visible
in the two-dimensional spectrum. The stellar population fitting was performed
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only for the central spectrum, while the emission-line analysis was carried out
for all three components (Section 3.1).

2.2. 3D spectroscopy with scanning FPI

3D spectroscopic observations in the [O iii]λ5007 emission line were performed
with at the 6-m telescope with the SCORPIO-2 instrument in the scanning FPI
mode having field of view 6.8 × 6.8 arcmin (Tab. 1) with the scale 0.39′′per
px. We used the low spectral resolution FPI20 that is usually employed as
a tunable filter for mapping emission lines in various extended objects with
MaNGaL photometer at the 1-m and 2.5-m telescopes (Moiseev et al., 2020).
This FPI works in the order interference ∼ 20 (at 6560 Å) and has a spectral
resolution FWHM ≈ 13Å (∼ 780 km s−1 in the [O iii]). Of course, this resolution
is too low for detailed analysis of lines shape, however it is enough to study the
gas kinematics if the amplitude of velocity changes exceeds 50 km s−1, as it was
shown in our previous research dedicated to Teacup AGN (Moiseev & Ikhsanova,
2023).

In contrast to ‘classical’ observations with a high spectral resolution at which
the full range between adjacent interference orders was scanned (Moiseev, 2021,
and references therein), with low-resolution FPI20 we selected only 8 spectral
channels for observations with the following wavelengths: 0, ±8, ±16, ±24Å rel-
ative to 6201Å. This central wavelength corresponds to the [O iii]λ5007 emission
line redshifted by the systemic velocity of the galactic nucleus, and +100Å for
the continuum emission. We sequentially switched corresponding gap between
FPI plates (below – ‘channel’) with individual exposures 90 s per frame. In total
we collect 3–6 frames in each channel, because only frames with the best see-
ing values were selected for the final analysis. The medium band filter (central
wavelength – 6271 Å, FWHM = 250 Å) isolated the required spectral range
with a single peak of FPI transmission (see Fig. 1 in Moiseev et al., 2020).

Internal calibration included the exposures of the following sources: (i) con-
tinuous spectrum halogen lamp for creating a flat-field in the same channels
as in the galaxy observations; (ii) the same He-Ne-Ar lamp as in the LS mode
(Sec. 2.1) scanned in the full working spectral range.

The first steps of data reduction were performed using custom developed
IDL package diwid, specialized for reduction of direct images and MaNGaL
data (Moiseev et al., 2020).

The reduction process began with the application of standard calibrations:
subtraction of a master bias frame and division by a normalized master flat-
field frame to correct for pixel-to-pixel sensitivity variations. Cosmic ray hits in
individual frames were removed using L.A.COSMIC program based on Laplacian
edge detection (van Dokkum, 2001).

Subsequent steps involved the spatial alignment of all frames. This was
achieved by matching the positions of foreground stars across individual expo-
sures, and applying corresponding shifts to ensure precise registration through-
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out the data cube. Details obtained from stellar photometry were used to reject
frames with poor seeing value, or with subsected excess of atmospheric extinc-
tion.

Individual exposures were then combined into data cube according to their
channel numbers. Remaining cosmic ray hits were removed during the stacking
process using a sigma-clipping technique.

Further data reduction steps were based on algorithms from our IDL pack-
age for FPI data reduction ifpwid (see references and description in Moiseev,
2021). The foreground air-glow emission were subtracted in the each data cube
channel using a polynomial approximation of sky emission in a polar coordinate
system in areas free from stars and contribution from galaxies. This procedure
is important because the wavelength in the observed frames changes with ra-
dius (see Fig. 4 in Moiseev, 2021). The correction on variations of atmospheric
extinction from channel to channel were performed using photometry of stars
with 2D Moffat function. Then the astrometric calibration was performed via
the astrometry.net1 online service (Lang et al., 2010) and rotated to the custom
orientation ‘North is up, East is to the left’.

Emission lines in the cube of bias-subtracted frames illuminated by He-Ne-
Ar calibration lamps were fitted by Lorentz profile. Based on the fitting results
we created a Λ-cube having the same size as the object’s data cube. The values
in the Λ-cube correspond to wavelength of each pixel in the object’s data cube
(Moiseev, 2015). In other words, a non-linear wavelength scale were created for
each spaxel in field-of-view. Based on this wavelength calibration [O iii] emission
line was fitted with Voigt function that gives a good approximation of a FPI
spectrum. The fitting results are images in the [O iii] flux and line-of-sight
velocity field shown in Fig. 1 (bottom). Regions on the presented maps with
signal-to-noise S/N ≤ 3 were masked.

To flux-calibrate the data, the spectrophotometric standard BD+33d2642
was observed in the same instrumental configuration and atmospheric condi-
tions. The identical reduction procedure was applied to the standard star obser-
vations. The calibration to the energetic units [erg s−1 cm2] per pixel or arcsec2

was performed similar with MaNGaL data as desribed in (Moiseev et al., 2020).
The instrumental response curve was derived by comparing the observed and
tabulated fluxes of the standard star, after correcting for atmospheric extinction,
and was subsequently applied to the object.

3. Data analysis

The combined use of long-slit spectroscopy and FPI mapping provides a method-
ology for the spatially resolved analysis of the ionized gas in GP 117.

1http://astrometry.net/

http://astrometry.net/
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3.1. Stellar population subtraction and emission-line fitting

A crucial step in the analysis of spectra of galaxies with weak or fading AGN
signatures is the separation of stellar and gaseous contributions in the central
regions, where the host galaxy continuum can significantly dominate. To ac-
count for the stellar population, we employed the pPXF (penalized pixel-fitting)
package (Cappellari, 2017), fitting the observed spectra with the eMILES stellar
population synthesis (SPS) models (Vazdekis et al., 2016), without including an
AGN component. Although the nuclear contribution is relatively weak, consis-
tent with a fading or low-luminosity AGN scenario, the emission lines in the
nuclear spectrum are still noticeable. Therefore, the stellar continuum fitting
was performed iteratively: the strongest emission-line regions were first masked,
followed by the fitting of the absorption features and subsequent refinement of
the emission-line model until convergence was reached. This approach ensures a
reliable subtraction of the absorption features, particularly those affecting the
Balmer lines. The resulting luminosity-weighted stellar age and metallicity for
this object are 〈Age〉 = 12.6±0.5Gyr and 〈[M/H]〉 = −0.40±0.05, respectively.

After continuum subtraction, the residual emission-line spectra were fitted
with Gaussian profiles using the standard python library scipy. From this fit-
ting, we derived the radial velocities and line fluxes for each emission line, which
are essential for constructing diagnostic diagrams that distinguish between dif-
ferent ionisation mechanisms and trace the fading signatures of AGN activity
(see Fig. 2).

3.2. Spatially Resolved Kinematics

The long-slit spectra provide the primary data for kinematic analysis. Velocities
were derived by fitting Gaussian profiles to the main emission lines after sub-
traction of the stellar continuum. The line-of-sight velocity distribution shown in
Fig. 1 (top right). Furthermore, the [O iii] velocity field was reconstructed from
the FPI data cube by fitting the [O iii] line profile in each spatial element with
a Voigt function, producing the two-dimensional map of line-of-sight velocities
(Fig. 1) (bottom right). A more comprehensive interpretation of the kinematics
will be addressed in a forthcoming study, where we will combine these data with
a larger sample and additional multiwavelength observations.

3.3. Excitation and Ionization Conditions

The primary tool for diagnosing the mechanisms powering the ionized gas (e.g.,
star formation vs. active galactic nuclei) is the analysis of emission-line ratios.

BPT Diagnostics: From the long-slit spectra, we measure the fluxes of key di-
agnostic lines ([O iii]λ5007, Hβ, Hα, [N ii]λ6583) at various positions. These ra-
tios are plotted on standard Baldwin-Phillips-Terlevich (BPT) diagrams (Bald-
win et al., 1981) in Fig. 2. The central region (C) of the galaxy lies within the
LINER area of the diagram. The observed emission-line widths (∼330–400 km/s)
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Figure 1. (Top left:) Optical image from the DESI Legacy Survey. The white line

indicates the position of the LS at PA = 72°, used for the spectroscopic observations.

(Top right:) Line-of-sight velocity distribution derived from the long-slit spectroscopic

data. Velocity distribution corrected for the systemic velocity vsys = 71567 kms−1.

The green symbols represent the stellar-population-subtracted gas component in the

central galactic region, while the red and blue symbols trace the velocity and its

measurement errors in the extended clouds on either side of the galaxy.

(Bottom:) Maps obtained from Voigt fitting of FPI spectra: flux map in the [O iii]λ5007

emission line (left) and corresponding line-of-sight velocity field (right).

show no evidence for the extremely broad profiles expected from strong shock
ionization. While some local kinematic disturbances may be present, photoion-
ization by the AGN appears to be the dominant excitation mechanism. Mean-
while, the extended ionised clouds (W and E) exhibit systematically higher
ionisation, which is indicative of a previous phase of AGN activity.

Helium Line Analysis: For the He ii, emission line in the long-slit spectra, we
construct a helium diagnostic diagram (He ii/Hβ, vs. [N ii]λ6583/Hα) (Shirazi
& Brinchmann, 2012) to probe the ionising source and the physical conditions
of the gas (Fig. 2). Notably, He ii emission is detected predominantly in the



Green Bean galaxies and the fading echoes of AGN activity 39

extended ionised clouds, while it is absent in the central region, highlighting that
the hard ionising radiation from the AGN primarily affects the outer regions.

These results confirm the presence of large-scale ionised clouds surrounding
GP 117, which were previously only suspected based on photometric data. The
[O iii]λ5007 emission extends up to ∼ 40 kpc from the nucleus, as seen from
both the line-of-sight velocity curve and the [O III] flux map (Fig. 1) (right
panels).
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Figure 2. (Top): Nuclear spectrum of GP 117. The observed SCORPIO-2 spectrum

is shown in light gray, the stellar population model - in orange. The dark gray line

corresponds to the residual spectrum after subtracting the stellar continuum. The

green dashed and red dashed lines represent Gaussian fits to the [O iii]+Hβ and

[N ii]+Hα emission lines, respectively. Telluric absorption lines are marked with the

⊕ symbol at the corresponding wavelengths.

(Bottom left): Standard [O iii]λ5007/Hβ vs. [N ii]λ6583/Hα (BPT) diagram. The solid

and dashed curves represent the separation lines between different ionization sources

(Kewley et al., 2001; Kauffmann et al., 2003; Schawinski et al., 2007).

(Bottom right): He ii/Hβ vs. [N ii]λ6583/Hα diagram (Shirazi & Brinchmann, 2012).

The green point marks the central galactic region, while the red and blue points show

the integrated line ratios for the extended clouds.
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4. Conclusions

In this work, we present a pilot study of the Green Bean galaxy GP 117 (SDSS
J095100.54+051026.7), based on new long-slit and 3D spectroscopic observa-
tions obtained with the SCORPIO-2 spectrograph at the 6-m Russian telescope.
These data provide the first spectroscopic confirmation of the large-scale ionised
clouds in this system, allowing us to characterise their ionisation state and kine-
matics in detail. The [O iii]λ5007 emission is traced up to ∼ 40 kpc from the
nucleus on each side, confirming the presence of extended high-ionisation gas
previously suspected only from imaging data.

The properties of these ionised clouds show similarities to other systems
with extended high-ionisation emission, such as Hanny’s Voorwerp in the local
Universe (Lintott et al., 2009) and several Green Bean galaxies analysed previ-
ously (Schirmer et al., 2016). In these objects, bright [O iii] emission on tens-
of-kiloparsec scales and enhanced ionisation away from the nucleus have been
reported as common features. Although the physical interpretation of such struc-
tures varies across individual cases, GP 117 exhibits ionisation characteristics
and spatial morphology comparable to those seen in these previously studied
systems.

To quantify these properties, we modelled the stellar population using the
pPXF package with eMILES templates to subtract the host galaxy continuum
in the central regions, allowing reliable recovery of emission-line fluxes. Gaus-
sian fitting of the emission lines then provided kinematic parameters and fluxes
for key diagnostic features, enabling the construction of classical and extended
diagnostic diagrams. Resolved emission-line ratio maps and spatially resolved
kinematics suggest a radiative fading scenario in GP 117, and our next step is
to combine this optical analysis with radio observations to gain a deeper under-
standing of the evolutionary status of GP 117 and related systems.
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A. Lähteenmäki4,5 , M.Tornikoski4 , E. Sani3 , L. Crepaldi6,7 ,

E. Congiu3 , G.Venturi8,9 , W.J.Hon10 and A.Vietri11,6
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Abstract. The analysis of the optical spectra of PMN J0948+0022 showed
significant variations in the spectral lines that, when combined with the Fermi

γ−ray light curve and radio observations reported by other authors, were inter-
preted as the result of interactions between the relativistic jet and the narrow-
line region (NLR). In this work, we present order-of-magnitude calculations of
the energetics associated with this proposed jet-NLR interaction. We demon-
strate that the observed outflows are capable of absorbing a fraction of the jet
energy and converting it into kinetic energy. This mechanism provides a natu-
ral explanation for the optical spectral variability recorded with the X-shooter
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and Multi-Unit Spectroscopic Explorer (MUSE) instruments. Our results sup-
port the scenario in which feedback from the relativistic jet can dynamically
influence the circumnuclear gas, offering new insights into the coupling between
jets and the NLR in γ−ray-emitting narrow-line Seyfert 1 galaxies.

Key words: Seyfert galaxies – individual: PMN J0948+0022 – optical spec-
troscopy

1. Introduction

Among active galactic nuclei (AGN), narrow-line Seyfert 1 galaxies (NLS1s) rep-
resent a peculiar class of objects. NLS1s are spectroscopically classified sources
with relatively narrow Hβ, faint [O III]λ5007, and often strong Fe II multiplets
(Osterbrock & Pogge, 1985; Goodrich, 1989). The importance of these sources
lies in their nature as young or rejuvenated quasars (Mathur, 2000), potentially
representing the progenitors of more evolved quasars (Berton et al., 2016, 2017,
2025). A small fraction of NLS1s show relativistic jet emission, which in some
cases makes the sources detectable at γ-rays (γ-NLS1s). The first example of
such a source is PMN J0948+0022 (z = 0.585; Williams et al. 2002; Zhou et al.
2003; Ahn et al. 2012; Foschini et al. 2010). To date, about two dozen γ-NLS1s
have been identified (e.g., Foschini et al. 2022), and their number is steadily
increasing.

In Dalla Barba et al. (2025) (hereafter referred to as DB25), we analyzed
the optical spectral variations of PMN J0948+0022, focusing on the Hβ and
[O III]λλ4959, 5007 emission lines. We detected variability in the [O III]λ5007
core flux, in its outflow component, and in the outflow velocity. Based on
intermediate-resolution (R = λ/∆λ ∼ 6500 − 2500) X-shooter (2017-12-17)
and Multi-Unit Spectroscopic Explorer (MUSE) spectra (between 2022-11-24
and 2023-03-08, the analyzed spectrum combines data from all epochs), we pro-
posed a reclassification of this source from a NLS1 to an intermediate Seyfert,
characterized by a composite profile for the Balmer lines. We suggested that the
X-shooter and MUSE Hβ profiles are not due to a geometrical effect of partial
obscuration, but rather to the interaction of the relativistic jet with the narrow-
line region (NLR). This interaction was previously suggested by Doi et al. (2019)
from the study of the radio component of the jet. The authors found a jet-shape
change at a distance of ∼100-400 pc from the center, compatible with our esti-
mate of the distance of the outflow (Dout ∼ 130-220 pc). From this, we proposed
that the jet impacted the outflowing bubble, producing both the observed shape
variation of the jet and the release of part of its energy into the surrounding
NLR, which in turn generated the observed optical spectral variations.

In this work, we extend the study presented in DB25, focusing on the ener-
getics of the jet-NLR interaction. These are back-of-the-envelope calculations,
meant to provide an order-of-magnitude estimate of the process. The paper is
organized as follows: Section 2 presents the physical conditions and energetics of
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the NLR; Section 3 describes the energetics of the jet from γ-ray and radio data;
Section 4 discusses the results and conclusions. Throughout the manuscript we
assume a standard ΛCDM cosmology with H0=73.3 km s−1 Mpc−1, Ωm=0.3,
and ΩΛ=0.7 (Riess et al., 2022).

2. NLR and outflow properties

In general, from line ratios such as [O II] and [S II] we can estimate the elec-
tron density (ne) and temperature (Te) of the gas in the NLR. Given the
X-shooter and MUSE spectral coverage, [S II] lines are not present in both
PMN J0948+0022 spectra. For this reason, we assumed a typical Te ∼ 104 K
(Osterbrock & Ferland, 2006) and calculated the electron density from the [O
II]λλ3726,3729 lines using PyNeb (Luridiana et al., 2013, 2015), a Python tool to
compute emission line emissivities from recombination and collisionally excited
lines (in our case we used only collisionally excited lines). The [O II] line fluxes
from DB25 are reported in Table 2. The results, expressed as the median values
obtained from N=5000 iterations with initial values inside the error bars of the
observed fluxes, are: ne,X ∼ 170 cm−3 and ne,M ∼ 260 cm−3, for the X-shooter
and MUSE cases, respectively.

From the calculated ne and the [O III]λ5007 luminosity of the outflow
(Lout

5007), we can estimate the mass of the outflow (Mout). The Lout
5007 parame-

ter was obtained from Lout
5007 = 4πd2LF

out
5007, where dL is the luminosity distance

and F out
5007 is the observed flux of the outflowing component in [O III] (see again

Table 2). Mout is then calculated using the relation from Komossa et al. (2018):

Mout = 67.4× 107
(

Lout
5007

1042 erg s−1

)

( ne

100 cm−3

)−1

M⊙ (1)

where we re-scaled by a factor 10 the relation to use the [O III] luminosity
instead of the Hβ one, as suggested by Komossa et al. (2018). For the two cases,
the results are: Mout,X ∼ 8.6 · 107 M⊙ and Mout,M ∼ 3.9 · 107 M⊙.

Following the same reasoning presented in Blustin et al. (2005) and Venturi
et al. (2023), the mass outflow rate through a spherical surface of radius r sub-
tended by a solid angle Ω, with covering factor CF , is Ṁout = Ωr2ρvout ·CF . If
the outflowing mass Mout is contained in a thin shell of radial thickness Rout,
its volume is approximately V ≃ Ωr2Rout and therefore:

Ṁout ∼ Ωr2
Mout

V
vout · CF ∼�Ω

Mout

✟✟Ωr2Rout
��r
2vout · CF ∼

∼

Mout

Rout

vout · CF ∼

Mout

Dout ·✟✟0.1
vout ·✟✟0.1

(2)

assuming roughly constant density and velocity across the shell, we have adopted
a reference covering factor CF ∼ 0.1 and an outflow distance from the center
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of Dout ∼ Rout/0.1 ∼ 173 pc (see the mean value reported in Table 2). In the
Dout expression, we have further assumed a conical shape for the jet. Finally,
the kinetic power of the outflow is:

Ėkin =
1

2
Ṁoutv

2
out = Pout (3)

The resulting estimates for the two cases are Pout,X ∼ 8.8 · 1042 erg s−1 and
Pout,M ∼ 14 · 1042 erg s−1.
If we instead assume electron temperatures in the range Te = (5 − 20) · 104 K
(Osterbrock & Ferland, 2006), the resulting densities are ne,X ∼ 120−210 cm−3

and ne,M ∼ 190 − 320 cm−3. The corresponding outflow powers are Pout,X ∼

(7.0− 12) · 1042 erg s−1 and Pout,M ∼ (12− 19) · 1042 erg s−1. In all cases, these
variations do not affect the conclusions.

3. Jet power

3.1. γ-ray component

We calculated the radiative power of the jet (Pγ,rad) from Fermi data obtained in
epochs nearly simultaneous with the X-shooter and MUSE observations. For X-
shooter, we used the photon flux from 2017-12-30, while for MUSE we calculated
the mean value of the Fermi datapoints over the interval 2022-12-04 to 2023-02-
02. We multiplied the photon flux (Fγ , reported in Table 2) by the photon mean
energy, using 1 GeV as reference for the conversion, and then obtained the flux
in erg s−1 cm−2. We calculated the corresponding luminosity (Lγ) using:

Lγ = 4πd2L
Fγ

(1 + z)1−αγ

(4)

where αγ is the spectral index in the γ-rays obtained from the Fermi light-curve
repository (see Table 2). With the luminosity, we then calculated Pγ,rad using
the equation from Maraschi & Tavecchio (2003):

Pγ,rad = Γ2Lγ

δ4
(5)

where Γ is the bulk Lorentz factor and δ the corresponding Doppler factor. As
reported in Table 2, we can assume two possible values for these quantities,
which lead to four different results. Here we report only the two mean values:
Pγ,rad,X ∼ 2.5 × 1044 erg s−1 and Pγ,rad,M ∼ 2.4 × 1044 erg s−1. Finally, we
assume that the kinetic power is ten times the radiative one, see Table 1 for
Pγ,kin.
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3.2. Radio component

For the radio component, we can use the relation presented in Foschini et al.
(2024) to obtain kinetic (Pradio,kin) power of the jet:

Pradio,kin = 3.9× 1044
(

Sνd
2
L

1 + z

)

12

17

erg s−1 (6)

where Sν is the radio flux density in Jy (see Table 2). The radio data were
taken from the monitoring of the source performed by the Metsähovi Radio
Observatory at 37 GHz. For the X-shooter epoch we used the flux averaged
between 2017-12-06 and 2017-12-22, and for the MUSE epochs the flux averaged
between 2022-12-02 and 2023-03-06. The results are: Pradio,kin,X ∼ 4.8 ·1044 erg
s−1 and Pradio,kin,M ∼ 7.3 · 1044 erg s−1.

4. Discussion and conclusions

From the values reported in reported Table 1, we can compare the kinetic pow-
ers of the outflow with those of the jet in its γ−ray and radio components.
Specifically, we find that the outflow kinetic power constitutes a small but non-
negligible fraction of the jet power in both epochs. The respective ratios, listed
in Table 1, indicate that approximately 0.35%-1.9% of the jet power has been
deposited into the outflow in both epochs. This further supports the scenario
proposed in DB25, where we suggested that the observed variations in the out-
flow properties (in terms of flux and velocity) could result from the interaction
between the jet and the NLR. In turn, these variations in the outflow kinetic
power would likely be driven by changes in the jet state and energetics.

Table 1. Summary of the kinetic powers and of the ratios between the outflow power

and the γ−ray and radio jet powers (Rout,γ and Rout,radio, respectively).

Epoch Pout Pγ,kin Pradio,kin Rout,γ Rout,radio

[erg s−1] [erg s−1] [erg s−1]

X-shooter 8.8 · 1042 2.5 · 1045 4.8 · 1044 0.35% 0.55%

MUSE 14 · 1042 2.4 · 1045 7.3 · 1044 0.58% 1.9%

These results support a scenario in which the relativistic jet deposits part of
its energy into the surrounding environment – specifically, the NLR – producing
the observed variations in the optical spectra, particularly in the [O III]λ5007
outflow properties. This hypothesis is also supported by the radio study of Doi
et al. 2019. Our optical spectroscopic analysis (DB25) provides a crucial link
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between these radio observations and the optical data, linking changes in jet
morphology with the variability observed in both the optical band and the
γ-rays. The order-of-magnitude calculations presented here provide further evi-
dence that, from an energetic perspective, the jet-NLR interaction can account
for the observed optical spectral variations. Together, these findings reinforce
the notion that the interplay between the relativistic jet and the circumnuclear
gas significantly influences both the kinematics and energetics of the NLR in
γ−NLS1 galaxies. Similar results have been reported by other authors, who
observed variability in spectral features associated with jet activity. Examples
include variable Mg II lines (e.g., León-Tavares et al. 2013; Berton et al. 2018;
Yang et al. 2020) and changes in the broad Hβ component (Hon et al., 2023).

In conclusion, this analysis, combined with the results reported in DB25,
underscores the importance of a multi-wavelength approach to the study of
AGN, particularly for jetted sources. The combination of multi-epoch optical
spectroscopy, radio observations, and γ−ray monitoring is essential for a better
understanding of the mechanisms driving the interplay between jet emission and
the AGN environment.
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A. Useful quantities

Table 2. List of the quantities involved in the calculations. References: FLCR) Fermi light-curve repository (Abdollahi et al.,

2023), F12) Foschini et al. (2012), Mets) Metsähovi Radio Observatory data.

Quantity Symbol(s) Value(s) Units Reference

Luminosity distance dL 3.2 Gpc Redshift

Outflow distance Dout 130/220 → 170 pc DB25

X-shooter [O II]λ3726 flux F3726,X (3.0± 0.6)× 10−17 erg s−1 cm2 DB25

X-shooter [O II]λ3729 flux F3729,X (4.3± 0.4)× 10−17 erg s−1 cm2 DB25

MUSE [O II]λ3726 flux F3726,M (8.4± 0.6)× 10−17 erg s−1 cm2 DB25

MUSE [O II]λ3729 flux F3729,M (9.9± 0.6)× 10−17 erg s−1 cm2 DB25

Fermi flux in the X-shooter epoch Fγ,X 4.0× 10−8 ph s−1 cm2
FLCR

Fermi flux in the MUSE epochs Fγ,M 3.8× 10−8 ph s−1 cm2
FLCR

X-shooter [O III]λ5007 outflow luminosity Lout
5007,X 2.1× 1041 erg s−1 DB25

MUSE [O III]λ5007 outflow luminosity Lout
5007,M 1.5× 1041 erg s−1 DB25

Radio flux density close to the X-shooter epoch Sν,X 0.20 Jy Mets

Radio flux density close to the MUSE epochs Sν,M 0.37 Jy Mets

X-shooter [O III]λ5007 outflow velocity vout,X 380 km s−1 DB25

MUSE [O III]λ5007 outflow velocity vout,M 580 km s−1 DB25

Fermi spectral index αγ 2.5 - FLCR

Bulk Lorentz factor (two cases) Γ1,2 11/16 - F12

Doppler factor (two cases) δ1,2 17/19 - F12
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Abstract. Stark full widths at half intensity maximum (FWHM) and shifts,
for spectral lines within 29 N V multiplets, have been calculated for collisions
with α particles, B III, B IV, B V and B VI ions, emplopying the semiclassica
perturbation method. The obtained data are of particular interest for proton-
boron fusion experiments where boron nitride (BN) targets are used.

Key words: Stark broadening – N V – spectral lines – line profiles – proton-
boron fusion

1. Introduction

Data on Stark broadening are useful in many research fields, like for diagnostics,
modeling and investigation of different plasmas in astrophysics, laboratory, fu-
sion, industry, technology, etc. Last years, many efforts are directed to the fusion
using proton-boron thermonuclear reaction. Its particular advantage (Belloni &
Batani, 2022) is that there is no radioactive species and neutrons in the reaction.
Namely, neutrons, produced, for example, in deuterium tritium reaction, induce
activation of the environment surrounding the fuel. Contrary, the proton-boron
fusion produces three alpha particles and releases about 8.7 MeV of energy.
Since this fusion is clean, because there is no induced radioactivity, α-particle
generation during proton-boron fusion, could be a valuable source for medical
and industrial applications (see for example Yoon et al. (2014); Giuffrida et al.
(2016); Cirrone et al. (2018)). We note as well, that Schollmeier et al. (2022),
underline that a boron-nitride (BN) nanotube target is more efficient in compar-
ison with regular foils and nanostructured targets, used in previous experiments.
Since in order to optimize the fusion yield, a plasma diagnostic is needed (see
e.g. Ref. (Hegelich et al., 2023)), the corresponding Stark broadening data for
N V spectral lines are useful for investigation and diagnostics of such plasma.

Our intention in this work is to calculate Stark broadening parameters for
29 N V multiplets, in the case of collisions with alpha particles and B III, B
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IV, B V and B VI ions, in order to obtain the data of interest for proton-boron
fusion investigations with BN targets.

2. Theory

The usede here semiclassical perturbation theory (Sahal-Bréchot, 1969a,b; Sahal-
Bréchot, Dimitrijević, & Ben Nessib, 2014) has been described in detail in above
mentioned references, and shortly, in many other papers, so that only basic for-
mulas, enabling to understand the theory used for calculations, will be shown.

The full width at half maximum (FWHM - W ) and shift (d) of an isolated
spectral line of a non-hydrogenic ion is given as:

W = N

∫

vf(v)dv





∑

i′ 6=i

σii′(v) +
∑

f ′ 6=f

σff ′(v) + σel





d = N

∫

vf(v)dv

∫ RD

R3

2πρdρ sin(2ϕp). (1)

where i and f denote the initial and final level of the corresponding transition;
i′ and f ′ are perturbing levels; N perturber density; v perturber velocity, and
f(v) is the Maxwellian distribution of perturber velocities. The inelastic cross
sections σkk′(υ), k = i, f are presented here by an integration of the transition
probability Pkk′(ρ, υ), over the impact parameter ρ as:

∑

k′ 6=k

σkk′(υ) =
1

2
πR2

1 +

∫ RD

R1

2πρdρ
∑

k′ 6=k

Pkk′(ρ, υ). (2)

The cross section for elastic collisions is given as:

σel = 2πR2
2 +

∫ RD

R2

2πρdρ sin2 δ,

δ = (ϕ2
p + ϕ2

q)
1

2 . (3)

Here, δ denotes the phase shift with components ϕp (r−4) and ϕq (r−3), describ-
ing contributions due to polarization and quadrupole potentials, respectively.
The method of symmetrization and calculation of cut-off parameters R1, R2,
R3, and the Debye cut-off RD is explained in Sahal-Bréchot (1969b).
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Table 1. This table gives B III-, and B IV-impact broadening parameters for N V

multiplets (doublets), Stark FWHM W and shift d, expressed in Å. Calculated wave-

length of the transitions (in Å) and parameter C are also given. This parameter, when

divided with the corresponding Stark width, gives an estimate for the maximal per-

tuber density for which the line may be treated as isolated. Results are for perturber

density of 1015 cm−3 and temperatures are from 50 000 K to 1 000 000 K. A positive

shift is towards the red part of the spectrum. An asterisk before a value indicates that

this value is on the limit of validity of the impact approximation.

B III B IV
TRANSITION T[K] W[Å] d[Å] W[Å] d[Å]
N V 2S-2P 50000. 0.250E-06 -0.528E-06 0.254E-06 -0.793E-06
1240.2 Å 80000. 0.513E-06 -0.829E-06 0.548E-06 -0.126E-05

C=0.12E+19 100000. 0.703E-06 -0.101E-05 0.782E-06 -0.155E-05
200000. 0.158E-05 -0.171E-05 0.197E-05 -0.269E-05
500000. 0.304E-05 -0.271E-05 0.433E-05 -0.443E-05

1000000. 0.402E-05 -0.333E-05 0.620E-05 -0.559E-05
N V 2S-3P 50000. 0.234E-06 0.279E-06 0.293E-06 0.439E-06
209.3 Å 80000. 0.364E-06 0.371E-06 0.500E-06 0.604E-06

C=0.29E+16 100000. 0.415E-06 0.409E-06 0.594E-06 0.671E-06
200000. 0.631E-06 0.546E-06 0.960E-06 0.921E-06
500000. 0.843E-06 0.690E-06 0.135E-05 0.117E-05

1000000. 0.101E-05 0.814E-06 0.160E-05 0.137E-05
N V 2S-4P 50000. 0.110E-05 0.117E-05 0.159E-05 0.192E-05
162.6 Å 80000. 0.148E-05 0.139E-05 0.227E-05 0.234E-05

C=0.73E+15 100000. 0.159E-05 0.147E-05 0.252E-05 0.248E-05
200000. 0.197E-05 0.175E-05 0.324E-05 0.298E-05
500000. 0.249E-05 0.212E-05 0.420E-05 0.364E-05

1000000. 0.284E-05 0.243E-05 0.511E-05 0.434E-05
N V 2S-5P 50000. 0.347E-05 0.330E-05 0.556E-05 0.557E-05
147.4 Å 80000. 0.411E-05 0.375E-05 0.667E-05 0.634E-05

C=0.31E+15 100000. 0.439E-05 0.394E-05 0.711E-05 0.669E-05
200000. 0.544E-05 0.468E-05 0.863E-05 0.805E-05
500000. 0.644E-05 0.550E-05 0.113E-04 0.974E-05

1000000. 0.740E-05 0.664E-05 0.133E-04 0.107E-04
N V 2P-3S 50000. 0.145E-06 0.401E-06 0.192E-06 0.631E-06
266.3 Å 80000. 0.299E-06 0.541E-06 0.412E-06 0.875E-06

C=0.15E+17 100000. 0.369E-06 0.594E-06 0.568E-06 0.980E-06
200000. 0.673E-06 0.805E-06 0.102E-05 0.135E-05
500000. 0.102E-05 0.102E-05 0.166E-05 0.173E-05

1000000. 0.127E-05 0.119E-05 0.216E-05 0.204E-05
N V 2P-4S 50000. 0.727E-06 0.116E-05 0.115E-05 0.188E-05
190.2 Å 80000. 0.113E-05 0.142E-05 0.171E-05 0.237E-05

C=0.32E+16 100000. 0.132E-05 0.150E-05 0.209E-05 0.256E-05
200000. 0.175E-05 0.181E-05 0.294E-05 0.308E-05
500000. 0.238E-05 0.221E-05 0.408E-05 0.378E-05

1000000. 0.289E-05 0.263E-05 0.470E-05 0.433E-05
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Table 1. Continued.

B III B IV
TRANSITION T[K] W[Å] d[Å] W[Å] d[Å]
N V 2P-5S 50000. 0.265E-05 0.307E-05 0.414E-05 0.519E-05
168.6 Å 80000. 0.325E-05 0.349E-05 0.538E-05 0.592E-05

C=0.13E+16 100000. 0.358E-05 0.370E-05 0.587E-05 0.622E-05
200000. 0.445E-05 0.432E-05 0.751E-05 0.745E-05
500000. 0.572E-05 0.529E-05 0.991E-05 0.883E-05
1000000. 0.667E-05 0.603E-05 0.112E-04 0.103E-04

N V 2P-3D 50000. 0.186E-06 -0.287E-06 0.228E-06 -0.449E-06
247.7 Å 80000. 0.319E-06 -0.393E-06 0.417E-06 -0.629E-06

C=0.40E+16 100000. 0.378E-06 -0.435E-06 0.539E-06 -0.716E-06
200000. 0.615E-06 -0.596E-06 0.907E-06 -0.990E-06
500000. 0.852E-06 -0.755E-06 0.137E-05 -0.129E-05
1000000. 0.104E-05 -0.909E-06 0.171E-05 -0.152E-05

N V 2P-4D 50000. 0.533E-05 0.580E-05 0.874E-05 0.974E-05
186.1 Å 80000. 0.649E-05 0.653E-05 0.106E-04 0.111E-04

C=0.88E+14 100000. 0.701E-05 0.702E-05 0.113E-04 0.118E-04
200000. 0.878E-05 0.813E-05 0.150E-04 0.141E-04
500000. 0.108E-04 0.969E-05 0.205E-04 0.166E-04
1000000. 0.141E-04 0.112E-04 0.225E-04 0.182E-04

N V 2P-5D 50000. 0.282E-04 0.273E-04 *0.468E-04 *0.468E-04
166.9 Å 80000. 0.338E-04 0.309E-04 *0.550E-04 *0.518E-04

C=0.21E+14 100000. 0.361E-04 0.320E-04 *0.616E-04 *0.531E-04
200000. 0.436E-04 0.371E-04 0.670E-04 0.613E-04
500000. 0.507E-04 0.408E-04 0.941E-04 0.703E-04
1000000. 0.563E-04 0.500E-04 0.981E-04 0.753E-04

N V 3S-3P 50000. 0.888E-04 0.269E-04 0.102E-03 0.408E-04
4610.9 Å 80000. 0.131E-03 0.400E-04 0.160E-03 0.620E-04

C=0.14E+19 100000. 0.149E-03 0.467E-04 0.192E-03 0.736E-04
200000. 0.209E-03 0.687E-04 0.284E-03 0.113E-03
500000. 0.255E-03 0.971E-04 0.372E-03 0.165E-03
1000000. 0.288E-03 0.116E-03 0.426E-03 0.198E-03

N V 3S-4P 50000. 0.158E-04 0.165E-04 0.226E-04 0.269E-04
628.8 Å 80000. 0.211E-04 0.196E-04 0.323E-04 0.331E-04

C=0.11E+17 100000. 0.228E-04 0.207E-04 0.363E-04 0.351E-04
200000. 0.287E-04 0.248E-04 0.463E-04 0.420E-04
500000. 0.378E-04 0.300E-04 0.592E-04 0.519E-04
1000000. 0.407E-04 0.346E-04 0.701E-04 0.610E-04

N V 3S-5P 50000. 0.321E-04 0.304E-04 0.516E-04 0.515E-04
450.1 Å 80000. 0.381E-04 0.347E-04 0.616E-04 0.585E-04

C=0.28E+16 100000. 0.408E-04 0.364E-04 0.660E-04 0.616E-04
200000. 0.501E-04 0.431E-04 0.791E-04 0.739E-04
500000. 0.596E-04 0.512E-04 0.103E-03 0.900E-04
1000000. 0.675E-04 0.614E-04 0.121E-03 0.100E-03
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Table 1. Continued.

B III B IV
TRANSITION T[K] W[Å] d[Å] W[Å] d[Å]
N V 3P-4S 50000. 0.113E-04 0.171E-04 0.177E-04 0.279E-04
778.0 Å 80000. 0.172E-04 0.212E-04 0.256E-04 0.351E-04

C=0.40E+17 100000. 0.203E-04 0.226E-04 0.314E-04 0.382E-04
200000. 0.267E-04 0.272E-04 0.444E-04 0.457E-04
500000. 0.367E-04 0.337E-04 0.596E-04 0.583E-04
1000000. 0.435E-04 0.387E-04 0.758E-04 0.657E-04

N V 3P-5S 50000. 0.239E-04 0.275E-04 0.371E-04 0.465E-04
510.0 Å 80000. 0.291E-04 0.312E-04 0.479E-04 0.529E-04

C=0.12E+17 100000. 0.318E-04 0.332E-04 0.529E-04 0.557E-04
200000. 0.403E-04 0.389E-04 0.674E-04 0.671E-04
500000. 0.519E-04 0.471E-04 0.908E-04 0.798E-04
1000000. 0.587E-04 0.539E-04 0.982E-04 0.914E-04

N V 3P-3D 50000. 0.200E-02 -0.239E-02 0.251E-02 -0.376E-02
15148.3 Å 80000. 0.281E-02 -0.300E-02 0.408E-02 -0.491E-02

C=0.15E+20 100000. 0.333E-02 -0.336E-02 0.472E-02 -0.547E-02
200000. 0.474E-02 -0.422E-02 0.752E-02 -0.716E-02
500000. 0.633E-02 -0.541E-02 0.101E-01 -0.915E-02
1000000. 0.789E-02 -0.616E-02 0.122E-01 -0.105E-01

N V 3P-4D 50000. 0.775E-04 0.844E-04 0.128E-03 0.142E-03
713.8 Å 80000. 0.950E-04 0.952E-04 0.155E-03 0.162E-03

C=0.13E+16 100000. 0.101E-03 0.102E-03 0.166E-03 0.170E-03
200000. 0.127E-03 0.118E-03 0.217E-03 0.206E-03
500000. 0.159E-03 0.142E-03 0.294E-03 0.244E-03
1000000. 0.207E-03 0.164E-03 0.329E-03 0.268E-03

N V 3P-5D 50000. 0.248E-03 0.240E-03 *0.411E-03 *0.412E-03
495.3 Å 80000. 0.297E-03 0.272E-03 *0.485E-03 *0.455E-03

C=0.19E+15 100000. 0.318E-03 0.281E-03 *0.543E-03 *0.468E-03
200000. 0.383E-03 0.326E-03 0.589E-03 0.539E-03
500000. 0.447E-03 0.359E-03 0.826E-03 0.619E-03
1000000. 0.496E-03 0.439E-03 0.864E-03 0.663E-03

N V 3D-4P 50000. 0.259E-04 0.273E-04 0.376E-04 0.448E-04
764.9 Å 80000. 0.345E-04 0.322E-04 0.533E-04 0.544E-04

C=0.16E+17 100000. 0.372E-04 0.341E-04 0.588E-04 0.573E-04
200000. 0.462E-04 0.412E-04 0.742E-04 0.688E-04
500000. 0.582E-04 0.498E-04 0.943E-04 0.854E-04
1000000. 0.652E-04 0.573E-04 0.122E-03 0.982E-04

N V 3D-5P 50000. 0.392E-03 0.359E-03 0.624E-03 0.608E-03
1583.6 Å 80000. 0.460E-03 0.406E-03 0.739E-03 0.691E-03

C=0.35E+17 100000. 0.498E-03 0.432E-03 0.804E-03 0.734E-03
200000. 0.607E-03 0.508E-03 0.973E-03 0.857E-03
500000. 0.696E-03 0.589E-03 0.121E-02 0.105E-02
1000000. 0.772E-03 0.698E-03 0.140E-02 0.120E-02
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Table 1. Continued.

B III B IV
TRANSITION T[K] W[Å] d[Å] W[Å] d[Å]
N V 3D-4F 50000. 0.702E-04 -0.779E-04 0.116E-03 -0.133E-03
747.6 Å 80000. 0.871E-04 -0.886E-04 0.141E-03 -0.150E-03

C=0.14E+16 100000. 0.939E-04 -0.940E-04 0.154E-03 -0.160E-03
200000. 0.119E-03 -0.111E-03 0.197E-03 -0.187E-03
500000. 0.152E-03 -0.128E-03 0.260E-03 -0.227E-03
1000000. 0.174E-03 -0.149E-03 0.300E-03 -0.260E-03

N V 4S-4P 50000. 0.357E-02 0.243E-02 0.490E-02 0.398E-02
11345.1 Å 80000. 0.468E-02 0.304E-02 0.651E-02 0.500E-02

C=0.36E+19 100000. 0.507E-02 0.334E-02 0.739E-02 0.554E-02
200000. 0.612E-02 0.403E-02 0.931E-02 0.683E-02
500000. 0.735E-02 0.499E-02 0.118E-01 0.862E-02
1000000. 0.843E-02 0.586E-02 0.138E-01 0.101E-01

N V 4S-5P 50000. 0.286E-03 0.267E-03 0.459E-03 0.455E-03
1389.6 Å 80000. 0.341E-03 0.304E-03 0.541E-03 0.513E-03

C=0.27E+17 100000. 0.365E-03 0.322E-03 0.586E-03 0.546E-03
200000. 0.444E-03 0.379E-03 0.726E-03 0.643E-03
500000. 0.523E-03 0.435E-03 0.915E-03 0.787E-03
1000000. 0.576E-03 0.510E-03 0.100E-02 0.881E-03

N V 4P-5S 50000. 0.218E-03 0.244E-03 0.328E-03 0.406E-03
1702.9 Å 80000. 0.274E-03 0.277E-03 0.435E-03 0.464E-03

C=0.80E+17 100000. 0.295E-03 0.293E-03 0.486E-03 0.495E-03
200000. 0.372E-03 0.347E-03 0.607E-03 0.592E-03
500000. 0.479E-03 0.416E-03 0.794E-03 0.713E-03
1000000. 0.541E-03 0.478E-03 0.985E-03 0.833E-03

N V 4P-4D 50000. 0.183 0.193 0.299 0.328
36239.8 Å 80000. 0.221 0.220 0.364 0.372

C=0.33E+19 100000. 0.241 0.232 0.398 0.393
200000. 0.304 0.274 0.484 0.461
500000. 0.376 0.323 0.634 0.568
1000000. 0.443 0.382 0.788 0.639

N V 4P-5D 50000. 0.242E-02 0.234E-02 *0.397E-02 *0.400E-02
1549.1 Å 80000. 0.286E-02 0.265E-02 *0.471E-02 *0.442E-02

C=0.18E+16 100000. 0.307E-02 0.274E-02 *0.529E-02 *0.457E-02
200000. 0.370E-02 0.316E-02 0.569E-02 0.522E-02
500000. 0.441E-02 0.348E-02 0.796E-02 0.601E-02
1000000. 0.478E-02 0.427E-02 0.846E-02 0.647E-02

N V 4D-5P 50000. 0.260E-03 -0.987E-04 0.358E-03 -0.159E-03
1655.9 Å 80000. 0.290E-03 -0.119E-03 0.418E-03 -0.199E-03

C=0.69E+16 100000. 0.304E-03 -0.126E-03 0.441E-03 -0.214E-03
200000. 0.357E-03 -0.153E-03 0.516E-03 -0.255E-03
500000. 0.437E-03 -0.191E-03 0.627E-03 -0.318E-03
1000000. 0.501E-03 -0.206E-03 0.720E-03 -0.364E-03
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Table 1. Continued.

B III B IV
TRANSITION T[K] W[Å] d[Å] W[Å] d[Å]
N V 5S-5P 50000. 0.537E-01 0.399E-01 0.783E-01 0.663E-01
22592.2 Å 80000. 0.615E-01 0.453E-01 0.936E-01 0.758E-01

C=0.72E+19 100000. 0.654E-01 0.479E-01 0.101 0.810E-01
200000. 0.780E-01 0.575E-01 0.123 0.967E-01
500000. 0.967E-01 0.698E-01 0.155 0.118

1000000. 0.102 0.778E-01 0.179 0.137
N V 5P-5D 50000. 4.93 4.76 *7.99 *8.03
71174.4 Å 80000. 5.53 5.36 9.54 8.99

C=0.39E+19 100000. 6.15 5.61 10.5 9.45
200000. 7.47 6.49 11.8 10.4
500000. 8.78 7.23 16.4 12.4

1000000. 9.41 8.25 17.9 13.0

3. Results and discussion

In this paper, Stark broadening parameters, full width at half intensity maxi-
mum (FWHM - W ) and shift (d), have been calculated by empoying the semi-
classical perturbation theory (Sahal-Bréchot, 1969a,b; Sahal-Bréchot, Dimitri-
jević, & Ben Nessib, 2014),

The perturber density is 1015 cm−3 and temperatures 50 000 K, 80 000 K,
100 000 K, 200 000 K, 500 000 K, and 1 000 000 K. The energy levels of N
V ion, which are needed to perform the present calculations, are from Moore
(1993) and Kramida et al. (2021).

The Stark Full Widths at Half intensity Maximum (FWHM) and shifts for 29
N V multiplets broadened by collisions with B III and B IV ions are presented in
Table 1, the corresponding results for broadening by collisions with B V and B
VI ions in Table 2, while the Stark widths (FWHM) and shifts due to collisions
with alpha particles are in Table 3.

We draw attention that the wavelengths given in the Tables 1-3 are calculated
from atomic energy levels, so that they are not always identical with wavelengths
in NIST databases (Kramida et al., 2021).

The perturber density is 1015 cm−3 and temperatures 50 000 K, 80 000 K,
100 000 K, 200 000 K, 500 000 K, and 1 000 000 K. The energy levels of N
V ion, which are needed to perform the present calculations, are from Moore
(1993) and Kramida et al. (2021).

Dividing the quantity C (Dimitrijević & Sahal-Bréchot, 1984), which is given
in Tables, by the corresponding width (W ), one can obtain the maximal per-
turber density when one can assume that the line is isolated.
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Table 2. Same as in Table 1 but for B V-, and B VI-impact broadening of N V spectral

lines.

B V B VI
TRANSITION T[K] W[Å] d[Å] W[Å] d[Å]
N V 2S-2P 50000. 0.256E-06 -0.106E-05 0.257E-06 -0.132E-05
1240.2 Å 80000. 0.566E-06 -0.168E-05 0.577E-06 -0.211E-05

C=0.12E+19 100000. 0.826E-06 -0.208E-05 0.854E-06 -0.261E-05
200000. 0.232E-05 -0.372E-05 0.263E-05 -0.477E-05
500000. 0.556E-05 -0.628E-05 0.671E-05 -0.816E-05
1000000. 0.858E-05 -0.812E-05 0.110E-04 -0.109E-04

N V 2S-3P 50000. 0.339E-06 0.604E-06 0.369E-06 0.768E-06
209.3 Å 80000. 0.606E-06 0.845E-06 0.685E-06 0.108E-05

C=0.29E+16 100000. 0.767E-06 0.956E-06 0.906E-06 0.125E-05
200000. 0.126E-05 0.132E-05 0.155E-05 0.173E-05
500000. 0.187E-05 0.170E-05 0.244E-05 0.227E-05
1000000. 0.231E-05 0.204E-05 0.298E-05 0.272E-05

N V 2S-4P 50000. 0.206E-05 0.269E-05 0.259E-05 0.353E-05
162.6 Å 80000. 0.300E-05 0.336E-05 0.373E-05 0.444E-05

C=0.73E+15 100000. 0.350E-05 0.361E-05 0.443E-05 0.482E-05
200000. 0.453E-05 0.431E-05 0.592E-05 0.578E-05
500000. 0.610E-05 0.540E-05 0.803E-05 0.734E-05
1000000. 0.711E-05 0.620E-05 0.955E-05 0.822E-05

N V 2S-5P 50000. 0.771E-05 0.815E-05 0.972E-05 0.108E-04
147.4 Å 80000. 0.942E-05 0.922E-05 0.121E-04 0.124E-04

C=0.31E+15 100000. 0.102E-04 0.974E-05 0.132E-04 0.130E-04
200000. 0.128E-04 0.117E-04 0.167E-04 0.157E-04
500000. 0.155E-04 0.139E-04 0.218E-04 0.186E-04
1000000. 0.187E-04 0.160E-04 0.237E-04 0.214E-04

N V 2P-3S 50000. 0.221E-06 0.864E-06 0.244E-06 0.110E-05
266.3 Å 80000. 0.497E-06 0.121E-05 0.589E-06 0.155E-05

C=0.15E+17 100000. 0.721E-06 0.139E-05 0.863E-06 0.181E-05
200000. 0.137E-05 0.193E-05 0.173E-05 0.252E-05
500000. 0.237E-05 0.251E-05 0.313E-05 0.334E-05
1000000. 0.305E-05 0.299E-05 0.408E-05 0.399E-05

N V 2P-4S 50000. 0.156E-05 0.268E-05 0.192E-05 0.353E-05
190.2 Å 80000. 0.229E-05 0.335E-05 0.293E-05 0.441E-05

C=0.32E+16 100000. 0.283E-05 0.369E-05 0.357E-05 0.487E-05
200000. 0.414E-05 0.445E-05 0.550E-05 0.594E-05
500000. 0.571E-05 0.552E-05 0.763E-05 0.756E-05
1000000. 0.682E-05 0.642E-05 0.942E-05 0.857E-05

N V 2P-5S 50000. 0.555E-05 0.746E-05 0.701E-05 0.985E-05
168.6 Å 80000. 0.759E-05 0.848E-05 0.101E-04 0.113E-04

C=0.13E+16 100000. 0.849E-05 0.901E-05 0.112E-04 0.121E-04
200000. 0.109E-04 0.109E-04 0.145E-04 0.145E-04
500000. 0.145E-04 0.129E-04 0.195E-04 0.177E-04
1000000. 0.176E-04 0.146E-04 0.228E-04 0.208E-04
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Table 2. Continued.

B V B VI
TRANSITION T[K] W[Å] d[Å] W[Å] d[Å]
N V 2P-3D 50000. 0.253E-06 -0.611E-06 0.273E-06 -0.773E-06
247.7 Å 80000. 0.491E-06 -0.866E-06 0.569E-06 -0.111E-05

C=0.40E+16 100000. 0.668E-06 -0.101E-05 0.770E-06 -0.130E-05
200000. 0.118E-05 -0.140E-05 0.147E-05 -0.185E-05
500000. 0.192E-05 -0.186E-05 0.253E-05 -0.249E-05
1000000. 0.246E-05 -0.221E-05 0.315E-05 -0.294E-05

N V 2P-4D 50000. 0.123E-04 0.142E-04 0.157E-04 0.190E-04
186.1 Å 80000. 0.151E-04 0.161E-04 0.200E-04 0.215E-04

C=0.88E+14 100000. 0.165E-04 0.171E-04 0.219E-04 0.230E-04
200000. 0.212E-04 0.200E-04 0.274E-04 0.271E-04
500000. 0.270E-04 0.247E-04 0.359E-04 0.324E-04
1000000. 0.316E-04 0.274E-04 0.429E-04 0.369E-04

N V 2P-5D 50000. *0.677E-04 *0.672E-04 *0.886E-04 *0.895E-04
166.9 Å 80000. *0.795E-04 *0.768E-04 *0.105E-03 *0.100E-03

C=0.21E+14 100000. *0.829E-04 *0.783E-04 *0.114E-03 *0.106E-03
200000. *0.107E-03 *0.918E-04 *0.136E-03 *0.124E-03
500000. 0.131E-03 0.109E-03 *0.164E-03 *0.151E-03
1000000. 0.161E-03 0.114E-03 *0.205E-03 *0.165E-03

N V 3S-3P 50000. 0.109E-03 0.546E-04 0.114E-03 0.685E-04
4610.9 Å 80000. 0.182E-03 0.840E-04 0.198E-03 0.106E-03

C=0.14E+19 100000. 0.221E-03 0.101E-03 0.246E-03 0.129E-03
200000. 0.345E-03 0.161E-03 0.404E-03 0.209E-03
500000. 0.484E-03 0.240E-03 0.598E-03 0.319E-03
1000000. 0.564E-03 0.288E-03 0.700E-03 0.383E-03

N V 3S-4P 50000. 0.294E-04 0.378E-04 0.369E-04 0.497E-04
628.8 Å 80000. 0.426E-04 0.474E-04 0.523E-04 0.624E-04

C=0.11E+17 100000. 0.498E-04 0.512E-04 0.626E-04 0.681E-04
200000. 0.651E-04 0.613E-04 0.850E-04 0.818E-04
500000. 0.862E-04 0.762E-04 0.111E-03 0.104E-03
1000000. 0.999E-04 0.876E-04 0.139E-03 0.119E-03

N V 3S-5P 50000. 0.711E-04 0.752E-04 0.897E-04 0.100E-03
450.1 Å 80000. 0.868E-04 0.851E-04 0.112E-03 0.114E-03

C=0.28E+16 100000. 0.943E-04 0.901E-04 0.122E-03 0.120E-03
200000. 0.118E-03 0.108E-03 0.153E-03 0.145E-03
500000. 0.145E-03 0.128E-03 0.204E-03 0.173E-03
1000000. 0.169E-03 0.148E-03 0.218E-03 0.196E-03

N V 3P-4S 50000. 0.234E-04 0.398E-04 0.280E-04 0.521E-04
778.0 Å 80000. 0.347E-04 0.497E-04 0.432E-04 0.653E-04

C=0.40E+17 100000. 0.420E-04 0.547E-04 0.526E-04 0.724E-04
200000. 0.635E-04 0.665E-04 0.831E-04 0.893E-04
500000. 0.877E-04 0.845E-04 0.115E-03 0.113E-03
1000000. 0.107E-03 0.963E-04 0.142E-03 0.132E-03
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Table 2. Continued.

B V B VI
TRANSITION T[K] W[Å] d[Å] W[Å] d[Å]

N V 3P-5S 50000. 0.497E-04 0.667E-04 0.625E-04 0.882E-04
510.0 Å 80000. 0.684E-04 0.761E-04 0.901E-04 0.101E-03

C=0.12E+17 100000. 0.762E-04 0.810E-04 0.100E-03 0.109E-03
200000. 0.966E-04 0.976E-04 0.128E-03 0.130E-03
500000. 0.129E-03 0.118E-03 0.172E-03 0.161E-03
1000000. 0.163E-03 0.133E-03 0.206E-03 0.186E-03

N V 3P-3D 50000. 0.299E-02 -0.519E-02 0.342E-02 -0.666E-02
15148.3 Å 80000. 0.528E-02 -0.701E-02 0.625E-02 -0.914E-02

C=0.15E+20 100000. 0.613E-02 -0.769E-02 0.766E-02 -0.101E-01
200000. 0.103E-01 -0.104E-01 0.129E-01 -0.139E-01
500000. 0.145E-01 -0.132E-01 0.186E-01 -0.176E-01
1000000. 0.177E-01 -0.155E-01 0.226E-01 -0.211E-01

N V 3P-4D 50000. 0.178E-03 0.207E-03 0.228E-03 0.277E-03
713.8 Å 80000. 0.220E-03 0.233E-03 0.292E-03 0.313E-03

C=0.13E+16 100000. 0.241E-03 0.249E-03 0.316E-03 0.333E-03
200000. 0.312E-03 0.291E-03 0.403E-03 0.393E-03
500000. 0.390E-03 0.357E-03 0.522E-03 0.469E-03
1000000. 0.464E-03 0.400E-03 0.625E-03 0.540E-03

N V 3P-5D 50000. *0.596E-03 *0.591E-03 *0.780E-03 *0.787E-03
495.3 Å 80000. *0.700E-03 *0.676E-03 *0.920E-03 *0.881E-03

C=0.19E+15 100000. *0.731E-03 *0.689E-03 *0.999E-03 *0.936E-03
200000. *0.945E-03 *0.807E-03 *0.119E-02 *0.109E-02
500000. 0.115E-02 0.961E-03 *0.144E-02 *0.133E-02
1000000. 0.142E-02 0.100E-02 *0.180E-02 *0.144E-02

N V 3D-4P 50000. 0.484E-04 0.628E-04 0.607E-04 0.822E-04
764.9 Å 80000. 0.707E-04 0.784E-04 0.880E-04 0.103E-03

C=0.16E+17 100000. 0.816E-04 0.837E-04 0.104E-03 0.112E-03
200000. 0.106E-03 0.101E-03 0.138E-03 0.135E-03
500000. 0.141E-03 0.125E-03 0.192E-03 0.170E-03
1000000. 0.162E-03 0.144E-03 0.217E-03 0.189E-03

N V 3D-5P 50000. 0.854E-03 0.886E-03 0.107E-02 0.118E-02
1583.6 Å 80000. 0.104E-02 0.100E-02 0.134E-02 0.133E-02

C=0.35E+17 100000. 0.113E-02 0.107E-02 0.147E-02 0.142E-02
200000. 0.137E-02 0.126E-02 0.181E-02 0.168E-02
500000. 0.173E-02 0.150E-02 0.232E-02 0.207E-02
1000000. 0.202E-02 0.172E-02 0.259E-02 0.224E-02

N V 3D-4F 50000. 0.158E-03 -0.193E-03 0.200E-03 -0.256E-03
747.6 Å 80000. 0.203E-03 -0.218E-03 0.265E-03 -0.291E-03

C=0.14E+16 100000. 0.220E-03 -0.232E-03 0.292E-03 -0.310E-03
200000. 0.283E-03 -0.274E-03 0.372E-03 -0.365E-03
500000. 0.369E-03 -0.326E-03 0.487E-03 -0.451E-03
1000000. 0.444E-03 -0.377E-03 0.591E-03 -0.484E-03
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Table 2. Continued.

B V B VI
TRANSITION T[K] W[Å] d[Å] W[Å] d[Å]
N V 4S-4P 50000. 0.603E-02 0.560E-02 0.695E-02 0.722E-02
11345.1 Å 80000. 0.815E-02 0.701E-02 0.968E-02 0.915E-02

C=0.36E+19 100000. 0.939E-02 0.783E-02 0.114E-01 0.103E-01
200000. 0.125E-01 0.981E-02 0.159E-01 0.131E-01
500000. 0.164E-01 0.125E-01 0.210E-01 0.167E-01
1000000. 0.186E-01 0.140E-01 0.249E-01 0.199E-01

N V 4S-5P 50000. 0.625E-03 0.661E-03 0.784E-03 0.878E-03
1389.6 Å 80000. 0.770E-03 0.747E-03 0.991E-03 0.996E-03

C=0.27E+17 100000. 0.824E-03 0.793E-03 0.108E-02 0.106E-02
200000. 0.104E-02 0.942E-03 0.135E-02 0.125E-02
500000. 0.130E-02 0.112E-02 0.169E-02 0.154E-02
1000000. 0.150E-02 0.130E-02 0.205E-02 0.167E-02

N V 4P-5S 50000. 0.432E-03 0.578E-03 0.547E-03 0.757E-03
1702.9 Å 80000. 0.618E-03 0.673E-03 0.801E-03 0.902E-03

C=0.80E+17 100000. 0.675E-03 0.716E-03 0.885E-03 0.952E-03
200000. 0.889E-03 0.860E-03 0.116E-02 0.114E-02
500000. 0.113E-02 0.104E-02 0.160E-02 0.138E-02
1000000. 0.127E-02 0.123E-02 0.173E-02 0.159E-02

N V 4P-4D 50000. 0.411 0.477 0.519 0.635
36239.8 Å 80000. 0.515 0.539 0.665 0.720

C=0.33E+19 100000. 0.562 0.572 0.739 0.762
200000. 0.707 0.687 0.923 0.914
500000. 0.907 0.817 1.25 1.12
1000000. 1.09 0.932 1.38 1.24

N V 4P-5D 50000. *0.583E-02 *0.574E-02 *0.762E-02 *0.763E-02
1549.1 Å 80000. *0.671E-02 *0.657E-02 *0.901E-02 *0.852E-02

C=0.18E+16 100000. *0.709E-02 *0.670E-02 *0.970E-02 *0.908E-02
200000. *0.920E-02 *0.790E-02 *0.114E-01 *0.106E-01
500000. 0.113E-01 0.936E-02 *0.138E-01 *0.129E-01
1000000. 0.139E-01 0.975E-02 *0.178E-01 *0.137E-01

N V 4D-5P 50000. 0.442E-03 -0.226E-03 0.514E-03 -0.298E-03
1655.9 Å 80000. 0.546E-03 -0.284E-03 0.664E-03 -0.372E-03

C=0.69E+16 100000. 0.575E-03 -0.309E-03 0.712E-03 -0.410E-03
200000. 0.679E-03 -0.370E-03 0.847E-03 -0.493E-03
500000. 0.842E-03 -0.471E-03 0.104E-02 -0.619E-03
1000000. 0.965E-03 -0.529E-03 0.119E-02 -0.707E-03

N V 5S-5P 50000. 0.100 0.938E-01 0.123 0.124
22592.2 Å 80000. 0.128 0.111 0.164 0.148

C=0.72E+19 100000. 0.139 0.118 0.174 0.155
200000. 0.168 0.141 0.220 0.188
500000. 0.211 0.171 0.288 0.234
1000000. 0.230 0.195 0.311 0.253
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Table 2. Continued.

B V B VI
TRANSITION T[K] W[Å] d[Å] W[Å] d[Å]
N V 5P-5D 50000. *11.8 *11.7 *15.6 *15.6
71174.4 Å 80000. *13.3 *13.3 *18.5 *17.5

C=0.39E+19 100000. *14.8 *13.7 *19.6 *18.3
200000. *17.9 *16.0 *23.0 *21.1
500000. 21.5 19.0 *26.8 *25.6
1000000. 28.0 20.1 *37.7 *28.2

The validity of impact approximation has been checked for all results pre-
sented in Tables 1-3. This is done by calculating the value of NV, where V
is the collision volume and N the perturber density. If NV< 0.1, the impact
approximation is valid. When the violation of impact approximation is more
or less tolerable, for 0.1<NV≤0.5 we put an asterisk before the corresponding
Stark broadening parameter in order to draw attention that this value is on the
limit of validity of impact approximation.

We note that the data on broadening by collisions with electrons, protons
and ionized helium can be found in Dimitrijevic & Sahal-Brechot (1992), while
in Blagojević et al. (1999) and Dimitrijevic (1999), data on the broadening of N
V by collisions with N III, N IV, N V, N VI, and N VII ions, has been reported
for 3s 2S - 3p 2Po transition.

The widths and shifts from Tables 1-3 can be used to obtain the line profile
F (ω) (where ω is angular frequency), using the expression:

F (ω) =
W/(2π)

(ω − ωif − d)2 + (W/2)2
. (4)

Here

ωif =
Ei − Ef

h̄

where Ei, Ef are the energies of initial and final atomic energy level, respectively.

4. Conclusions

We have used here the impact semiclassical perturbation theory (Sahal-Bréchot,
1969a,b; Sahal-Bréchot, Dimitrijević, & Ben Nessib, 2014) for the calculation of
Stark broadening parameters, widths (FWHM) and shifts, for 29 multiplets of
fourtly charged nitrogen ion (N V). The results are presented for broadening due
to collisions of N V with α particles, B III, B IV, B V and B VI ions. The obtained
results are useful for proton-boron fusion, because one of the targets used in such
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Table 3. Same as in Table 1 but for the broadening of N V spectral lines by collisions

with α particles.

α particles
TRANSIT. T[104K] W[Å] d[Å] TRANSIT. W[Å] d[Å]
N V 2S-2P 5. 0.181E-06 -0.528E-06 N V 2P-3D 0.158E-06 -0.298E-06
1240.2 Å 8. 0.388E-06 -0.836E-06 247.7 Å 0.286E-06 -0.416E-06

10. 0.549E-06 -0.103E-05 0.365E-06 -0.471E-06
20. 0.135E-05 -0.178E-05 0.607E-06 -0.649E-06
50. 0.290E-05 -0.291E-05 0.913E-06 -0.838E-06
100. 0.410E-05 -0.364E-05 0.114E-05 -0.101E-05

N V 2S-3P 5. 0.202E-06 0.290E-06 N V 2P-4D 0.578E-05 0.637E-05
209.3 Å 8. 0.339E-06 0.398E-06 186.1 Å 0.717E-05 0.728E-05

10. 0.399E-06 0.440E-06 0.780E-05 0.773E-05
20. 0.642E-06 0.603E-06 0.101E-04 0.898E-05
50. 0.884E-06 0.765E-06 0.138E-04 0.103E-04
100. 0.108E-05 0.919E-06 0.156E-04 0.122E-04

N V 2S-4P 5. 0.107E-05 0.126E-05 N V 2P-5D 0.316E-04 0.305E-04
162.6 Å 8. 0.151E-05 0.153E-05 166.9 Å 0.372E-04 0.339E-04

10. 0.167E-05 0.162E-05 0.385E-04 0.345E-04
20. 0.210E-05 0.194E-05 0.465E-04 0.398E-04
50. 0.268E-05 0.241E-05 0.636E-04 0.452E-04
100. 0.347E-05 0.276E-05 0.716E-04 0.502E-04

N V 2S-5P 5. 0.368E-05 0.365E-05 N V 3S-3P 0.712E-04 0.271E-04
147.4 Å 8. 0.436E-05 0.414E-05 4610.9 Å 0.111E-03 0.412E-04

10. 0.471E-05 0.438E-05 0.132E-03 0.487E-04
20. 0.584E-05 0.529E-05 0.193E-03 0.740E-04
50. 0.774E-05 0.633E-05 0.251E-03 0.107E-03
100. 0.844E-05 0.696E-05 0.289E-03 0.128E-03

N V 2P-3S 5. 0.131E-06 0.417E-06 N V 3S-4P 0.152E-04 0.177E-04
266.3 Å 8. 0.280E-06 0.577E-06 628.8 Å 0.215E-04 0.217E-04

10. 0.379E-06 0.642E-06 0.238E-04 0.229E-04
20. 0.682E-06 0.884E-06 0.304E-04 0.276E-04
50. 0.109E-05 0.113E-05 0.400E-04 0.339E-04
100. 0.138E-05 0.132E-05 0.479E-04 0.401E-04

N V 2P-4S 5. 0.754E-06 0.124E-05 N V 3S-5P 0.340E-04 0.337E-04
190.2 Å 8. 0.114E-05 0.155E-05 450.1 Å 0.404E-04 0.382E-04

10. 0.139E-05 0.167E-05 0.437E-04 0.405E-04
20. 0.193E-05 0.200E-05 0.536E-04 0.487E-04
50. 0.262E-05 0.249E-05 0.709E-04 0.590E-04
100. 0.308E-05 0.284E-05 0.772E-04 0.641E-04

N V 2P-5S 5. 0.274E-05 0.340E-05 N V 3P-4S 0.117E-04 0.183E-04
168.6 Å 8. 0.356E-05 0.385E-05 778.0 Å 0.172E-04 0.231E-04

10. 0.385E-05 0.408E-05 0.209E-04 0.250E-04
20. 0.494E-05 0.485E-05 0.290E-04 0.300E-04
50. 0.641E-05 0.576E-05 0.399E-04 0.381E-04
100. 0.741E-05 0.668E-05 0.481E-04 0.425E-04
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Table 3. Continued.

α particles
TRANSIT. T[104K] W[Å] d[Å] TRANSIT. W[Å] d[Å]
N V 3P-5S 5. 0.246E-04 0.305E-04 N V 4S-4P 0.332E-02 0.262E-02
510.0 Å 8. 0.319E-04 0.346E-04 11345.1 Å 0.439E-02 0.329E-02

10. 0.346E-04 0.366E-04 0.496E-02 0.363E-02
20. 0.445E-04 0.435E-04 0.614E-02 0.444E-02
50. 0.576E-04 0.519E-04 0.779E-02 0.558E-02

100. 0.657E-04 0.596E-04 0.925E-02 0.651E-02
N V 3P-3D 5. 0.172E-02 -0.249E-02 N V 4S-5P 0.303E-03 0.297E-03
15148.3 Å 8. 0.274E-02 -0.323E-02 1389.6 Å 0.361E-03 0.337E-03

10. 0.319E-02 -0.361E-02 0.391E-03 0.357E-03
20. 0.493E-02 -0.466E-02 0.471E-03 0.417E-03
50. 0.683E-02 -0.597E-02 0.592E-03 0.509E-03

100. 0.829E-02 -0.692E-02 0.703E-03 0.584E-03
N V 3P-4D 5. 0.842E-04 0.928E-04 N V 4P-5S 0.218E-03 0.266E-03
713.8 Å 8. 0.104E-03 0.106E-03 1702.9 Å 0.287E-03 0.303E-03

10. 0.113E-03 0.113E-03 0.319E-03 0.322E-03
20. 0.149E-03 0.131E-03 0.405E-03 0.389E-03
50. 0.206E-03 0.151E-03 0.533E-03 0.459E-03

100. 0.227E-03 0.174E-03 0.646E-03 0.521E-03
N V 3P-5D 5. 0.278E-03 0.268E-03 N V 4P-4D 0.197 0.214
495.3 Å 8. 0.327E-03 0.299E-03 36239.8 Å 0.242 0.243

10. 0.339E-03 0.303E-03 0.262 0.258
20. 0.410E-03 0.350E-03 0.333 0.309
50. 0.560E-03 0.398E-03 0.461 0.372

100. 0.632E-03 0.441E-03 0.574 0.404
N V 3D-4P 5. 0.253E-04 0.295E-04 N V 4P-5D 0.270E-02 0.261E-02
764.9 Å 8. 0.355E-04 0.357E-04 1549.1 Å 0.317E-02 0.290E-02

10. 0.388E-04 0.375E-04 0.334E-02 0.293E-02
20. 0.499E-04 0.456E-04 0.396E-02 0.340E-02
50. 0.650E-04 0.570E-04 0.547E-02 0.382E-02

100. 0.805E-04 0.614E-04 0.612E-02 0.426E-02
N V 3D-5P 5. 0.412E-03 0.396E-03 N V 4D-5P 0.245E-03 -0.105E-03
1583.6 Å 8. 0.490E-03 0.451E-03 1655.9 Å 0.287E-03 -0.131E-03

10. 0.524E-03 0.475E-03 0.306E-03 -0.140E-03
20. 0.625E-03 0.568E-03 0.374E-03 -0.167E-03
50. 0.813E-03 0.692E-03 0.493E-03 -0.208E-03

100. 0.960E-03 0.770E-03 0.636E-03 -0.241E-03
N V 3D-4F 5. 0.768E-04 -0.867E-04 N V 5S-5P 0.526E-01 0.435E-01
747.6 Å 8. 0.950E-04 -0.984E-04 22592.2 Å 0.621E-01 0.496E-01

10. 0.105E-03 -0.104E-03 0.669E-01 0.530E-01
20. 0.131E-03 -0.122E-03 0.803E-01 0.632E-01
50. 0.178E-03 -0.150E-03 0.101 0.764E-01

100. 0.230E-03 -0.169E-03 0.120 0.887E-01
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Table 3. Continued.

α particles
TRANSIT. T[104K] W[Å] d[Å]
N V 5P-5D 5. 5.38 5.29
71174.4 Å 8. 6.40 5.86

10. 7.18 6.03
20. 8.03 6.91
50. 11.7 7.96
100. 13.0 8.50

experiments is made of boron nitride (BN). Consequently, the broadening of
spectral lines of fourthly charged nitrogen ion by collisions with different boron
ions is useful for diagnostics of the created boron-nitrogen plasma and for its
optimization, modeling and investigation. The presented Stark broadening pa-
rameters will be included later in STARK-B database (http://stark-b.obspm.fr/
- Sahal-Bréchot et al. (2015)), which is also a part of Virtual Atomic and Molec-
ular Data Center (VAMDC) (http://www.vamdc.org/ - Dubernet et al. (2010,
2016); Albert et al. (2020)).
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Abstract. We present a novel method to derive rotation curves of the inner
broad-line region (BLR) of lensed quasars with light-day spatial resolution. The
approach exploits microlensing distortions of the broad emission lines (BELs),
where the strength of the effect in the line wings traces the size of the emitting
region at different velocities. We analyze the high-ionization lines Si IV and
C IV in five gravitationally lensed quasars, measuring microlensing amplitudes
across several velocity bins. Bayesian inference yields emission-region sizes,
which we confront with a Keplerian disk model. We find a smooth, monotonic
increase in microlensing with velocity, and the derived velocity–size relations
are consistent with disk-like rotation. These results provide the first direct
evidence for Keplerian motion in the innermost BLR of quasars.

Key words: Gravitational lensing: micro – quasars: emission lines

1. Introduction

Direct evidence on the kinematics of the broad emission line (BEL) regions
in quasars is still limited. The observed line profiles cannot usually be linked
unambiguously to specific motions, although a two-component model has of-
ten been invoked: line wings arising from the accretion disk and the line core
from a more isotropic component (Fian et al., 2023). Separating these contri-
butions, however, is challenging, and most studies rely on virial estimates that
mainly probe the core of the lines (Kaspi et al., 2021). Several methods have
been proposed to explore the inner broad-line region (BLR) kinematics, such
as velocity-resolved reverberation mapping (De Rosa et al., 2018; Bentz et al.,
2023) and spectro-astrometry with GRAVITY@VLTI (Gravity Collaboration
et al., 2018). These techniques have revealed complex results and are usually
limited to nearby active galactic nuclei with spatial resolutions of tens of light-
days. Gravitational microlensing provides an alternative probe. It is sensitive
to source size on light-day scales and can thus map the emission regions of
quasars at cosmological distances. While previous microlensing studies have fo-
cused on entire emission lines, strong microlensing distortions in the wings of
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some systems allow us to resolve the line profile into velocity bins. This en-
ables the construction of experimental kinematic curves that relate velocity to
emitting-region size. Here, we investigate the microlensing response in the high-
ionization lines Si IV and C IV for five lensed quasars (SDSS J1001+5027,
SDSS J1004+4112, HE 1104˘1805, SDSS J1206+4332, and SDSS J1339+1310).
By comparing the observed microlensing signatures with predictions from a Ke-
plerian disk model, we constrain the kinematics of the innermost BLR and test
the hypothesis of disk-like rotation.

2. Data and observations

We compiled rest-frame ultraviolet spectra of gravitationally lensed quasars
selected for clear microlensing signatures in the wings of the high-ionization
lines Si IV λ1397 and/or C IV λ1549. Additional criteria required multi-epoch
observations and sufficient signal-to-noise ratio in the relevant spectral range.
The sample consists of one quadruply lensed quasar, SDSS J1004+4112 (z =
1.734), and four doubles: SDSS J1001+5027 (z = 1.838), HE 1104–1805 (z =
2.319), SDSS J1206+4332 (z = 1.789), and SDSS J1339+1310 (z = 2.243).
The fully reduced spectra, collected from the literature, span multiple epochs
over several years: six epochs for SDSS J1001+5027 (2003–2016), 21 epochs
for SDSS J1004+4112 (2003–2018), seven epochs for HE 1104˘1805 (1993–
2016), two epochs for SDSS J1206+4332 (2004, 2016), and eight epochs for
SDSS J1339+1310 (2007–2017). For SDSS J1004+4112, only images A and B
were used, since the long delays of images C and D (∼ 2 and ∼ 4.5 years; Muñoz
et al. 2022) might mix intrinsic variability with microlensing.

3. Methodology

For each quasar image, we first subtracted the local continuum by fitting a
straight line to adjacent regions free of emission features. The line cores, ex-
pected to be largely unaffected by microlensing (Fian et al., 2018), were used
as a reference: we normalized the cores of images A and B to remove macro-
magnification and extinction effects (Guerras et al., 2013). Average normalized
profiles were then constructed, and splines were fitted to the wings most sus-
ceptible to microlensing. Microlensing signatures were detected as follows: in
SDSS J1001+5027, a modest enhancement of image B in the red C IV wing
(blue wing excluded due to absorption); in SDSS J1004+4112, strong distortions
with a magnified blue wing and demagnified red wing in image A (Hutsemékers
et al., 2023; Fian et al., 2024b); in SDSS J1206+4332 and SDSS J1339+1310,
strong magnification of image B in the red wings of both lines (Goicoechea &
Shalyapin, 2016; Fian et al., 2021, 2024c), plus additional blue-wing magnifica-
tion in SDSS J1206+4332; and in HE 1104–1805, modest magnification of the
red wings in image A (Fian et al., 2021). To quantify differential microlensing
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across velocities, we computed flux ratios between spline fits of the image pairs
in 500 km s−1 bins, converted them into magnitudes, and sampled velocities
between 3000–8000 km s−1, yielding 11 independent measurements per line.

4. Microlensing simulations

To model microlensing of spatially extended sources, we employed the Fast
Multipole Method–Inverse Polygon Mapping algorithm (FMM–IPM; Jiménez-
Vicente & Mediavilla 2022), which combines the FMM approach for ray de-
flections with the IPM method for map generation. For each quasar image,
we produced 3000 × 3000 pixel2 magnification maps covering 100 × 100 Ein-
stein radii2, with a resolution of 0.30–0.40 light-days per pixel depending on
the Einstein radius RE . Stars of mass 0.3M⊙ were randomly distributed across
the lens plane. The quasar emission regions were modeled with circular Gaus-
sian profiles, I(R) ∝ exp(−R2/2r2s), convolved with the magnification maps.
The relevant parameter is the half-light radius (R1/2 = 1.18, rs), which largely
determines microlensing results irrespective of the detailed brightness profile
(Mortonson et al., 2005). Differential microlensing in the line wings between
lensed images was used to infer emission-region sizes and thus probe BLR kine-
matics. Probabilities were computed by randomly placing the Gaussian sources
on the maps and comparing the simulated and observed microlensing signals,
following Guerras et al. (2013) and Fian et al. (2018, 2021).

5. Results and discussion

We examined microlensing magnification across velocity bins in the wings of
Si IV and C IV, where contamination from other lines is minimal. This ap-
proach allows us to probe emission regions from several tens of light-days down
to sub-light-day scales. A clear monotonic increase in microlensing with velocity
is observed, consistent with high-velocity gas originating from more compact
regions. A second key result is the agreement between velocity curves obtained
from different wings or different lines in the same object, confirming the robust-
ness of the method. We also find systematic asymmetries between red and blue
wings: one wing may be magnified while the other is de-magnified, indicating
that although both originate from similar-sized regions, they are not co-spatial.
Finally, in several quasars (e.g., SDSS J1001+5027 and HE 1104˘1805) the ve-
locity–size curves closely follow the expected Keplerian trend. In other systems,
the curves flatten at high velocities, where size estimates are less reliable due to
broad probability distributions. These deviations are within uncertainties and
do not contradict the Keplerian hypothesis. Figure 1 illustrates the velocity-
resolved microlensing signatures for one representative system in our sample. To
improve statistical significance, we combined the velocity curves of all systems,
scaling to a mean mass of MBH sin2 i = 2.9× 107M⊙. The stacked curve follows



72 C.Fian

near-Keplerian motion over 3000–5500 km s−1, with mild flattening at higher
velocities, where uncertainties increase. Overall, the results provide strong evi-
dence for Keplerian rotation in the innermost BLR, directly linking this region
to the accretion disk structure. A detailed discussion of these results is presented
in Fian et al. (2024a).
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Figure 1. Kinematic responses to microlensing for SDSS J1004+4112. The left panel

shows the average C IV line profiles for images A (black) and B (gray). The middle

panels illustrate the magnitude differences between the images in the line wing and the

probability density functions of the emitting region size. The rightmost panel displays

the estimated sizes of different kinematic regions as a function of velocity, along with

a Keplerian fit (dashed black line).

6. Conclusions

We obtained velocity-resolved microlensing magnification curves for the wings of
the C IV and Si IV BELs in five lensed quasars. By linking microlensing strength
to emitting-region size in each velocity bin, we derived velocity–size relations
that reveal a smooth increase in magnification with velocity, consistent with
high-velocity gas arising from more compact regions. We find strong consistency
between curves obtained from red and blue wings of the same line, as well as
from different lines in the same object, supporting the robustness of the method.
Both individual systems and the composite curve align well with the predictions
of a Keplerian disk, directly connecting the innermost BLR with the accretion
disk structure. This represents the first direct evidence that the BLR follows
Keplerian rotation over radii of ∼ 5˘20 light-days. Most notably, gravitational
microlensing achieves an unprecedented spatial resolution - in some cases below
one light-day - making it a uniquely powerful probe of quasar inner kinematics.
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1 Instituto Nacional de Astrof́ısica, Óptica y Electrónica (INAOE), Luis
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Abstract. Blazars, a highly variable Active Galactic Nuclei (AGNs) subclass,
provide a unique opportunity to explore the physical processes within their
relativistic jets and emission regions. In this study, we investigate the multi-
wavelength variability of the blazar TON 599, a Flat Spectrum Radio Quasar
(FSRQ), with a particular emphasis on its emission line behavior. We focus on
the Mg II λ2798 Å emission line, a key tracer of the ionized gas in the broad-
line region (BLR), and its role in jet-induced variability. In addition to optical
emission lines, we analyze gamma-rays (0.1–300 GeV), X-rays (0.2–10 keV),
optical continuum (λ3000 Å), optical polarization, and millimeter-wavelength
light curves. Three cross-correlation methods are employed to investigate tem-
poral relationships between the emission line and continuum across various
wavelengths. Using the Non-Thermal Dominance (NTD) parameter, our anal-
ysis confirms that synchrotron emission dominates the continuum during ac-
tive states, highlighting the jet’s primary role in the observed variability. The
Mg II emission line exhibits quasi-simultaneous variability with the optical
continuum, suggesting photoionization driven by the jet’s non-thermal radia-
tion. Additionally, the minimal time lag between gamma-ray and optical/near-
ultraviolet emissions supports a synchrotron self-Compton origin for the most
variable component of the gamma-ray emission. These findings highlight the
importance of emission line variability and multiwavelength observations in
constraining the interaction between jets and the BLR in blazars. The results
contribute to a deeper understanding of AGN emission mechanisms and the
complex interplay between jets and their surrounding environments.

1. Introduction

Supermassive black holes (SMBHs) reside at the centers of most galaxies, and
those with high accretion rates give rise to Active Galactic Nuclei (AGN) (Urry
& Padovani, 1995). A remarkable subclass of AGN is represented by blazars,
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whose relativistic jets are aligned close to our line of sight. They are powerful
radio sources, characterized by extreme variability across the entire electromag-
netic spectrum, with timescales ranging from years to minutes. Blazars provide
a unique laboratory for studying physical conditions that cannot be reproduced
on Earth.

Blazars are commonly divided into two subclasses: BL Lacertae objects (BL
Lacs) and Flat Spectrum Radio Quasars (FSRQs). In particular, FSRQs tend to
show broad optical emission lines (e.g., Hβ, Mg II, C IV) in addition to a non-
thermal continuum (Urry & Padovani, 1995; Véron-Cetty & Véron, 2000). By
contrast, BL Lacs are characterized by optical spectra dominated by a nearly fea-
tureless non-thermal continuum with very weak or absent emission lines (Stickel
et al., 1991).

Within this context, this work focuses on the blazar TON 599 (z = 0.725;
Hewett & Wild 2010), classified as an FSRQ. We investigate its multifrequency
variability, including gamma rays (0.1–300 GeV), X-rays (0.2–10 keV), the UV
spectral continuum (3000 Å), the Mg II λ2798 Å emission line, optical polariza-
tion (5000–7000 Å), and 1 mm emissions. Cross-correlation analysis is employed
to explore connections among these bands. This study provides new insights into
the multifrequency emission processes of TON 599 and contributes to a broader
understanding of blazar-type AGN.

2. Object of study

The blazar TON 599 is classified as a Flat Spectrum Radio Quasar (FSRQ)
due to its strong broad line emission and small viewing angle, making it one of
the most variable types of AGN (Wills et al., 1983; Prince, 2019; Hallum et al.,
2022).

Originally discovered in the 1950s by Iriarte & Chavira (1957), TON 599 was
included in a catalog of more than 800 “blue stars” identified near the North
Galactic Pole, as part of an observational program carried out with the To-
nantzintla Schmidt Camera, in Puebla, Mexico. Since then, this source has been
extensively monitored by multiple facilities, yielding a rich multi-band archive
and numerous publications that consistently confirm its strong variability across
different wavelengths.

Figure 1 shows the original identification chart of TON 599 together with
its UV/optical spectrum, illustrating both the historical context of its discovery
and the spectral features that define it as an FSRQ.

3. Methodology

The observations analyzed in this work span multiple wavelengths. Gamma-
ray data were obtained from Fermi -LAT, while X-ray data were taken from
the Swift-XRT Monitoring of Fermi-LAT Sources of Interest. Optical spectra
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Figure 1. Left: Identification chart of TON 599 (Iriarte & Chavira, 1957). Right:

Observed frame UV/Optical spectrum of TON 599 (Bechtold et al., 2002; Torrealba

et al., 2012)

were retrieved from the database of the Ground-Based Observational Program
associated with the Fermi Gamma-ray Space Telescope at the University of
Arizona, and 1 mm observations were collected from the Submillimeter Array
(SMA) database.

In total, 196 spectra of TON 599 were compiled, of which two were discarded
due to low signal-to-noise ratio. For each remaining spectrum, a fitting proce-
dure was performed on the Mg II λ2798 Å emission line using multi-component
models. The continuum was fitted with a power-law function, the Fe II emission
in the UV was modeled with empirical templates (Vestergaard & Wilkes, 2001),
and the Mg II line itself was decomposed into broad and narrow components
with Gaussian profiles (see Figure 2 for an example of the fitting procedure).
This approach allowed us to reliably characterize the spectral features of TON
599.

From these fits we derived integrated fluxes, line and continuum luminosities,
and subsequently physical parameters such as the Non-Thermal Dominance
(NTD), which are discussed in the following section.

4. Non-thermal dominance parameter: NTD

The non-thermal dominance (NTD) parameter, introduced by Shaw et al. (2012),
quantifies the contribution of the relativistic jet to the optical/UV continuum
and is defined as:
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Figure 2. Example of a TON 599 spectrum (January 2017, Steward Observatory)

showing the multi-component fit and residuals.

NTD =
Lobs

Lpred

, (1)

where Lobs is the observed luminosity and Lpred is the predicted luminosity
inferred from emission lines in non-blazar AGNs. Since broad emission lines
trace the accretion disk power (i.e. Lpred=Ldisk), Patiño Álvarez et al. (2016)
reformulated NTD as:

NTD = 1 +
Ljet

Ldisk

, NTD ≥ 1, (2)

which allows different regimes to be identified: NTD = 1 (only disk emis-
sion), 1 < NTD < 2 (disk-dominated), NTD = 2 (equal contributions from
disk and jet), and NTD > 2 (jet-dominated).

The value of Lpred was obtained from the empirical relation between LMgII

and L3000 Å derived from a sample of ∼ 40,000 radio-quiet AGN (Patiño-Álvarez
et al., 2025) :

logLMgII = (0.826± 0.025) log λLλ3000 + (6.057± 1.164). (3)
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Here, LMgII was measured from the integrated flux of the emission line,
while Lobs was derived from the continuum flux at 3000 Å, both calculated
using a luminosity distance of DL = 4445.5 Mpc (z = 0.725).

In addition, single-epoch black hole mass estimates were obtained using stan-
dard virial relations based on the Mg II emission line luminosity and the 3000 Å
continuum (Kong et al., 2006; Vestergaard & Peterson, 2006; Shen et al., 2011).
These methods assume that the Broad Line Region (BLR) is virialized and that
the continuum is primarily powered by the accretion disk.

For jet-dominated sources such as TON 599, however, the continuum can
be significantly contaminated by non-thermal emission, which may lead to sys-
tematic overestimations of MBH. Since the Mg II emission line is expected to
be less affected by this contamination, mass estimates derived from LMgII are
considered more reliable in these cases. Figure 3 shows the relation between
LMgII and L3000 Å for TON 599, where deviations from the empirical trend di-
rectly reflect the increasing jet contribution and its impact on black hole mass
determinations.
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Figure 3. Variations in the Mg II emission line luminosity versus the continuum

luminosity at 3000 Å for TON 599. The right and top axes show overestimations and

underestimations of the black hole mass when calculated using single-epoch techniques,

using the continuum and emission line luminosity, respectively.
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5. Cross-correlation analysis

To investigate possible time lags between the continuum and emission line
variability, we applied cross-correlation functions (CCFs) using three comple-
mentary approaches: the interpolated CCF (Gaskell & Sparke, 1986), the dis-
crete CCF (Edelson & Krolik, 1988), and the Z-transformed DCF (Alexan-
der, 1997), all incorporating non-stationarity corrections (Patiño-Álvarez et al.,
2013; Amaya-Almazán et al., 2022).

The statistical significance of the correlations was evaluated through Monte
Carlo simulations (Timmer & Koenig, 1995; Emmanoulopoulos et al., 2013),
with confidence levels at 90, 95, and 99% (grey lines in Figure 4). In this work, we
adopt the 99% level as the threshold for reliable correlations. Employing multiple
CCF methods enhances robustness by mitigating the effects of interpolation
gaps, spurious peaks, and aliasing, among other caveats the data might present.

As an illustrative example, Figure 4 presents the results of the cross-correlation
between the gamma-ray and 3000 Å light curves using the three methods, illus-
trating both the consistency of the techniques and the regions where significant
correlations are detected. In this figure, we see that the ICCF does not ex-
ceed the 99% confidence level, whereas the DCCF and ZDCF show a significant
correlation within the same lag range. This difference stems from the ICCF’s
sensitivity to interpolation and irregular sampling. Therefore, for this specific
case we consider the detection supported by DCCF/ZDCF to be more reliable.

Figure 4. Example of the cross-correlation functions; in this case between the gam-

ma-ray and 3000 Å light curves using three methods. Left: interpolated cross-cor-

relation function (ICCF); middle: discrete cross-correlation function (DCCF); right:

Z-transformed discrete correlation function (ZDCF).
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6. Results

The results presented below are derived from a joint analysis of the multi-
frequency light curves and the cross-correlations between bands. In particular,
the cross-correlations provide information on the time lags between different
wavelength bands of the electromagnetic spectrum, which may be related to
distances between emitting regions, provided that factors such as the jet viewing
angle and the wavelengths involved are taken into account.

Figure 5 shows the multi-frequency light curves of TON 599, including Fermi -
LAT γ rays (0.1–300GeV), Swift-XRT X rays (0.3–10 keV), optical data from
the Steward Observatory (4000–7000 Å in the observer’s frame), comprising the
rest-frame 3000 Å continuum, the Mg II λ2798 Å line flux, V -band photometry,
the polarization degree, and the polarization angle (measured between 5000 and
7000 Å), SMA 1mm emission, and the Non-Thermal Dominance (NTD) curve
computed from the 3000 Å continuum and the Mg II line.

Consistent with the cross-correlation analysis, the V band and the 3000 Å
continuum vary quasi-simultaneously, with contemporaneous rises and declines
in Figure 5 (panels c,e). The NTD in panel (i) increases over the same intervals
to values above 2 (black dashed line), indicating enhanced jet contribution. The
γ-ray activity (panel a) rises during the main optical/NUV events, in agreement
with the significant correlations recovered by the discrete and Z-transformed
discrete correlation functions. The Mg II λ2798 Å emission line (panel d) exhibits
flux enhancements that coincide with optical/NUV high states, consistent with
near-zero lags found for the line–continuum pairs.

By contrast, some bands do not show clear correlations. The X-ray coverage
(panel b) is limited and does not sample the strongest optical/NUV outbursts,
which restricts any association. The 1mm emission (panel f) traces longer vari-
ability timescales and lacks dense sampling during the short optical/NUV flares,
reducing the expected cross-correlation signal. The polarization degree and po-
larization angle (panels g–h) show variability but no consistent temporal rela-
tion with the other bands in this dataset. Finally, the γ-ray–Mg II correlation
is inconclusive, mainly due to cadence and sampling differences between the
high-energy and emission line light curves.
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Figure 5. Multifrequency Light Curves for TON 599.
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7. Conclusions

The cross-correlation analysis and multifrequency monitoring of TON 599 allow
us to identify several key results regarding the connection between the jet, the
optical/UV continuum, the emission lines, and the high-energy emission. These
findings can be summarized as follows:

1. The cross-correlations between the V band, the 3000 Å continuum, and the
NTD are consistent with zero lag. This indicates co-spatiality among the
optical/NUV emissions, with the main variability in NTD arising from the
jet. The similar variability patterns observed in both the V band and the
3000 Å continuum support the interpretation that these bands are dominated
by synchrotron radiation from the jet.

2. The correlations between the optical/NUV bands and gamma rays suggest
that the seed photon population is dominated by synchrotron emission, and
that the gamma-ray variability is mainly produced by the Synchrotron Self-
Compton (SSC) process during high states of the source. This finding that
SSC dominates challenges the standard external Compton scenario and has
implications for jet models and Spectral Energy Distribution (SED) studies.

3. Cross-correlations between the optical/NUV bands and the Mg II λ2798 Å
emission line also yield a zero lag. The temporal coincidence of line flares with
optical/NUV variability implies that the line-emitting gas is being ionized
by synchrotron radiation from the jet, in addition to the accretion disk.

4. The observed relation between continuum and line luminosities deviates from
expectations for a radio-quiet BLR, indicating that the emission line is not
solely ionized by the accretion disk. As a result, black hole mass estimates
based on single-epoch methods should preferentially use epochs when the
continuum is disk-dominated to obtain more realistic values.

Overall, TON 599 demonstrates that optical/NUV synchrotron emission drives
both γ–ray SSC variability and Mg II ionization, revealing a strong interplay be-
tween the relativistic jet and the BLR. This challenges canonical reverberation
mapping assumptions and adds further evidence, consistent with sources such
as 3C 454.3 (León-Tavares et al., 2013; Amaya-Almazán et al., 2021), 3C 279
(Patiño-Álvarez et al., 2018), and CTA 102 (Chavushyan et al., 2020), that BLR
gas can be directly influenced by jets.

The case of TON 599 highlights how jet–BLR interactions significantly im-
pact both variability patterns and black hole mass determinations in FSRQs.
Future efforts should focus on short-timescale flares, testing the NTD thresh-
old across different bands, refining Mg II-based mass estimates with improved
instrumental corrections, and extending this methodology to a larger sample of
blazars (Massaro et al., 2015).
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Patiño-Álvarez, V. M., Fernandes, S., Chavushyan, V., et al., Multiwavelength photo-
metric and spectropolarimetric analysis of the FSRQ 3C 279. 2018, Monthly Notices

of the RAS, 479, 2037, DOI:10.1093/mnras/sty1497
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Abstract. We present observational evidence supporting the presence of a
stratified accretion disk wind in active galactic nuclei (AGN), based on multi-
wavelength spectroscopic analysis of broad and narrow emission lines. The di-
versity in emission line profiles, ionization potentials, and kinematic signatures
suggests a structured outflow emerging from the accretion disk, with different
zones contributing to specific spectral features. High-ionization lines (e.g., Civ

λ1549) exhibit strong blueshifts and asymmetric profiles indicative of fast, inner
winds, while low-ionization lines (e.g., Hβ, Mgii λ 2800) show more symmetric
profiles consistent with predominant emission from slower, denser regions far-
ther out, although exhibiting systematic blueshifts in quasars radiating at high
Eddington ratios. The intermediate ionization lines (e.g., Aliiiλ1860) present a
situation that is intermediate in terms of shift amplitudes, although in several
super-Eddington candidates radial outflow velocity may reach values compa-
rable to the ones of the high ionization lines. These results are consistent with
radiatively driven wind models featuring radial stratification. We made prelim-
inary photoionization modeling assuming unabsorbed radiation emitted from
the corona and the hotter disk regions emission or absorbed by a layer of gas.
Our findings provide new constraints on the geometry and physical conditions
of AGN winds, providing clear evidence in favor of stratified wind emission.

Key words: Supermassive black holes (1663) – Active galactic nuclei (16) –
Quasars (1319) – Spectroscopy (1558) – Photoionization (2060)

1. Introduction

The concept of a quasar ”main sequence” (MS) emerged from the landmark
work of Boroson & Green (1992), who identified a strong anti-correlation be-
tween the relative strength of Feiiλ4570 emission and the full width at half
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maximum (FWHM) of the broad Hβ line. This relation, commonly expressed
through the parameter RFeii= Feiiλ4570/Hβ, was first hinted at in earlier works
(e.g., Gaskell 1985 and has since been confirmed and extended in a large num-
ber of studies (Sulentic et al., 2000a,b; Shen & Ho, 2014; Rakshit et al., 2020;
Wu & Shen, 2022). The MS framework provides a powerful tool for organizing
the remarkable diversity of type-1 active galactic nuclei (AGN) spectroscopic
properties.

Within this scheme, type-1 AGN can be broadly separated into two main
populations: Population A and Population B (Sulentic et al., 2000a, 2002, 2011).
Population A sources, characterized by narrower Hβ profiles (FWHM < 4000
km s−1), are generally associated with high accretion rates relative to the Ed-
dington limit, while Population B sources (FWHM > 4000 km s−1) are typically
lower Eddington ratio (L/LEdd, where LEdd is the Eddington luminosity) sys-
tems. A small subset, on the order of ∼ 10% of the population, represents
”extreme” Population A sources (RFeii> 1), which are widely interpreted as
candidates for super-Eddington accretion (Wang et al., 2013; Marziani & Su-
lentic, 2014; Du et al., 2018; Panda & Marziani, 2023; Panda, 2024; Marziani
et al., 2025).

The MS is thought to be primarily driven by the Eddington ratio L/LEdd

(Marziani et al., 2001; Boroson, 2002; Shen & Ho, 2014; Sun & Shen, 2015;
Panda et al., 2019), with orientation effects also playing a significant role in
shaping the observed diversity. Black hole mass effects, concomitant with view-
ing angle effects, become relevant when AGN samples cover a wide range in
luminosity (Marziani et al., 2018a; Naddaf et al., 2025). The organization of
type-1 AGN properties across the MS has been extensively studied at multiple
wavelengths, most prominently within the so-called 4D Eigenvector 1 (4DE1)
parameter space introduced by Sulentic et al. (2000c). This framework combines
optical, UV, and X-ray measures to capture the multidimensional diversity of
quasars, while also providing a physical interpretation in terms of accretion
physics and geometry (see Fraix-Burnet et al. 2017 for a summary).

Large surveys, such as the Sloan Digital Sky Survey (SDSS, York et al. 2000),
have provided further statistical foundation for these studies. For instance, Zam-
fir et al. (2010) analyzed ≈470 quasars at z < 0.7 with average bolometric lu-
minosities logL ∼ 45.5 erg/s, confirming the prevalence of the MS trends and
strengthening the case for L/LEdd as a primary driver. More recently, refine-
ments in spectral analysis and improved databases have continued to reinforce
this picture (e.g., Shen & Ho 2014; Wu & Shen 2022).

In summary, the quasar main sequence organizes type-1 AGN along a con-
tinuum of properties primarily governed by Eddington ratio and orientation. At
one end of the sequence lie the extreme Population A sources, with the largest
Feii strengths and the highest inferred L/LEdd values, plausibly representing
systems accreting at or above the Eddington limit. These sources provide criti-
cal laboratories for understanding black hole growth under extreme conditions
and the broader role of AGN feedback in galaxy evolution (Marziani et al.,
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2025). Luminosity and black hole mass (MBH) effects appear in sample covering
large ranges in luminosity and mass. They can be reconduced to two effects:
an increase in the amplitude of shifts with respect to the rest frame observed
mainly in high-ionization lines (e.g., Marziani et al., 2016), and a prominent
redward asymmetries associated with very massive black holes (Marziani et al.,
2009; Marziani, 2023).

In this paper, we first present a brief summary of three recent works dealing
with the observations of outflows as diagnosed from the shifts with respect to
the rest frame, namely the prototypical Civλ1549 high-ionization line, the inter-
mediate ionization emission Aliiiλ1860, and the low ionization line of Mgiiλ2800
(Sections 2, 3). The three lines are all unresolved doublets associated with the
resonance transition 2P 1

2
, 3
2

→
2 S 1

2

, with parent ionic species of different ion-

ization potential, from ≈ 50 eV (Civ) to ≈ 25 eV (Aliii) and ≈ 15 eV (Mgii).
We afterwards attempt to explain the observational results by photoionization
models focused on the sectors of the MS where the larger amplitude blueshifts
are found, namely Population A and extreme Population A (Section 4).

2. Civλ1549 Shifts and outflows along the quasar main se-

quence

Systematic blueshifts of the high-ionization Civλ1549 emission line provide one
of the clearest observational signatures of quasar outflows. Early evidence for
such features in composite spectra of radio-quiet quasars was strengthened by
HST/FOS studies (Marziani et al., 1996; Corbin & Boroson, 1996; Sulentic
et al., 2007; Marziani et al., 2010; Leighly & Moore, 2004; Richards et al., 2011;
Sulentic et al., 2007; Marziani et al., 2010; Sulentic et al., 2017). These analyses
showed that Civ profiles can be decomposed into at least two components: a
virialized, symmetric, and generally unshifted component (well represented by
a Lorentzian in Population A sources), and a blue-shifted component that is
naturally interpreted as emission from an outflowing wind. The latter is best
modeled with a skewed Gaussian profile and becomes increasingly prominent at
high RFeii values, i.e., in extreme Population A quasars.

Population trends are striking at low z: large blueshifts of vr < –1000 km s−1

are observed almost exclusively in Population A sources, particularly those with
FWHM(Hβ) < 4000 km s−1 and strong Feii emission (RFeii> 1; Zamfir et al.
2010; Marziani et al. 2010; Richards et al. 2011). In contrast, Population B
quasars rarely show strong Civ blueshifts (if we exclude very high luminosity
sources), reinforcing the link between high L/LEdd and the presence of radia-
tively driven winds.

At higher luminosities, large blueshifts persist. Near-infrared spectroscopy
of 52 Hamburg–ESO quasars with 1 <

∼ z <
∼ 3 and logL > 47 erg/s (HE main se-

quence, HEMS sample) confirmed that strong Civ blueshifts are associated with
high Eddington ratios rather than simply high black hole masses or luminosities
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Figure 1. The continuum subtracted spectrum of the luminous Hamburg ESO Main

Sequence (HEMS) quasar HE1347-2457, with an emphasis on the outflowing compo-

nents of Siivλ1397+Oiv]λ1402, Civλ1549, Aliiiλ1860, Hβ (cyan-shaded components).

(Marziani et al., 2018b; Richards et al., 2011; Giustini & Proga, 2019; Deconto-
Machado et al., 2023, 2024). When viewed in the L/LEdd–L and L/LEdd–MBH

planes, blueshift amplitude is most clearly organized by accretion state, with
Population A objects (above L/LEdd≈ 0.2) being wind-dominated (Marziani
et al., 2016).

There is, however, a trend between outflow velocity and luminosity (Marziani
et al., 2016; Sulentic et al., 2017). The scaling of outflow velocity with luminos-
ity further supports a radiative-driving mechanism. Weak but consistent corre-
lations (v ∝ L0.25) are in line with predictions from radiation-driven disk-wind
models (Murray et al., 1995; Laor & Brandt, 2002; Proga, 2007b,a). Pop. B at
high luminosity also show large blueshifts, up to a few thousands km s−1(Sulentic
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et al., 2017). There is evidence of Pop. B outflows at luminosity lower than
logL ∼ 47 erg/s (e.g., Richards et al. 2011; Marziani et al. 2022a). Since Pop.
B shifts at low luminosity remain of small amplitude and difficult to measure,
the considerations presented in this paper are meant for Pop. A and extreme
Pop. A only.

An example of powerful wind-dominated quasar of the HEMS survey is
shown in Fig. 1: the profiles of high ionization lines such as Civand Siivλ1397+
Oiv]λ1402 are dominated by blueshifted emission associated with the outflows.
In this rather extreme cases, the outflows also significantly affect Hβ and the
Aliiiλ1860 lines. While the bolometric luminosity sets the available radiative
power, it is the Eddington ratio that regulates the efficiency of wind launching
and explains the prevalence of large blueshifts in high-L/LEdd sources.

Taken together, the restrictions of large Civ blueshifts to Population A and
extreme Population A sources reinforces the interpretation of the quasar main
sequence as primarily driven by L/LEdd, with Civ outflows providing a direct
tracer of radiative wind activity in the broad-line region.

3. Intermediate- and low-ionization lines: Aliiiλ1860 and

Mgiiλ2800

While the most dramatic blueshifts are observed in high-ionization lines such
as Civ, intermediate- and low-ionization species also show systematic kinematic
signatures that can provide complementary insights into quasar outflows.

3.1. Aliiiλ1860

The Aliiiλ1860 doublet, with intermediate ionization potential, generally shows
only modest outflow signatures compared to Civ. Statistical analyses reveal that
Aliiiλ1860 blueshifts are correlated with those of Civ but with a much shallower
slope (≈0.1), indicating a less prominent wind contribution (Marziani et al.,
2022b; Buendia-Rios et al., 2023). Quantitatively, the median centroid shift of
Aliiiλ1860 follows the relation c( 1

2
)(Aliii) ≈ (0.11 ± 0.03) c( 1

2
)(Civ) + (50 ±

70) km s−1 (Marziani et al., 2022b), consistent with a weaker kinematic response
of the intermediate-ionization gas. However, in the most extreme Population A
quasars (RFeii

>
∼ 1), Aliii can display large blueshifts and asymmetric profiles

comparable in strength to those of Civ, suggesting that under super-Eddington
conditions the wind dominates across a broader ionization range.

3.2. Mgiiλ2800

The Mgiiλ2800 resonance doublet, one of the most widely used virial estimators
of black hole mass (Marziani et al., 2013a), is typically far less affected by out-
flows (Trakhtenbrot & Netzer, 2012). Most quasars show symmetric and only
weakly shifted Mgii profiles. Nonetheless, careful spectral analysis has revealed
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subtle displacements of the line core, along with FWHM increases of a few hun-
dred km s−1, in the highest L/LEdd extreme Pop. A sources (Marziani et al.,
2013b). These modest but systematic shifts indicate that even low-ionization
gas can participate in winds under conditions of extreme accretion.

Following Popović et al. (2019), Mgiiλ2800 shows Lorentzian Mgii profiles
and also signatures of outflow, but these are present only in part of the line and
not in every source, as already noted by Marziani et al. (2013a). Popović et al.
(2019) argue that Mgii consists of two kinematic pieces”: (i) a core that behaves
similarly to Hβ and appears virialized, and (ii) an additional ”fountain-like”
component, with motions roughly perpendicular to the disc, which produces
the very broad wings and can reach shifts of a few thousand km s−1. This sec-
ond component may be associated with a photoionized “bowl” connecting the
outer accretion disc and the inner torus (Goad et al., 2012), a configuration
that is also consistent with a failed, radiatively accelerated, dusty wind (Czerny
& Hryniewicz, 2011; Czerny et al., 2017; Naddaf et al., 2025). Since the foun-
tain component does not correlate with the virial broadening estimators, it is
interpreted as due to outflows/inflows rather than rotation.

This configuration can explain the Lorentzian wings of Mgiiλ2800. It is, how-
ever, not intended to account for the net blueshift of the Mgii line core reported
by Marziani et al. (2013b) for the highest L/LEdd sources. Those blueshifts are
more naturally explained by a systematic line displacement, analogous to what
is observed in Civλ1549, although with a smaller amplitude.

3.3. Ionization potential and the hierarchy of shifts

In extreme Pop. A quasars, v(Aliii) ≈ 0.3 v(Civ) (and in some cases they are
almost equal), while v(Mgii) ≈ 0.1 v(Civ) (Marziani et al., 2013b; Buendia-
Rios et al., 2025). The comparative behavior of Civλ1549, Aliiiλ1860, and
Mgiiλ2800 therefore points to a simple trend: the higher the ionization po-
tential of the line, the larger the blueshift. High-ionization lines such as Civ
(IP ≈ 47.9 eV) show the largest shifts, often > −1000 km s−1 in extreme Pop.
A sources. Intermediate-ionization Aliii (IP ≈ 28.4 eV) usually shows smaller
shifts, but in the most extreme Pop. A quasars its outflow signature can ap-
proach that of Civ. In contrast, the low-ionization Mgii doublet (IP ≈ 15 eV)
shows only modest shifts, typically ∼10% of the Civλ1549 amplitude (Marziani
et al., 2013b, 2022b; Buendia-Rios et al., 2023, 2025). This ionization-stratified
sequence matches the expectations of disk–wind models, in which the highest-
ionization gas traces the fastest parts of the flow, while lower-ionization lines
form deeper in the broad-line region, where motions are more nearly virial.

This stratification follows naturally if the high-ionization gas occupies the
more accelerated layers of a radiatively driven disk wind close to the continuum
source, whereas lower-ionization species arise farther out in the BLR (Murray
et al., 1995; Proga, 2007b). In this picture, extreme Population A quasars lie
in the regime where radiation pressure not only controls the dynamics of the
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highest-ionization gas but also has a measurable impact on intermediate- and
even low-ionization lines.

4. Spectral energy distributions of high accretors and pho-

toionization simulations

The interpretation of outflow signatures in high-accretion quasars requires a
realistic description of their spectral energy distributions (SEDs). Recent works
have established that quasars with high Eddington ratios (L/LEdd

>
∼ 1) and

extreme Feii emission (RFeii
>
∼ 1) exhibit consistent and distinctive SEDs (Jin

et al., 2012; Marziani & Sulentic, 2014; Ferland et al., 2020; Panda & Marziani,
2023; Garnica et al., 2025). We utilized the median SED derived from a sample
of ≈150 low-redshift Pop. xA quasars (Garnica et al., 2025) as well as the high
L/LEdd SED from Jin et al. (2012), and we assume that the line emitting gas
is exposed either to the unobscured continuum or continuum absorbed by a
hot, dense layer of gas at r ≈ 200rg (for ≈ 108 M⊙; logNH = 1023 cm−2;
log nH = 1011 cm−3). A lower black hole mass 107 M⊙ appropriate for NLSy1s
would require a different, “harder” SED.

4.1. Radiatively driven outflows

Photoionization simulations highlight the conditions under which radiatively
driven winds can be launched. Outflows are possible at relatively low column
densities (Nc ≈ 1021 cm−2), where radiative acceleration exceeds gravity. The
requirement that the force multiplier M > 2 translates into the condition M
(L/LEdd) > 1 (see also Ferland et al., 2009; Netzer & Marziani, 2010). At higher
column densities (Nc ≈ 1024 cm−2; Ferland & Persson 1989; Panda et al. 2020;
Panda 2021), radiation fails to overcome gravity, and the gas remains bound.
These results confirm that outflow efficiency is intimately tied to the accretion
state and gas structure in the inner broad-line region.

4.2. Predicted emission luminosities and line ratios

The simulations further predict the radial stratification of outflow emission.
Civλ1549 emission is favored at smaller radii, Aliiiλ1860 at intermediate radii,
and Mgii at larger distances, reflecting both ionization potential and gas den-
sity conditions. The luminosities (L(Civ), L(Aliii), L(Mgii)) define a narrow
”corridor” of optimal ionization parameter where strong emission can be sus-
tained (Fig. 2). The continuum luminosity at λ = 3000 Å has been assumed
to be λLλ(3000Å)≈ 4.2 · 1044 erg/s. The hatched parts identify areas of the
parameter plane where radiation forces are insufficient to drive an outflow; dark
blue parts are regions where line emission is exceedingly low. The case shown
here refers to a partially-absorbed high L/LEdd Jin et al. (2012) continuum,
with the absorber located at r ≈ 200rg. Due to the relative proximity of the
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Figure 2. Behavior of line luminosity (top row) and intensity ratios with Hβ (bottom),

for Civλ1549, Aliiiλ1860, and Mgiiλ2800 as a function of hydrogen density and radius,

for a 108 solar masses black hole. The white vertical lines identify the radii measured

according to the scaling laws of Kaspi et al. (2021) for Civλ1549 and Homayouni et al.

(2020); Shen et al. (2024) for Mgiiλ2800.

absorber relative to the central continuum source, the absorbing gas remains
hot and producing significant absorption only in the range between 1 and 10
keV. A fully unabsorbed Jin et al. (2012) continuum would give rise to similar
trends.

The corridor peak, if considered at fixed density, is displaced toward larger
radii for Aliii, and even more so for Mgii with respect to Civ (top row of Fig.
2), as schematically emphasized in Fig. 3. Outside the corridor for Civ and
Aliii emission, for radii smaller than the ones of the corridor, over-ionization
suppresses line production, a behavior consistent with the observed weakness
of Civλ1549 in extreme Pop. A quasars (Kaspi et al., 2021). For larger radii,
under-ionization depresses the emission of both Civλ1549 and Aliiiλ1860. The
behavior of Mgiiλ2800 is different: strong emission and large Mgiiλ2800/Hβ
radii are possible over a wide range of radii that are however larger than the
ones where Aliiiλ1860 and Civλ1549 are maximized.

Predicted line ratios also provide critical tests (bottom panels of Fig. 2). For
instance, CLOUDY simulations reproduce observed Civλ1549/Hβ ratios > 10–20
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Figure 3. Sketch illustrating the differences in launching radii for the radiatively

driven-wind emitting Civλ1549, Aliiiλ1860, Mgiiλ2800. The accretion disk around the

central black hole is assumed to have an inner, puffed-up and optically thick region

sustained by radiation pressure, as well as an outer thin, optically thick region. The

various elements are not drawn to scale.

only under specific combinations of density and ionization, while Mgiiλ2800/Hβ
ratios match those measured in large quasar samples (Homayouni et al., 2022;
Prince et al., 2023). The photoionization model therefore not only explains
the ionization-dependent hierarchy of blueshifts (Civλ1549 > Aliiiλ1860 >
Mgiiλ2800) but also constrains the physical conditions under which these out-
flows form.

5. Conclusions

Our analysis of emission-line shifts along the quasar main sequence reinforces
the view that radiatively driven outflows are a ubiquitous feature of type-1 AGN.
Outflow signatures are present even in single-epoch spectra, and they become
dominant in high-ionization lines at high Eddington ratios and, more generally,
at the highest luminosities (L >

∼ 1047 erg s−1).
In terms of accretion mode, Pop. A AGN satisfying the criterion L/LEdd>

0.1− 0.2 could be defined as black hole with an inner optically thick, geometri-
cally thick region (c.f., Giustini & Proga, 2019). Among Population A sources,
the amplitude of line blueshifts decreases systematically with ionization po-
tential, from Civλ1549 (C3+) to Aliiiλ1860 and down to Mgiiλ2800. While
Civλ1549 blueshifts can exceed several thousand km s−1, Mgiiλ2800 shows only
subtle but measurable shifts, detectable mainly in extreme Pop. A quasars.
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These trends are consistent with an ionization-stratified broad-line region, where
higher ionization lines originate closer to the black hole in regions more directly
exposed to radiation pressure (Figure 3).

Photoionization simulations with realistic high-accretor SEDs demonstrate
that outflows can be launched over a wide range of radii if the column den-
sity remains low (Nc ≈ 1021 cm−2), whereas dense gas (Nc ≈ 1024 cm−2)
remains gravitationally bound. These models reproduce both the hierarchy of
shift amplitudes (Civ > Aliii > Mgii) and the reverberation-mapped radii of
Civλ1549 and Mgiiλ2800 (Homayouni et al., 2020; Khadka et al., 2021; Cao
et al., 2022; Shen et al., 2024), providing a physically consistent picture that
links SED shape, BLR stratification, and wind dynamics.
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Abstract. Ca II and O I emission lines in active galactic nuclei (AGN) have
been used as powerful diagnostic probes of the broad-line region (BLR) for the
past 40 years. In particular, line ratio diagnostics have been used to constrain
the physical conditions in the low-ionization phase of the BLR, while line width
measurements have provided rough constraints on the location of the emission
region relative to the Balmer-emitting phase of the BLR. However, due to
limited observational capabilities, detailed line-profile studies of these lines—
directly linking Ca II and O I with structural BLR models—have only become
possible very recently. Here, we present an overview of our most recent study
that has enabled investigations of Ca II and O I emission lines in unprecedented
detail, directly linking Ca II triplet emission profiles to the kinematics of a
rotating disk. We focus on our results for NGC 4593, but we also provide an
outlook on how Ca II and O I open up a new observational window to probe
the low-ionization part of the BLR in general.

Key words: NGC 4593 – active galactic nuclei – broad-line region – double-
peaked emitter – reverberation mapping

1. Introduction

The O I emission lines and the Ca II triplet (λλ8498, 8542, 8662) have long been
recognized as powerful diagnostic tools of the physical conditions and excita-
tion mechanisms in active galactic nuclei (AGN). Early foundational works in-
clude studies by Grandi (1980, 1983), Persson & McGregor (1985); Persson
(1988), Ferland & Persson (1989), and Joly (1989). Strong similarities between
the emission-line profiles of these species have been firmly established (Persson,
1988; Rodŕıguez-Ardila et al., 2002a; Matsuoka et al., 2007) and are interpreted
as evidence that the Ca II and O I emitting regions are largely co-spatial and
share similar physical conditions. Later studies have adopted a unified view of
the two species (e.g., Matsuoka et al., 2008; Marziani et al., 2013; Mart́ınez-
Aldama et al., 2015, 2021).

Given the inferred similarity in the physical conditions for Ca II and O I, a
central question is where within the BLR these low-ionization lines are emitted.
Answers to this question were already given in the earliest studies of Ca II in
AGN: Persson (1988) noted that if Ca II triplet emission is observed in AGN,
the triplet ratio is usually 1:1:1, indicating that the emission region is optically
thick in Ca II. Model calculations later confirmed this conclusion by means of
photoionization calculations that placed the emitting region in a cool and dense
gas with temperatures of T ≤ 8000K, densities of nH ≃ 1012 cm−3, and column
densities of NH ≥ 1023 cm−2 (Ferland & Persson, 1989; Joly, 1989; Matsuoka
et al., 2007). Such physical conditions are characteristic of an outer, cold accre-
tion disk, with Ferland & Persson (1989) and later Dultzin-Hacyan et al. (1999)
linking the Ca II emission to a wind or corona above the disk.

However, despite evidence that Ca II emission—and O I emission, for that
matter—is closely tied to the atmosphere of an outer accretion disk, disk-line
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profiles (Chen & Halpern, 1989; Eracleous et al., 1995, 2009) of these species had
remained elusive until very recently. Dias dos Santos et al. (2023) reported, for
the first time, the detection of a double-peaked O I profile—that of O Iλ11287—
in the near-infrared spectrum of III Zw 002. Shortly after, Ochmann et al. (2024)
reported the detection of double-peaked O Iλ8446 as well as of double-peaked
near-infrared Ca II triplet profiles in a transient spectrum of NGC1566. This
detection was followed by the detection of double-peaked O Iλ8446 and Ca II
triplet emission in a non-transient spectrum of NGC4593 (Ochmann et al.,
2025). Here, we summarize the key results of Ochmann et al. (2025) and dis-
cuss how future studies of O I and Ca II emission could help to advance our
understanding of the BLR.

2. Observations of NGC 4593

NGC4593 is a local (z = 0.008312) face-on Seyfert galaxy, which has been
extensively studied in past variability campaigns (e.g., Dietrich et al., 1994;
Santos-Lleo et al., 1995; Kollatschny & Dietrich, 1997; Denney et al., 2006;
Barth et al., 2015; McHardy et al., 2018; Cackett et al., 2018). The detection of
double-peaked O I and Ca II in NGC4593 was made from a spectrum obtained
with VLT/MUSE (Multi Unit Spectroscopic Explorer; Bacon et al., 2010, 2014)
IFU spectrograph as part of the ESO program 0103.B-0908 (PI: Knud Jahnke)
on 2019 April 28, with a total exposure time of 4800 s. Further details on the
observations and data reduction are provided in Ochmann et al. (2025).

3. Results

We analyzed the VLT/MUSE spectrum of NGC4593 and identified, for the
first time, double-peaked profiles in both O Iλ8446 and the Ca II triplet. We
performed a detailed decomposition of the near-infrared O Iλ8446 and Ca II
triplet blend in the MUSE spectrum. We assumed identical line profiles of the
Ca II triplet lines and used the unblended red wing of the Ca IIλ8662 profile as a
template for the red wing of Ca IIλ8542. In this way, we were able to reconstruct
a clean Ca IIλ8662 profile, which was used for the final decomposition of the
line blend shown in Fig. 1, resulting in a clean, unblended O Iλ8446 profile.

The extracted line profiles of O I and Ca II are double-peaked with a full
width at half maximum (FWHM) of ∼ 3700 km s−1. They exhibit a redward
asymmetry with a red-to-blue peak ratio of 4:3. The intensity ratio of the Ca II
lines is 1:1:1, suggesting a high-density emission zone in the BLR. The Ca II
emission lines show no evidence of a central narrow or intermediate-width com-
ponent. The profiles of Ca II and O I are remarkably similar, and we especially
note the particular similarity in the red wings of both lines. Overall, the simi-
larity between the O Iλ8446 and Ca II lines suggests a very similar, overlapping
emission region for both line species.
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Figure 1. Decomposition of the blended O Iλ8446 and Ca II triplet emission lines

using the reconstructed Ca IIλ8662 profile as a template for all Ca II lines. The differ-

ence between original spectrum and reconstructed blend is due to the subtraction of

a linear pseudo-continuum beneath each emission line. The central wavelengths of the

emission lines are indicated by dashed lines. Data taken from Ochmann et al. (2025).

To test how well the observed double-peaked Ca II profile agrees with pre-
dictions from line-emitting, non-axisymmetric accretion disk models, we fitted
the profile with the elliptical disk-line model of Eracleous et al. (1995), which
has seven free parameters: the inner and outer pericenter distance ξ1 and ξ2,
the inclination angle i, the major axis orientation φ0, the broadening parameter
σ, the disk eccentricity e, and the emissivity power-law index q. The best-fit
results are given in Table 1. For details on the fitting procedure see Ochmann
et al. (2025).

Table 1. Best-fit parameters for the Ca IIλ8662 profile obtained by applying the el-

liptical line-emitting accretion disk model.

Profile ξ1 [rg] ξ2 [rg] i [deg] φ0 [deg] σ [km s−1] e q

Ca IIλ8662 320+9

−10 1103+29

−33 10.8+0.1

−0.1 57.1+1.6

−1.1 65+11

−8 0.22+0.01

−0.01 −1.27+0.05

−0.05

We find that the double-peaked Ca IIλ8662 profile is in good agreement with
emission from a non-axisymmetric disk with an eccentricity of e ∼ 0.22, confined
within ∼ 320− 1100 rg, and with an inclination of ∼ 11◦. We particularly point
out the remarkably low internal turbulence of only σ ∼ 65 km s−1. This is the
lowest value reported for an AGN emission line to date and is significantly lower
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than typical values obtained for Balmer lines in other sources (e.g., Strateva
et al., 2003; Ward et al., 2024).

4. Conclusions from Ochmann et al. (2025)

The emission-line profiles of the Ca II triplet can be well reproduced with the
elliptical line-emitting accretion disk model, yielding a rather sharply defined
disk (between ∼ 320 − 1100 rg) with a small eccentricity of e ∼ 0.22. This is
only the second time—after the case of NGC1566, for which the first double-
peaked profiles of the Ca II triplet were reported by Ochmann et al. (2024)—
that double-peaked profiles of Ca II have been found1, linking the Ca II-emitting
region directly to the kinematics of a rotating disk, thus bridging the gap to
predictions from photoionization calculations (Ferland & Persson, 1989; Joly,
1989) that place this region in the wind or corona of an outer accretion disk.
We especially point out the low internal turbulence in Ca II observed for both
NGC4593 and NGC1566, consistent with high kinematic ordering close to the
mid-plane of the disk. This suggests that line broadening in Ca II is primarily due
to Keplerian rotation with only minor contributions from turbulence, making
these emission lines a valuable tool for studying the BLR by being able to
directly trace its kinematics. Such an undisturbed view of BLR dynamics offers
great potential for refining BLR models and testing scenarios of complex gas
motion, including, for instance, supermassive black hole binaries (SMBHBs)
(e.g., Popović, 2012). Obtaining and modeling such high-fidelity line profiles,
however, requires data of the highest quality—i.e., with sufficient signal-to-noise
ratio, spectral resolution, and a small enough aperture to avoid host-galaxy
absorption affecting the Ca II profiles—in order to recover clean line profiles of
Ca II and O I.

5. Outlook & Future Prospects

The first detections of clean disk-line profiles in Ca IIλλ8498, 8542, 8662 and
O Iλ8446 demonstrate the potential of detailed line-profile studies of these low-
ionization lines. Further high-quality observations of Ca II and O I emission in
additional sources are strongly encouraged to establish these transitions as a
novel probe of BLR structure and geometry in AGN. We stress that complex
Ca II and O I emission features are already visible in published data (e.g., Pers-
son, 1988; Garcia-Rissmann et al., 2005; Landt et al., 2008), which motivates a
closer reinspection of archival spectra to search for further signatures of disk-line
or complex emitters.

1We note that the double-peaked feature in the Ca II triplet is also discernible in spectra of
NGC4593 already presented by Garcia-Rissmann et al. (2005) and Landt et al. (2008), but
had not been recognized until now.
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A particularly valuable next step would be reverberation mapping (RM)
campaigns of Ca II and O I, especially in AGN exhibiting disk-line profiles
(Ochmann et al., submitted). Although RM campaigns exist for other low-
ionization lines such as the Balmer series or Mg IIλ2800 (e.g., Shen et al., 2016;
Czerny et al., 2019), there are so far no dedicated monitoring programs for
Ca II or O I. Measuring their lags and velocity-resolved responses would directly
link the double-peaked profiles to the size and geometry of the emitting region,
thereby testing a disk-plane origin and possible vertical stratification within the
BLR through comparison with the RM signatures of other lines.

Notably, Lyβ pumping is assumed to be the dominant excitation mechanism
of O Iλ8446 in many AGN (e.g., Rudy et al., 1989; Rodŕıguez-Ardila et al.,
2002b; Landt et al., 2008). Therefore, if a variable signal in O I were detected in
a source where Lyβ pumping dominates, its variability would likely be causally
linked to changes in the Lyβ flux.2 We propose that this could be utilized in
future campaigns to study the structure of the BLR, in particular its vertical
stratification: For large enough BLRs, differences between the delay chains from
the continuum → Lyα/Lyβ → OI and that from the continuum → Hα/Hβ in
light-travel time may become measurable, provided that the different excitation
channels operate on spatial scales comparable to the observational cadence. In
this framework, the Lyβ line effectively acts as an intermediate reprocessor, in-
troducing an additional delay channel beyond the direct continuum response
and thereby allowing a new diagnostic handle on vertical BLR geometry. More
precisely, if the bulk of the Lyα/Lyβ emission is generated at some distance from
the ionizing source, but not directly along the line of sight to O I or Hα/Hβ,
which “see” the ionizing continuum, then the light-travel path from the contin-
uum source via Lyα/Lyβ to O I or Hα is longer than the direct path from the
continuum source to O I or Hα. The basic principle of this reverberation mapping
utilizing two different, spatially offset drivers, namely the ionizing continuum
and the pumping line, is shown in Fig. 2 for a planar BLR geometry with an
assumed vertical stratification.

We emphasize that this is a rather simplified picture—for instance, it does
not account for the spatial extent of the Lyα/Lyβ-emitting region or the covering
factors of the individual BLR phases—but we propose that, depending on the
exact geometry, such an approach could convey information about the scale-
height-dependent BLR structure.
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Abstract. We present a re-evaluation of the relationship between the Mg II
λ2798 Å emission line and the 3000 Å continuum luminosity, including an anal-
ysis of the Baldwin Effect, using a sample of 40,685 radio-quiet quasars and
441 Flat Spectrum Radio Quasars (FSRQs). To address dispersion from AGN
variability, we applied a binning technique after excluding over 3,000 radio-
loud sources, resulting in a refined empirical correlation. Our findings reveal
statistically significant differences in the slope of this relationship between RQ
quasars and FSRQs, implying either intrinsic differences in their accretion disk
spectra or a significant contribution from jet-induced continuum to the BLR
ionization in FSRQs. Furthermore, our investigation of the Non-Thermal Dom-
inance (NTD) parameter shows that a substantial fraction of both populations
(43.8% of RQ quasars and 55.5% of blazars) exhibit NTD < 1. We interpret
this in blazars as evidence that the accretion disk alone cannot power the BLR,
while in RQ quasars, it may indicate BLR anomalies, continuum-line time lags,
or UV continuum suppression by a strong corona. Finally, we demonstrate that
the Baldwin Effect is a direct consequence of the fundamental line–continuum
luminosity relationship.
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1. Introduction

The luminosities of broad emission lines and their adjacent continua in Active
Galactic Nuclei (AGN) are fundamentally linked, as the ionizing continuum pow-
ers the line emission from the Broad Line Region (BLR). A key phenomenon
related to this is the Baldwin Effect (BE), an inverse correlation between the
equivalent width of emission lines like C IV or Mg II and the continuum luminos-
ity, first identified by Baldwin (1977). While various physical mechanisms have
been proposed to explain the BE-including a softening of the ionizing continuum
and the influence of metallicity or the Eddington ratio - a compelling empirical
hypothesis by Patiño Álvarez et al. (2016) suggests the BE is a direct mathe-
matical consequence of the underlying line–continuum luminosity relationship
itself.

This study tests that hypothesis using large samples of 40,685 radio-quiet
(RQ) quasars and 441 Flat Spectrum Radio Quasars (FSRQs), focusing on the
Mg II λ2798 Å line and the 3000 Å continuum. A critical aspect of our work is
the comparison between these two populations, as FSRQs possess powerful jets
that can significantly contaminate the continuum, potentially altering the fun-
damental line–continuum connection. We employ a conservative radio-loudness
threshold (R = 10) to ensure a clean RQ sample, minimizing jet contamination.

Our primary objectives are to: (1) re-evaluate the Mg II–3000 Å correlation,
accounting for AGN variability; (2) test if the BE emerges from this correlation
as predicted; (3) investigate differences between RQ quasars and FSRQs; and (4)
use the Non-Thermal Dominance (NTD) parameter to identify sources where
the accretion disk may not be the sole source of ionizing photons.

2. Sample selection

Our analysis utilizes two distinct samples to compare radio-quiet (RQ) quasars
and Flat Spectrum Radio Quasars (FSRQs).

2.1. Radio-quiet quasar sample

We constructed a control sample of RQ quasars from the SDSS Quasar Catalog
(Shen et al., 2011, hereafter S11). We extracted sources with measurements for
the Mg II λ2798 Å line and the 3000 Å continuum, applying a strict cut for low
measurement uncertainty (< 0.03 dex). After a meticulous visual inspection of
spectra to identify and remove outliers with problematic data (e.g., cropped or
misidentified lines), our final RQ sample contained 43,756 quasars.

An initial fit to the Mg II–3000 Å relation confirmed the parameters from
S11. However, we found the fit to be statistically unreliable (p-value ≃ 1), a
result we attribute to significant scatter introduced by AGN variability. Since
the single-epoch SDSS observations capture objects in random activity states,
the intrinsic relationship is obscured. To mitigate this, we developed a binning
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technique, detailed in Section 3, which groups sources by luminosity to average
out variability effects.

2.2. FSRQ blazar sample

Our FSRQ sample was drawn from the 5th Roma-BZCAT blazar catalog(Massaro
et al., 2015). We cross-matched these sources with the SDSS Data Release 16
(DR16, Ahumada et al., 2020) and selected those with a redshift (0.34 < z <

2.41) that places the Mg II λ2798 Å line within the SDSS spectral window.
This process yielded a final sample of 441 FSRQs with measurable Mg II and
continuum luminosities.

2.3. Spectral analysis and measurement

To ensure a consistent comparison with the RQ sample, all FSRQ spectra were
shifted to the rest frame, corrected for Galactic extinction, and trimmed to the
2500–3100 Å range.

We performed a simultaneous spectral decomposition of the continuum, Fe
II emission, and the Mg II λ2798 Å line using the IRAF specfit task. The con-
tinuum was modeled with a power law, the Fe II emission with a template from
Vestergaard & Wilkes (2001), and the Mg II line with one or two Gaussian com-
ponents. This method accounts for the covariance between the continuum and
line fluxes. An example of this decomposition is shown in Fig. 1.

The continuum flux at 3000 Å was measured directly from the Fe II- and
line-subtracted spectrum. The total uncertainty combines the spectral noise and
the SDSS calibration error. Mg II Line Flux: The line flux was obtained by inte-
grating the spectrum over 2700–2900 Å after subtracting the continuum and Fe
II emission. We rigorously estimated the uncertainty by combining three sources
in quadrature: Fe II subtraction, spectral signal-to-noise, and flux calibration.
Luminosities for both the line and continuum were calculated using standard
cosmology. The equivalent width (EW) was computed as in Eq. 1 from the in-
tegrated line and continuum fluxes, with uncertainties propagated accordingly.

EW =

∫ λ2

λ1

Fλ − Fc

Fc

dλ (1)

To ensure that it is valid to compare our measurements to those of S11,
we cross-matched 183 FSRQs also present in the SDSS Quasar Catalog. The
parameters (continuum and line luminosities, EW) derived from our method
showed excellent agreement (average differences < 0.04 dex) with the catalog
values, confirming consistency. We also note that our uncertainty estimates are
more comprehensive and generally larger than those in the catalog, suggesting
previous uncertainties may have been underestimated.
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Figure 1. Example of the fitting procedure for the spectra of the FSRQ sample. The

source is 5BZQ J1520+0732 (SDSS J152045.54+073230.5). Top panel: The observed

spectra (blue), the final fit (black), and the power-law continuum (red). Middle panel:

Spectral components fitted (excluding the continuum), including the broad Gaussian

component (green), the narrow Gaussian component (orange), and the fitted Fe II

emission (blue). Bottom panel: Residuals from the fit.
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3. Results: line–continuum relation and the Baldwin effect

3.1. Fits to the unbinned data

We began by investigating the relationship between the Mg II line and 3000 Å
continuum luminosities for our unbinned sample using three standard regres-
sion algorithms: the Bisector, Ordinary Least Squares (Y|X), and Orthogonal
Distance Regression (ODR). In all three cases, the resulting linear fits yielded
a p-value indistinguishable from 1.0.

A p-value of this magnitude indicates that the simple linear model does not
provide a statistically significant description of the unbinned data. The model
fails to reduce the residual variance meaningfully beyond the sample mean,
rendering it unsuitable for its intended use in the literature: predicting one
luminosity from the other for individual objects (e.g. NTD, the scaling relations
of S11, among others). The parameters for these fits are presented in Table 1.

Table 1. Linear regression parameters for the unbinned data,

following the form log LMgII = a+b log λLλ3000. The high p-value

(∼ 1) for all methods indicates the models have no significant

predictive power for individual sources.

Method Slope (b) Intercept (a) Scatter (dex)
Bisector 0.874± 0.036 3.900± 1.671 0.2506
Y|X 0.703± 0.034 11.825± 0.767 0.2464
ODR 0.887± 0.019 3.266± 0.882 0.2530

Note. While the Y|X fit exhibits the lowest formal scatter,
it assumes the independent variable (log λLλ3000) is error-
free and provides a non-symmetrical relation, making it less
generally applicable than the Bisector or ODR methods.

The profound lack of predictive power is a direct consequence of the large
intrinsic scatter in the data, which we attribute primarily to AGN variability
inherent in non-simultaneous, archival observations. This finding motivates the
need for an alternative approach to derive a robust relation.

3.2. Mitigating variability with binning

To address the scatter introduced by AGN variability, which rendered the linear
fit on unbinned data of S11 statistically unreliable (p-value ≃ 1), we applied a
binning technique to both our samples. For the final sample of 40,685 Radio-
Quiet (RQ) quasars, this method yielded a highly significant correlation between
the Mg II and 3000 Å continuum luminosities (p-value ≃ 0, r = 0.998), as shown
in the right panel of Fig. 2, and in Eq. 2. The same technique applied to the
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441 FSRQs also produced a strong, statistically significant correlation (p-value
= 2.3× 10−6, r = 0.986).

logLMgII = (0.826± 0.025) log λLλ3000 + (6.057± 0.164) (2)

Figure 2. The relationship between the 3000 Å continuum luminosity and the Mg

II λ2798 Å emission line luminosity for the RQ control sample is shown, with the

unbinned data in the left panel and the binned data in the right panel. The red solid

line represents the fitted relation for each data set. In the right panel, the fitted line

corresponds to the relationship presented in Eq. 2.

When applying binning to the Baldwin Effect relationship for both samples,
it also yields strong correlations; a Pearson correlation coefficient of -0.948, with
a p-value of 10−101 for the RQ quasars, and a Pearson correlation coefficient of
-0.913, and a corresponding p-value of 7× 10−9 for the FSRQ sample.

3.3. A statistically significant difference in slopes

In order to statistically compare the slopes of the luminosity relations for the
radio-quiet and FSRQ samples, we performed an extra sum of squares F-test.
This involved comparing a model where the two samples were constrained to
have a common slope against a model where they were allowed independent
slopes. The test indicated that the difference in slopes was statistically significant
(F = 104.3264, p = 1.1102×10−16).

This discrepancy cannot be explained by variability alone. We conclude that
the most plausible explanation is an intrinsic difference in the source of ion-
ization: in FSRQs, the relativistic jet likely contributes to ionizing the Broad
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Line Region, thereby altering the fundamental relationship between the disk
continuum and the emission lines.

4. The non-thermal dominance parameter

To quantify the jet’s contribution to the continuum, we employed the Non-
Thermal Dominance (NTD) parameter. The NTD compares the observed 3000
Å continuum luminosity (Lobs) to the luminosity predicted (Lp) by the empirical
Mg II–3000 Å relation established from our RQ quasar sample. This relation
defines the expected behavior for a purely disk-ionized BLR.

Based on the assumption that Lp ≃ Ldisk, we can distinguish 3 clear regimes:

– NTD > 2: Indicates a jet-dominated continuum.

– 1 < NTD < 2: Consistent with a disk-dominated continuum.

– NTD < 1: The observed continuum is fainter than predicted from the line
luminosity.

Our analysis revealed a significant population of sources with NTD < 1 in
both samples: 43.8% of RQ quasars and 55.5% of FSRQs. This result is robust,
persisting even when measurement uncertainties are considered.

4.1. Interpretation of NTD < 1

The physical interpretation of a suppressed continuum (NTD < 1) differs be-
tween the two populations:

– In FSRQs (Blazars): The most plausible explanation is that the jet itself
contributes to ionizing the Broad Line Region. The observed Mg II line is
strengthened by this additional, non-thermal ionizing source, leading to an
over-prediction of the pure-disk continuum luminosity (Lp) and resulting in
NTD < 1. This is supported by growing observational evidence of jet-BLR
interaction in individual blazars (e.g., 3C 454.3: León-Tavares et al. (2013);
Isler et al. (2013); Amaya-Almazán et al. (2021); CTA 102: Chavushyan et al.
(2020); B2 1633+382: Amaya-Almazán et al. (2022); Ton 599: Hallum et al.
(2022)).

– In Radio-Quiet Quasars: Since significant jet ionization is unlikely, NTD < 1
points to intrinsic properties of the disk-BLR system. Potential explanations
include: 1) Internal extinction dust in the torus or host galaxy that prefer-
entially reddens and suppresses the UV continuum relative to the broad
emission lines; 2) Anomalies in BLR structure (e.g., outflows/inflows) alter-
ing its efficiency (e.g. Popović et al., 2019); 3) Time lags between continuum
variations and the BLR’s response; or 4) A strong corona that diverts ac-
cretion power, suppressing the UV continuum relative to the total ionizing
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flux that powers the lines (e.g. Haardt & Maraschi, 1991; Risaliti & Lusso,
2019).

5. The origin of the Baldwin effect

We tested the hypothesis that the Baldwin Effect (BE) arises naturally from
the empirical relationship between the Mg II line luminosity and the 3000 Å
continuum luminosity (Patiño Álvarez et al., 2016). Mathematically, the BE
can be derived directly from the line-continuum relation through a change of
variables, which predicts a specific link between their slopes: B − β = 1, where
B is the slope of the line-continuum relation and β is the slope of the BE.

Our analysis of both the RQ and FSRQ samples confirms this prediction.
The measured slopes satisfy the B − β ≃ 1 condition within uncertainties. This
result demonstrates that the Baldwin Effect is an inherent feature of the line-
continuum connection and does not require a separate physical explanation for
its origin.

Regarding the physical origin of the non-linear line-continuum relation itself
(B 6= 1), we identify two key factors:

1. The 3000 Å continuum as a proxy: The Mg II line responds to the ionizing
continuum at λ . 1621 Å(corresponding to the 7.64624 eV ionization en-
ergy), while we observe the non-ionizing 3000 Å continuum as a practical
proxy. Differences in spectral shape and variability amplitude between these
bands naturally produce a non-linear relationship.

2. Time delays and BLR physics: The finite size of the Broad Line Region
introduces light-travel time delays between continuum and line variations.
Combined with the complex responsivity of the BLR gas, this can modify
the effective slope of the relationship from the expected linear case.

These well-established AGN properties provide the physical basis for the
observed non-linearity, from which the Baldwin Effect emerges mathematically.

6. Conclusions

Our analysis of the Mg II λ2798 Å line and 3000 Å continuum in 40,685 radio-
quiet quasars and 441 FSRQs yields the following key conclusions:

1. A Refined Empirical Relation: By applying a binning technique to mitigate
AGN variability, we have derived a robust, new empirical relation between
the Mg II line and 3000 Å continuum luminosities for radio-quiet quasars,
which accurately describes the underlying correlation.

2. A Fundamental Difference Between RQ Quasars and FSRQs: We find a sta-
tistically significant difference in the slopes of the line–continuum luminos-
ity relation (and the associated Baldwin Effect) between RQ quasars and
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FSRQs. This points to a fundamental physical distinction, most plausibly
explained by the relativistic jet in FSRQs contributing to the ionization of
the Broad Line Region.

3. The Diagnostic Power of NTD < 1: The Non-Thermal Dominance param-
eter reveals that a substantial fraction of both RQ quasars (43.8%) and
FSRQs (55.5%) exhibit a continuum fainter than predicted (NTD < 1). In
FSRQs, this signals jet ionization of the BLR. In RQ quasars, it indicates
complex disk-BLR-corona physics, such as BLR anomalies, continuum-line
time lags, or UV suppression by a strong corona.

4. The Origin of the Baldwin Effect: We confirm that the Baldwin Effect for
the Mg II line is a direct mathematical consequence of the line–continuum
luminosity relationship, requiring no separate physical mechanism to explain
its existence.
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References

Ahumada, R., Prieto, C. A., Almeida, A., et al., The 16th Data Release of the Sloan
Digital Sky Surveys: First Release from the APOGEE-2 Southern Survey and Full
Release of eBOSS Spectra. 2020, Astrophysical Journal, Supplement, 249, 3, DOI:
10.3847/1538-4365/ab929e

Amaya-Almazán, R. A., Chavushyan, V., & Patiño-Álvarez, V. M., Multiwavelength
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Abstract. Spectroscopy remains a cornerstone of modern physics and chem-
istry, providing critical insights into molecular structures and interstellar phe-
nomena. Accurate interpretation of interstellar line spectra through radiative
transfer modeling relies heavily on two essential types of molecular input data:
spectroscopic information (including energy levels, transition probabilities, and
statistical weights) and collisional data. However, the completeness and pre-
cision of these datasets are often limited, constraining the reliability of astro-
physical models. This work explores the application of machine learning (ML)
and artificial neural networks (ANNs) for predicting and reconstructing missing
spectroscopic/collisional data. We analyze their potential to enhance spectral
databases, thereby improving stellar spectral analyses and the determination
of fundamental stellar parameters. The study also addresses key challenges,
methodological limitations, and validation issues inherent to data-driven ap-
proaches. Finally, we discuss current progress, share practical experiences, and
outline future prospects and research needs in the rapidly evolving field of
computational spectroscopy.

Key words: astrophysical plasma – optical characteristics – modeling – stellar
atmospheres – ML – ANNs – A&M data

1. Introduction

Spectroscopy has played a fundamental role in advancing our understanding of
both physical and chemical processes (Mihajlov et al., 2011a; Mihajlov et al.,
2011b; Srećković et al., 2018; Dimitrijević et al., 2018). The analysis of inter-
stellar spectral lines through radiative transfer modeling typically depends on
two key types of molecular data: spectroscopic information (including energy
levels, transition probabilities, and statistical weights) and collisional data (see
e.g. Pop et al., 2021; Mihajlov et al., 2015, 2016; Srećković et al., 2017; Iacob,
2014; Iacob et al., 2022). It is both highly relevant and tempting to examine the

https://orcid.org/0000-0002-4979-015X
https://orcid.org/0000-0001-7938-5748
https://orcid.org/0000-0002-0525-1197


124 N.M. Sakan, V.A. Srećković and V.Vujčić

application of machine learning (ML) and artificial neural networks (ANNs),
particularly in their role of predicting or reconstructing missing spectroscopic
and collisional data, while also identifying the existing limitations and challenges
associated with these methods (Fig.1).

Spectral libraries constitute the foundation of stellar astrophysics and galac-
tic research. They serve as templates for stellar population synthesis, automated
parameterization processes for extensive surveys such as SDSS Ahumada et al.
(2020), GAIA, and LAMOST, as well as for the investigation of stellar evolution.
These libraries may be empirical (derived from observed spectra) or theoretical
(generated from model atmospheres and radiative transfer codes). Theoretical
libraries need to solve computationally demanding radiative transfer equations
for millions of spectral lines, whereas empirical libraries might be observation-
ally costly and contain gaps in parameter space. Both types of libraries confront
substantial obstacles. In order to get beyond these restrictions, machine learn-
ing provides a strong set of techniques that can generate accurate and efficient
spectral data by learning the intricate mapping between stellar properties and
the resulting spectra.

Deep generative models are at the forefront of creating entirely novel, yet
physically plausible, stellar spectra. A primary application is using Generative
Adversarial Networks (GANs) Goodfellow et al. (2014) and Variational Autoen-
coders (VAEs) Kingma & Welling (2013). These models are trained on existing
spectral libraries (e.g., PHOENIX Husser et al. (2013), Kurucz Kurucz (1993)).
Once trained, they can generate a spectrum for any arbitrary combination of
fundamental parameters (Teff, log g, [Fe/H], [α/Fe]) within the trained param-
eter range, effectively filling in the gaps of sparse empirical grids or creating a
smooth, continuous library from a discrete theoretical one (Sharma et al., 2020).

In high-dimensional spectral space, standard interpolation methods like lin-
ear and cubic spline don’t work good enough because the relationships between
parameters and flux values are not linear. Deep neural networks and other ma-
chine learning models are usually very good at this. You can teach them how
to use a set of parameters to make a full-spectrum, accurate prediction. You
can also make models that do spectral super-resolution, this is very helpful for
comparing data from different surveys (Bai et al., 2018).

It can take anywhere from a few minutes to a few hours to figure out one syn-
thetic spectrum using codes like SYNTHE or SME. A well-trained ML model can
make a spectrum of the same quality in just a few milliseconds. This approach,
that involves creating a large but manageable training dataset from standard
synthesis code, and using it in training a neural network in order to produce
the results with smallest possible error. This creates a ”surrogate model” that
is very similar to the real code and speeds up the process by a lot (Tsalmantza
& Hogg, 2012).

This paper focuses on the use of ML and ANNs for predicting or recon-
structing missing spectroscopic and collisional datasets, as well as discussing
the inherent challenges and limitations of such approaches. Furthermore, we



Machine Learning Approaches for A&M data 125

Figure 1. Collaborative flow of spectroscopic data environment
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share our insights, experiences, and encountered difficulties, and provide an
outlook on the future directions, needs, and developments in this emerging field
of computational spectroscopy.

2. Neural network approaches to spectroscopic and colli-

sional modeling

2.1. Data augmentation and domain adaptation

Tasks such as forecasting stellar properties using data-driven models requires
an extensive dataset that could vary a parameters and complete the genera-
tion of the spectra as soon as possible. Machine learning-generated spectra can
augment empirical datasets by providing supplementary examples of rare star
types or by producing a more equitable training set. Moreover, generative mod-
els can facilitate domain adaptation by translating spectra from one survey’s
instrumental system (e.g., resolution, wavelength coverage) to another’s, hence
enhancing the consistency of cross-survey studies Li et al. (2024).

Notwithstanding its potential, the application of machine learning for spec-
trum creation presents some challenges:

Physical Plausibility: Machine learning models may occasionally generate
”hallucinated” features that appear plausible yet lack any physical foundation.
It is essential to regularize and validate the model in accordance with physical
principles. When using a ML models for generating a stellar spectrum it is essen-
tial to bare in mind that a created spectrum must exhibit physical consistency,
so it must be compared to existing measured or generated spectra whenever
possible.

Training Data Limitations: The machine learning algorithm will absorb
and mimic the biases and flaws present in the original dataset, so the generated
data is inherently limited by the quality and comprehensiveness of the training
data.

Interpretability: Deep learning models are most closely described as ”black
boxes”. This complicates the understanding of the principles behind the gener-
ation of specific spectral features. Thus, a challenge for adequate astrophysical
interpretation and validation of the generated spectra is present.

Extrapolation: Machine learning models typically exhibit inadequate per-
formance when extending beyond the parameter space included by their training
data. Having this in mind it could be concluded that application of ML is most
reliable for interpolation, but always should be careful when new features are
included.

2.2. Problem statement

In order to interpolate and augentate the molecular cross-section data (σJ,v(λ))
for various molecular ions the appropriate artificial neural network (ANN) is
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needed. It needs to input the wavelength (λ) [nm], the vibrational quantum
number (v), the rotational quantum number (J), and the Molecule type. The
output is a cross-section, known in theory Srećković et al. (2020) and given as
follows:

σJ,v(λ) =
8π3

3λ

[

J + 1

2J + 1

∣

∣

∣
DJ,v;J+1,E′

imp

∣

∣

∣

2

+
J

2J + 1

∣

∣

∣
DJ,v;J−1,E′

imp

∣

∣

∣

2
]

(1)

Although the problem seems to be well defined, a complication in applying
a simple neural network emerged.

2.3. Neural network design

The input s implemented in ANN are wavelength (λ) [nm] as a primary input,
vibrational quantum number (v) as a one-hot categorical/discrete input, rota-
tional quantum number (J) also as a categorical/discrete, one-hot, and molecule
type one-hot encoded for the 7 molecular ions that have been analyzed.
The output is a simple cross-section value (σ) [cm2].

The data preprocessing was applied, the scale wavelength to range [0,1] is
used, the range is divide by max wavelength, the one-hot encode molecule type
(7 categories), that selects the ANN for the particular molecular type. Quantum
numbers were used as-is (one-hot), the log-transform of cross-section values is
applied in order to cover wider range of data more precisely.

2.4. Training considerations

λ

v

J

Mol.

N.

E.

E.

O-H

⊕ 128 128 64 64 σ

Input

Hidden Output

Figure 2. Deep neural network architecture for molecular cross-section interpolation.

N. = Normalization, E. = Embedding, O-H = One-Hot, Mol. = Molecule.

The metrics introduced for the determining a quality of the fit was a mean
squared logarithmic error (MSLE). Since the goal was a interpolation and au-
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genation of the existing data the entire data set was used. Each of seven mole-
cules had a separate ANN. In order to realize a genetic algorithm the 0.2 dropout
rate is introduced and dropout layers were defined.

Also a physics-informed (PINNs) enhancements for perceptron where used
and the resulting ANN was trained separately as well as using a genetic algo-
rithm. The physically involved layer did not give any significant improvement.
It included s 1/λ as additional input, features like J

2J+1
and J+1

2J+1
, custom loss

to penalize deviations from expected functional form.
The best performing deep ANN network, not the PINN, where more thor-

ough research should be carried out, is given in Fig 2.

2.5. Final remarks and future work

This paper focuses on the use of ML (see e.g. Sakan et al., 2022; Lemishko
et al., 2024, and references therein) and ANNs for predicting or reconstructing
missing spectroscopic and collisional datasets, as well as discussing the inher-
ent challenges and limitations of such approaches. Furthermore, we share our
insights, experiences, and encountered difficulties, and provide an outlook on
the future directions, needs, and developments in this emerging field of compu-
tational spectroscopy. The findings and their analysis demonstrate the applica-
tions’ interdisciplinary nature.

3. Conclusion

Machine learning is revolutionizing the way we generate and work with stel-
lar spectral data. By acting as a powerful interpolator and ultra-fast emula-
tor of physical models, ML is enabling the creation of vast, high-fidelity, and
continuous spectral libraries that were previously computationally prohibitive.
This eases and enhances the ability to analyze the data from current and next-
generation astronomical surveys. It should be noted that challenges remain re-
garding physical consistency and interoperability. Since the application of simple
perceptron neural networks as well as physically informed perceptron networks,
and after applying a genetic algorithm to have the best fitted solution, we did
not produce a trained ANN good enough for applicable solution. The work is still
in progress, and the focus should be onto GANs and VAEs. From all mentioned
above, it is obvious that the synergy between machine learning and traditional
astrophysical modeling is creating a new paradigm for data-driven discovery in
astronomy and this approach could only gain momentum by the growth of the
available computational power.
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Abstract. This paper highlights the importance of collisional processes in
astrophysical environments, including the interstellar medium, planetary at-
mospheres, and laboratory studies. We emphasize the critical roles of heavy-
particle ionization and dissociative recombination, underscoring the need for
accurate cross-section data. Our research focuses on calculations of cross sec-
tions and rate coefficients needed for modeling. We also discuss future research
directions.

Key words: atomic and molecular datasets – laboratory and astrophysical
plasma – collisional peocesses – astrochemistry – modeling

1. Introduction

We are living in an era of big data, where unprecedented volumes of information
demand reduction and analysis on scales far beyond human capability (Škoda
& Adam, 2020; Garofalo et al., 2017). This has driven the adoption of artifi-
cial intelligence (AI) and machine learning (ML). Effective interpretation also
requires complementary datasets for example, spectroscopic data for telescope
spectra or collisional data for plasma modeling (Ivezić et al., 2017; Sen et al.,
2022; Srećković et al., 2017; Srećković et al., 2018). As a result, growing empha-
sis is placed on systematic collections of atomic and molecular data, including
collisional and photo-absorption studies, some now produced or refined with
AI/ML methods (Anirudh et al., 2023; Trieschmann et al., 2023).

The need for reliable datasets has long been recognized, leading to the cre-
ation of dedicated databases. A notable example is the Virtual Atomic and
Molecular Data Centre (VAMDC) Albert et al. (2020), which pioneered dis-
tributed databases accessible through a unified portal, initially for astronomy.
Some initiatives like Europlanet related to testing and research in laboratories
should also be mentioned here. Europlanet has a special program called Euro-
planet 2024 Research Infrastructure. It provides transnational access to unique
labs where scientists can simulate planetary conditions.
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This paper highlights challenges in collisional data collection and model-
ing fundamental to both astrophysical environments (e.g., interstellar medium,
planetary atmospheres) and laboratory plasmas. A schematic presentation illus-
trating the connections between collisional processes, astrophysical environment
modeling, and laboratory investigations is shown in Figure 1.

Figure 1. Schematic presentation with connection of collisional processes and model-

ing astrophysical environments and laboratory investigations.

Planetary atmospheres are generally weakly ionized gases, where ionization
originates from diverse sources such as galactic cosmic rays, solar UV radiation,
magnetospheric particles, and radioactive decay (Atreya, 1999). One of the most
striking manifestations of atmospheric electrification is lightning, a transient
high-current discharge that can act as a natural particle accelerator and has
been observed not only on Earth but also on Jupiter, Saturn, and possibly other
planets. In addition, electron impact ionization and related collisional processes,
including associative ionization, chemi-ionization, and photoionization, play a
central role in governing the conductivity and discharge phenomena of both
terrestrial and extraterrestrial atmospheres (see e.g. Fox et al., 2008; Yair et al.,
2008).

2. Collisional processes

2.1. Heavy particle ionization

Exciting an atom into a Rydberg state with a high principal quantum number
n makes it highly sensitive to inelastic thermal collisions, which may lead to
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ionization. This process, known as chemi-ionization (CI), can proceed through
different channels depending on the reaction outcome:

B∗(n) +B → B +B+ + e, (1)

i.e. non-associative ionization and

B∗(n) +B → B+
2 + e, (2)

known as associative ionization.
In these expressions, B represents atoms in the ground state, B+ the cor-

responding ions, B∗(n) Rydberg atoms with n ≫ 1, B+
2 molecular ions in the

ground electronic state, and e the free electron.

Figure 2. Profiles of hydrogen lines (a) Hα, (b) Hδ, (c) Hǫ, and (d) Paǫ in the at-

mospheres of late-type (M) stars. The blue curves correspond to profiles without CI

processes, while the yellow curves include the contribution of CI processes.

These collisional CI mechanisms significantly affect the ionization balance
and excited-state populations in weakly ionized laboratory plasmas (Ignjatović
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et al., 2019; Mihajlov et al., 2016; Hörnquist et al., 2023; Falcinelli et al., 2021).
In astrophysical contexts, the processes (1) and (2), such as those involving hy-
drogen, are particularly important (Gnedin et al., 2009; Barklem, 2007). Results
from Srećković et al. (2022) demonstrate that CI reactions can strongly mod-
ify the optical properties of the solar photosphere compared to electron–atom
impact ionization, and therefore must be included in non-local thermodynamic
equilibrium (non-LTE) modeling of the solar atmosphere (see e.g. Fig. 2).

Furthermore, atom-Rydberg atom CI processes have been proposed as useful
tools for modeling and diagnosing dense, partially ionized regions in the broad-
line regions (BLRs) of active galactic nuclei (AGN) (Srećković et al., 2018).
Srećković et al. (2020) showed that when neutral hydrogen densities exceed 1012

cm−3, CI reactions dominate over electron-atom collisions, thus exerting a major
influence on the optical properties of these regions.

The associative channel of CI has also been suggested to contribute to the
formation of molecular ions in interstellar gas (Dalgarno & Black, 1976). To
model interstellar cloud chemistry, reliable cross sections and rate coefficients
for such processes are required. Studies on helium, lithium, and alkali atoms
Klyucharev et al. (2007); Srećković et al. (2018); Srećković et al. (2023) have
further connected CI to astrophysical and planetary phenomena, including Io’s
atmosphere, Li-rich stars, and various geo-cosmical plasmas.

Finally, excitation and de-excitation in atom–Rydberg atom collisions can
impact the efficiency of the ionization processes (1) and (2) (Barklem, 2007;
Dimitrijević et al., 2020, 2021; Srećković et al., 2023). Such effects are especially
relevant for the solar photosphere, the interstellar medium, DB-type white dwarf
atmospheres, and AGN BLRs.

2.2. Electron driven collisional processes

Over recent decades, computational methods have become central to studying
the dynamics and interactions of molecules embedded in larger structures (Reis
et al., 2022; Iacob, 2020; Pop et al., 2021). Despite their massive scale, interstel-
lar clouds remain poorly understood as confined systems. Deep within molecular
clouds, molecules are shielded from photodissociation and photoionization by
absorption and scattering of interstellar radiation (Puzzarini & Barone, 2020;
Guerrero-Méndez et al., 2023). To model such environments, it is essential to
consider not only radiative but also collisional processes, especially electron-
driven reactions involving molecular ions such as dissociation.

Dissociative rate coefficients, defined as the change in molecular cation con-
centration over time, provide critical insight into the abundance of molecular
ions. For instance, ions such as HeH+, H+

2 , and He+2 have been detected in stel-
lar media, with receiving particular attention due to its importance at relatively
low temperatures (see e.g. Augustovičová et al., 2013; Guberman, 2012). The
destruction of H+

2 is a crucial step in the chemical network that leads to wa-
ter formation in protoplanetary disks. The reactions that destroy H+

2 actually
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Figure 3. Three-dimensional plot of the dissociative rate coefficients for the He+2
system, based on data from the ACol database.

initiate the production of key intermediates such as OH+, H2O
+, and H3O

+.
The He+2 molecular ion has notable diagnostic value in astrophysics. It forms
transiently under strong ionizing radiation and serves as a tracer of high-energy
processes in environments such as protoplanetary disks and planetary atmo-
spheres. Although short-lived and chemically inert, He+2 provides insight into
the ionization state and radiation conditions that influence the evolution of these
systems.

Access to reliable datasets and recommended values remains crucial for the
modeling community (Marinković et al., 2017; Anirudh et al., 2023).

Dissociative recombination (DR), a dominant electron-driven destruction
process, can be written as

e+M+
2 =⇒ M∗(n) +M, (3)

where M and M∗(n) are ground and Rydberg atoms, and M+
2 is a molecular

ion in its ground state.
These reactions are often explained through the dipole resonant mechanism,

where the dipole component of the electron–ion interaction drives recombina-
tion, and may be analyzed using the decay approximation (Mihajlov et al.,
2012). Figure 3 shows DR rate coefficients for He+2 from the ACol database,
across 7000 ≤ T ≤ 30000 K and 3 ≤ n ≤ 10. The probability of DR increases
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with smaller n and lower T , confirming electron-driven collisions as a primary
channel for Rydberg atom formation under such plasma conditions.

Since these processes influence both excited-state populations and free-electron
densities, they also affect spectral line shapes, not only in molecular clouds and
the interstellar medium but also in weakly ionized stellar atmospheres (Gnedin
et al., 2009; Beuc & Pichler, 2020).

3. Summary

In this paper, we have highlighted the significance of collisional processes in the
study of the astrophysical environments such as interstellar medium, planetary
atmospheres, and laboratory experiments. We have emphasized the critical role
of processes such as heavy-particle ionization and dissociative recombination, as
well as the necessity for accurate cross-section data.

With regard to data resources, numerous comprehensive databases provide
atomic and molecular information for spectroscopic studies of atmospheres and
the interstellar medium like BASECOL, KIDA, etc. Despite the availability
of these individual databases, we believe that the approach promoted by the
VAMDC consortium, linking distributed databases through a single unified por-
tal, represents the future standard for providing researchers with streamlined
access to scientific data.

As a future step, we intend participation of ML models to produce i.e., to
fast predict new A&M data. We are currently in the process of preparation for
training and testing datasets for development of advanced models.
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of H++H− and H (1 s )+H (n s ). 2023, Physical Review A, 108, 052811, DOI:
10.1103/PhysRevA.108.052811

Iacob, F., On the geometric quantization of the ro-vibrational motion of homonuclear
diatomic molecules. 2020, Physics Letters A, 384, 126888, DOI:10.1016/j.physle
ta.2020.126888

https://doi.org/10.1051/0004-6361/201220957
https://doi.org/10.1051/0004-6361/201220957
https://doi.org/10.1051/0004-6361:20066686
https://doi.org/10.3390/atoms8020028
https://doi.org/10.3390/atoms8020028
https://doi.org/10.1088/0034-4885/39/6/002
https://doi.org/10.31577/caosp.2020.50.1.179
https://doi.org/10.1016/j.newast.2020.101529
https://doi.org/10.1021/acs.jpca.1c00688
https://doi.org/10.1016/j.newar.2009.07.003
https://doi.org/10.1007/978-1-4615-0083-4
https://doi.org/10.1039/D3CP02379F
https://doi.org/10.1039/D3CP02379F
https://doi.org/10.1103/PhysRevA.108.052811
https://doi.org/10.1103/PhysRevA.108.052811
https://doi.org/10.1016/j.physleta.2020.126888
https://doi.org/10.1016/j.physleta.2020.126888


138 V. Srećković et al.
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Contrib. Astron. Obs. Skalnaté Pleso 56/1, 140 – 148, (2026)
https://doi.org/10.31577/caosp.2026.56.1.140

Molecular ion reaction rates for planetary

atmospheres and the interstellar medium

V.A. Srećković1 , Lj.M. Ignjatović1 , M. Langović1 and
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Abstract. Planetary systems are formed in dense interstellar clouds where
chemistry is driven by complex ion–molecule processes. To improve astrochem-
ical models, we present theoretically calculated datasets of cross sections and
rate coefficients for important molecular ions under astrophysical conditions.
The results provide a dataset relevant to protoplanetary disks and laboratory
plasmas, and support the development of a user-friendly platform for data dis-
semination within the Virtual Atomic and Molecular Data Center (VAMDC)
and the Serbian Virtual Observatory (SerVO).
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1. Introduction

Planetary systems originate from dense clouds of interstellar gas and dust, where
gravitational forces interplay with thermal pressure, turbulence, and magnetic
fields to drive collapse and disk formation (van Dishoeck et al., 2023; Walsh
et al., 2012). To interpret the complex chemistry observed in these environ-
ments, astrochemical models - rooted in interstellar medium (ISM) chemistry
while evolving into diverse transformations - are employed to refine our un-
derstanding of planetary formation processes. These models are supported by
advances in astrochemical databases such as UMIST (Millar et al., 2024), KIDA
(Wakelam et al., 2024), and the A&M VAMDC initiative (Albert et al., 2020),
which enhance the accuracy of reaction rate coefficients (see Fig.1). A critical
aspect of these models involves examining reaction rates that reveal the pres-
ence and behavior of various molecular species, particularly small molecular ions
(Öberg et al., 2023; Bae et al., 2022). Consequently, it is important to investi-
gate not only radiative processes but also non-radiative mechanisms, such as
electron-driven reactions including dissociative recombination.
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Observations, including those from ALMA, of ions such as N2H
+ provide in-

sights into midplane conditions within protoplanetary disks-regions where plan-
etesimals are believed to form. Additional ions, such as NS+, may also influence
ion-driven chemistry, contribute to cooling processes, and impact the physical
and chemical evolution of star-forming regions.

Figure 1. A&M data and its astro importance.
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Accurate molecular ion data are essential for modeling astrophysical envi-
ronments, from protoplanetary disks to planetary atmospheres. Recent studies
of dissociative recombination and resonance structures in NS+ systems provide
benchmarks for cation chemistry (Hassaine et al., 2024; Iacob et al., 2022). From
a theoretical perspective, solvable potential models such as relativistic pseudo-
Gaussian oscillators extend the family of exactly or approximately tractable sys-
tems, offering valuable tools for understanding confinement and spectral prop-
erties in hydrogen-like and molecular systems (Iacob, 2010; Iacob et al., 2019;
Pop et al., 2021)

This paper aims to conduct theoretical studies involving the calculation,
comparison, and analysis of cross sections and rate coefficients for molecular ions
such as H+

2 , SiH
+, He+2 , HeH+, etc. under astrophysically relevant conditions.

The intended outcome is a comprehensive dataset applicable to astrochemical
environments as well as laboratory plasmas. Moreover, we aim to contribute
to the broader scientific infrastructure by developing a user-friendly, extensible,
and searchable e-platform for data dissemination and integration-aligned with
existing frameworks such as VAMDC (Dubernet et al., 2024).

2. Data and databases

The databases are important for modeling laboratory and stellar plasmas, as
well as for studies of planet formation. The Belgrade databases include astro-
physically relevant data. The Belgrade database ACol provides collisional data,
while the MolD database contains photodissociation cross sections for individual
rovibrational states of diatomic molecular ions.

The Belgrade nodes provide unique datasets and specialized spectroscopic
data, that are not fully covered by international repositories, thereby offering
complementary resources for molecular collision and astrophysical research. This
complementarity emphasizes the nodes’ value in filling data gaps and supporting
precise modeling in astrophysics and chemical physics.

2.1. SerVO

The SerVO (http://servo.aob.rs) hosts the Belgrade radiative and colli-
sional nodes MolD and ACol of the Virtual Atomic and Molecular Data Centre
(VAMDC) (Albert et al., 2020). The databases MolD (http://servo.aob.rs/m
old) and ACol (http://servo.aob.rs/acol) include astrophysically relevant
data. Furthermore, the data and its analysis demonstrate their interdisciplinary
character and applications, such as in physics, astrophysics, and chemistry. One
can see on the left side of the SerVO web page are links to BG Nodes (MolD,
ACol). In the middle are links to the photo plate archive as well as new infor-
mation related to scientific meetings, etc.

The MolD and ACol Belgrade A&M databases have been linked with the
VAMDC project (http://vamdc.eu) since their early phases of development

http://servo.aob.rs
http://servo.aob.rs/mold
http://servo.aob.rs/mold
http:// servo.aob.rs/acol
http://vamdc.eu
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Figure 2. Snapshot of the MolD database (http://servo.aob.rs/mold):

Photodissociation of the H+

2 molecular ion for selected parameters. The SerVO

(http://servo.aob.rs) hosts the Belgrade radiative and collisional nodes MolD

(see e.g. Vujčič et al., 2015). The VAMDC project Albert et al. (2020) intends
to bring together numerous current databases under a common standard, cre-
ating a centralized platform for accessing atomic and molecular data. Users
can download A&M data in a consistent format using the XML Schema for
Atoms, Molecules, and Solids (XSAMS) (Jevremović et al., 2020; Albert et al.,
2020; Marinković et al., 2017). Technically, the data models were updated to
effortlessly transition to the VAMDC’s tree-structured serialization schema,

http://servo.aob.rs/mold
http://servo.aob.rs
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XSAMS. All databases are stored on a MariaDB server (an open-source re-
lational database management system based on MySQL) and backed up on a
regular basis.

The Belgrade nodes of the VAMDC offer practical accessibility for external
researchers through standardized web services and user-friendly query tools.
These platforms execute queries locally and transmit data in the VAMDC-
specified XSAMS format, ensuring compatibility with VAMDC standards. The
web interfaces allow researchers to perform searches and retrieve data with-
out complex programming, and while detailed API documentation is explicitly
provided, adherence to VAMDC standards enables programmatic access using
standard protocols.

Figure 3. Figures created using data from the ACol database

(http://servo.aob.rs/acol).

http:// servo.aob.rs/acol
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2.2. The MolD photodissociation database

The MolD database provides information on numerous molecular species and
their excited states (see e.g. Srećković et al., 2017a; Vujčić et al., 2023). As a
radiative database, it contains averaged thermal photodissociation cross sections
as well as state-resolved data for the ro-vibrational levels of diatomic molecular
ions (see Fig. 2).

The database has undergone several development phases and is maintained
by the Astronomical Observatory in Belgrade. It is widely used in astronomy
for investigating diverse astrophysical processes and modeling (Mihajlov et al.,
2011; Srećković et al., 2014; Coppola et al., 2013), while its data also support
studies of plasma chemistry and laboratory experiments (Srećković et al., 2021,
2022).

2.3. The ACol database for collisional processes

The ACol database provides cross sections and rate coefficients for collisional
processes, including excitation, de-excitation, ionization, and recombination in
hydrogen, helium, and alkali (see e.g. Srećković et al., 2022; Srećković et al.,
2017b; Vujčić et al., 2023, and references therein). It represents the newest BG
VAMDC node and is hosted by SerVO. Queries are processed locally, with results
delivered in the VAMDC-standard XSAMS format through an AJAX-based in-
terface. The database is applicable to laboratory studies as well as to modeling
interstellar gas, weakly ionized atmospheric layers, and low-temperature plas-
mas. (see Fig. 3)

3. Summary

Emergence of planetary systems starts with the gravitational collapse of dense
interstellar clouds, in a process where turbulence, pressure, and magnetic fields
result in formation. Understanding the complex chemistry relies on astrochemi-
cal models, supported by specialized databases/data ecosystems such as UMIST,
KIDA, and VAMDC, which provide essential reaction rate data. A key focus is
the study of molecular ion reaction rates, including both radiative and electron-
driven non-radiative processes like dissociative recombination.

In this work, we present an overview of the MolD and ACol databases -
hosted within the VAMDC and SerVO frameworks - designed to support both
astrophysical and laboratory research. Reliable maintenance and curation re-
quire not only adherence to established principles but also continuous alignment
with rapid developments in information technology. Future improvements and
standards should involve regular updates of Node software, including Python
and Django, alongside enhancements to the web interface with AJAX-based
queries, new visualizations, and additional extensions. Equally important is the
expansion of datasets to include newly calculated or measured radiative and
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collisional processes. Another direction is the integration of machine learning
techniques to accelerate the prediction of atomic and molecular data, supported
by ongoing efforts to prepare training and testing datasets for the develop-
ment of advanced models. Although machine learning approaches can speed up
data generation, their predictions may lack precision. Therefore, results obtained
through such models should be interpreted with caution.
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ionization in Solar Photosphere: Influence on the Hydrogen Atom Excited States
Population. 2011, Astrophys. J., Suppl. Ser., 193, 2, DOI:10.1088/0067-0049/193
/1/2

Millar, T. J., Walsh, C., Van de Sande, M., & Markwick, A. J., The UMIST database
for astrochemistry 2022. 2024, Astronomy & Astrophysics, 682, A109, DOI:10.105
1/0004-6361/202347057
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Abstract. This study examines radiative processes, with a focus on photodis-
sociation, in non-symmetric hydrogen–silicon molecular systems. for the wide
range of parameters. The results provide essential input for photochemical
modeling in both laboratory plasmas and astrophysical contexts.
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1. Introduction

Atomic and molecular (A&M) data are vital for advancing spectroscopy, sup-
porting theoretical models, and guiding experiments in molecular physics and
astrochemistry (Hauschildt & Baron, 2010; Ferland et al., 2017; Albert et al.,
2020; Mihajlov et al., 2011; Srećković et al., 2017; Srećković et al., 2021). Op-
tical properties of small molecules, particularly molecular ions, remain of high
interest for applications in astrochemistry, precision spectroscopy, and searches
for interstellar species (Ignjatović et al., 2014; Vázquez-Carson et al., 2022; Mi-
hajlov et al., 2011; Iacob, 2020; Srećković et al., 2022; Quitián-Lara et al., 2024).

Photodissociation governs molecular fragmentation in interstellar clouds and
must be accurately modeled to predict abundances across environments such as
protoplanetary disks, stellar envelopes, and galactic molecular clouds (Heays
et al., 2017; Öberg, 2016). Among these, silicon-bearing molecules are notable,
representing nearly 10% of known interstellar species (McCarthy et al., 2003).
SiH and SiH+, in particular, have astrophysical importance as components of
interstellar clouds and stellar atmospheres (Singh & Vanlandingham, 1978; Stan-
cil et al., 1997; van der Tak et al., 2020). Recent experiments confirmed SiH+

production and provided benchmark data for astrochemical modeling (Mosnier
et al., 2016).
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Photodissociation cross-sections can be incorporated into astrophysical mod-
eling tools such as CLOUDY, PDR Toolbox, or UCL-PDR to simulate the chem-
ical and thermal balance of interstellar and circumstellar environments (see e.g.
Ferland et al., 1998). These cross-sections are used to calculate wavelength-
dependent photodissociation rates, which determine the destruction efficiencies
of molecules under varying radiation fields. By integrating the cross-section data
into the chemical reaction networks, the models can more accurately predict
molecular abundances, emission features, and the evolution of photodissocia-
tion regions (PDRs) exposed to ultraviolet or X-ray radiation.

Here, we focus on spectroscopic properties of hydrogen–silicon systems, with
emphasis on SiH+ molecular ions, which are relevant to both astrophysical and
fundamental studies (Yang et al., 2025). We present calculated absorption coef-
ficients e.g. cross-sections in the EUV and UV ranges, applicable to synchrotron
experiments and broader areas such as plasma modeling, ultrafast laser research,
and astrophysical simulations (Mosnier et al., 2016; Doménech et al., 2017). Sec-
tion 2 outlines the theoretical framework, Section 3 discusses findings in labora-
tory and astrophysical contexts, and Section 4 concludes with perspectives for
future work.

2. Theory

This work examines how radiative processes influence the optical behavior of
weakly ionized plasmas in both laboratory and astrophysical environments, with
emphasis on bound–free photodissociation in strongly non-symmetric systems.

We shall investigate the processes that can be described as non-symmetric

ελ +AM+
⇒ A+ +M. (1)

M is a silicon atom (Si), and A=H. Molecular-ion in the ground electronic state
SiH+ is represented by the symbol AM+.

For the species under investigation, the mean thermal photodissociation
cross-section σ(bf)(λ, T ) can be represented in the form given by Srećković et al.
(2017); Srećković et al. (2021)

σ(bf)(λ, T ) =

∑

J,v

(2J + 1)e
−EJ,v

kT · σ
(bf)
J,v (λ)

∑

J,v

(2J + 1)e
−EJ,v

kT

. (2)

Here, σ
(bf)
J,v (λ) represents the partial photodissociation cross-section for the

ro-vibrational states characterized by the quantum numbers v and J , while EJ,v

denotes the energies of these states relative to the ground ro-vibrational state.
In the given expression, EJ,v = Edis+ǫJ,v, where Edis is the dissociation energy
of the molecular ion, and the energies ǫJ,v < 0 are determined as described
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in Srećković et al. (2017). Under the dipole approximation, the partial cross-

sections σ
(bf)
J,v (λ) can be defined by the expression from (Srećković et al., 2021)

Figure 1. Calculated A&M data i.e. the mean thermal photodissociation cross-section

for molecular-ion SiH+.

3. Results and discussion

3.1. Astrophysical and laboratory relevance

Many astronomical software packages rely on photo-dissociation data (see e.g.
Hauschildt & Baron, 2010, and references therein). In interstellar and circum-
stellar environments, UV photons strongly influence chemistry: atomic and
molecular abundances in diffuse clouds are largely controlled by photodisso-
ciation and photoionization (Heays et al., 2017). In cometary comae, small
molecules originate from UV-driven photodissociation of parent species (Irvine
et al., 1998). These processes are essential for modeling diverse astrophysical
regions, from dense star-forming clouds and protoplanetary disks to stellar en-
velopes and galactic molecular clouds (van Dishoeck et al., 2008). Such envi-
ronments, where molecular destruction is dominated by photodissociation, are
known as photon-dominated regions.
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SiH+, like other small molecular ions such as CH+, OH+, and NH+, plays
a important role in astrochemical networks and plasma environments, where
its formation and destruction influence the chemistry of hydrogen- and silicon-
bearing species. Comparable dissociation studies on ions such as BeT+ and NS+

highlight that accurate photodissociation data across diverse molecular systems
are essential for reliably modeling molecular lifetimes and reaction pathways in
both astrophysical and fusion plasmas (Hassaine et al., 2024; Iacob et al., 2022,
2020; Iacob, 2014, 2010).

Photodissociation of the SiH+ ion is significant in plasma physics, spec-
troscopy, and semiconductor research (Zhao & Zeng, 2014). Silicon molecules
occur in plasma environments such as etching and thin-film deposition, where
understanding dissociation and ionization dynamics supports optimization of
plasma-enhanced chemical vapor deposition (Gabriel et al., 2014). Laboratory
measurements of photodissociation and photoionization cross-sections provide
benchmark data for astrophysical and plasma modeling (Mosnier et al., 2016).
Studies of VUV and EUV photon interactions with silicon ions further clarify
bond strengths and reaction pathways.

3.2. The obtained quantities

The dataset spans the ultraviolet region and covers temperatures up to 10,000K.
These results are relevant for laboratory plasma diagnostics, astrophysical ap-
plications, and industrial plasma modeling.

Figure 1 shows the calculated average thermal photodissociation cross-section,

σ
(bf)

SiH+(λ;T ), of the silicon hydride ion over a wide temperature range (up tp
10,000K) and wavelengths from 100 to 190 nm. The plot highlights a complex
dependence on both variables, with pronounced maxima near 180–190 nm.

The calculated SiH+ photodissociation cross-sections are generally consistent
with previous theoretical data, including Stancil et al. (1997) and later MRCI
studies (see e.g. McMillan et al., 2016), with minor resonance deviations. A
conservative uncertainty is adopted, and these cross-sections are expected to
refine SiH+ photodissociation rates by up to an order of magnitude under typical
interstellar and circumstellar radiation fields, improving predictions of silicon-
bearing molecular abundances and emission. In the absence of experimental
measurements, this semi-quantitative agreement with independent theoretical
results supports the reliability of the present data.

4. Summary

This study investigates the photodissociation of non-symmetric molecular ions,
focusing on the averaged cross-sections of SiH+ across the EUV–UV range
and temperatures up to 10,000 K. The resulting cross-sections enable more
accurate modeling of SiH+ destruction, directly influencing predicted silicon-
bearing molecular abundances, emission features, and chemical evolution in UV-
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irradiated interstellar and circumstellar environments. These findings are rele-
vant for both laboratory and astrophysical applications, including spectroscopy,
synchrotron-based experiments, and simulations of weakly ionized stellar and
interstellar plasmas. SiH+ plays a important role in interstellar chemistry, and
its attosecond-scale photodynamics provide valuable insights for modeling space
environments, laser-driven plasmas, and processes involving interstellar dust.
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Abstract. Eddington ratio (λEdd) is a paramount parameter governing the
accretion history and life cycles of Active Galactic Nuclei (AGNs). This short
review presents a multi-faceted view of the importance of the Eddington ratio
spanning varied AGN studies. We find that λEdd is crucial for standardizing
the Radius-Luminosity (R-L) relation - a necessary step for employing quasars
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(QSOs) as standardizable cosmological probes to help clarify the standing of
the Hubble tension. In this data-driven era, we consolidated disparate aspects
by developing novel relations borne out of large datasets, such as the robust,
nearly universal anti-correlation between fractional variability (Fvar) and λEdd

derived from Zwicky Transient Facility (ZTF) data, which is vital for interpret-
ing forthcoming high-cadence surveys like Rubin Observatory’s LSST. Address-
ing the conundrum where JWST results suggest an overabundance of massive
high-redshift black holes, we demonstrate that local AGNs offer clarification:
Changing-Look AGNs (CLAGNs), driven by rapid λEdd shifts, cluster in the
low-accretion regime (λEdd ∼ 0.01), a rate independently confirmed by our in-
tegral field spectroscopy and photoionization modeling of a well-known Seyfert
2 galaxy, rich in high-ionization, forbidden, coronal lines. Conversely, for the
high-redshift, high-luminosity population where traditional reverberation map-
ping (RM) is highly impractical, photometric reverberation mapping (PRM)
offers a rapid alternative to constrain accretion disk sizes, enabling efficient
estimates of black hole masses (MBH) and λEdd. Finally, we developed tai-
lored semi-empirical spectral energy distributions (SEDs) for extremely high-
accretion quasars, successfully validating their characteristic extreme physical
conditions.

Key words: supermassive black holes (1663) – active galactic nuclei (16) –
quasars (1319) – spectroscopy (1558) – photometry (1234) – scaling relations
(2031) – spectral energy distribution (2129) – photoionization (2060)

1. Accretion rate - a key parameter in AGN studies

The Black Hole Accretion Rate (BHAR) is among the fundamental properties
that help define the state and activity of the central supermassive black hole
(SMBH) residing at the very centers of galaxies. The BHAR or an equivalent
parameter, the Eddington ratio, is the ratio of the net bolometric output from
the active galactic nuclei (AGN) relative to the Eddington limit1. Coupled with
the knowledge of the mass of the SMBH, the Eddington ratio enables an under-
standing of the accretion history and life cycles of AGNs (Netzer, 2015; Padovani
et al., 2017; Alexander et al., 2025; Marziani et al., 2025). The applications of
the Eddington ratio are far-fetched, from studying the temporal modulation
of radiative output from individual AGNs to constraining the bulk-statistical
growth of AGNs across cosmic time. It has been found to be a direct corre-
late to explain the dispersion in the well-known broad-line region (BLR) radius
- AGN luminosity (R-L) relation (Mart́ınez-Aldama et al., 2019; Du & Wang,
2019; Panda & Marziani, 2023). The R-L relation is an empirical scaling rela-
tion, where the BLR radius is estimated using the reverberation mapping (RM)
technique, where one can estimate the excess in the light travel time between
photons that directly arrive from the source of ionizing radiation (in the case
of the SMBH, this is the accretion disk - a flattened disk-like structure arising

1LEdd ≈ 1.26× 1038
(

MBH

M⊙

)

erg s−1.
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from the loss of angular momentum as the matter accretes onto the SMBH),
and those that get intervened by gaseous media in-between accretion disk and
the distant observer before eventually making their way to the observer. This
offset in the light travel time between the two (photon) paths helps determine
how far the intervening, line-emitting media is from the source of the radiation.
This intervening medium, in our case, is the broad-line region (BLR), which
produces the bulk of the emission lines that we observe in an AGN spectrum
due to a variety of radiative processes, e.g., recombination, collisional excitation,
and fluorescence (Osterbrock & Ferland, 2006). We note, however, that the re-
verberation mapping technique has also been used to determine the sizes of the
accretion disk itself (using the continuum reverberation mapping, Edelson et al.
2015), the sizes of the dusty regions (dust reverberation, Suganuma et al. 2006),
and to map the further-out narrow-line region (NLR, Peterson et al. 2013).

Coming back to the R-L relation, having known the BLR radius, we now
require the AGN luminosity. The general approach involves extracting the con-
tinuum flux from the AGN spectrum, wherein we look for narrow, line-free,
continuum windows, and with an assumed cosmology, which gives us the lu-
minosity distance, we can estimate the AGN luminosity. Therefore, having the
AGN luminosity, for example, from a single-epoch spectrum, and with the aid
of the R-L relation, we can infer the black hole masses using well-known scal-
ing relations based on the virial theorem2 and extends to the creation of large
quasar catalogs (Marziani et al., 2003a; Vestergaard & Peterson, 2006; Shen
et al., 2011; Panda et al., 2024a). This, then, allows us to get insight into the
black hole mass distribution over a range of redshift and infer their activity with
the combined knowledge of the black hole mass and the net bolometric output.
Another advantage of the R-L relation has been to utilize it as, cosmologically
speaking, a standardizable relation to infer the cosmology using quasars (Watson
et al., 2011; Haas et al., 2011; Czerny et al., 2013). Here, we get the continuum
flux as before, either through single epoch spectroscopy or carefully optimized
photometry - either by a systematic modeling of the contaminants all except
the accretion disk (Pozo Nuñez et al., 2023; Jaiswal et al., 2024), or through
the usage of medium/narrow-band filters to avoid regions where such contribu-
tions from contaminants dominate (Chelouche et al., 2019; Panda et al., 2024b;
Pozo Nuñez et al., 2025). Instead of assuming a cosmological model, we then
perform the reverberation mapping to extract the size of the emitting region,
here RBLR, and infer the AGN luminosity using the R-L relation (Blandford
& McKee, 1982; Peterson et al., 2004; Bentz et al., 2013; Panda et al., 2019a;
Cackett et al., 2021). Having uniquely determined the continuum flux and the

2Here, the virial theorem requires the knowledge of the velocity dispersion (or FWHM) of a
prominent emission line, its location (RBLR) from the central gravitational potential, i.e., the
SMBH, and the assumption of the geometry and distribution of the emitting gas around the
SMBH. This latter term is usually referred to as the virial factor or f-factor (Collin et al.,
2006; Panda et al., 2019b).
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luminosity from independent methods, we can then derive the luminosity dis-
tance for each of these objects3, and populate the Hubble-Lemaitre diagram
and constrain the existing cosmological models. With the aid of quasars, we
are well-poised to bridge the gap between the local and early Universe cosmo-
logical probes and help clarify the stance on the Hubble tension (Czerny et al.,
2023a; Panda & Marziani, 2023; Di Valentino et al., 2025). However, to infer the
Hubble constant, we aggregate the RM AGNs with other cosmological probes,
e.g., Type-1 Supernovae, chronometric measurements of the Universe expansion,
baryon acoustic oscillation data, quasar angular sizes, H ii starburst galaxies,
and Amati-correlated gamma-ray burst data (Cao et al., 2022; Czerny et al.,
2023a). On the other hand, to get to the Hubble constant directly from AGNs
alone, we need the aid of standard candles or standard rulers, e.g., the sizes of
the accretion disks allow us to characterize the angular sizes of the AGNs, in
conjunction with the redshift-independent luminosity distances (see e.g., Jaiswal
et al., 2024).

A fundamental issue using the R-L relation has been the realization of the
highly-accreting AGNs and their location on the R-L relation (Du et al., 2016;
Grier et al., 2017; Du et al., 2018; Mart́ınez-Aldama et al., 2019). When the R-L
relation was first established, the scaling relation was built using multi-epoch,
ground-based, and space-based spectrophotometric observations of well-known
nearby Seyfert galaxies (Kaspi et al., 2000; Bentz et al., 2009). The slope of
the relation was found to be close to the expectation from the standard pho-
toionization theory, i.e., ∼0.5, especially after careful host subtraction (Wan-
del et al., 1999; Negrete et al., 2013; Panda, 2022). Fast forward to mid-2015,
newer reverberation mapping (RM) campaigns, with luminous sources accret-
ing at relatively higher rates albeit with lower variability amplitudes, started
to populate a region in the R-L parameter space which demonstrated a signif-
icant dispersion from the existing R-L relation, thus giving rise to studies to
understand what made these sources inherently different from their local coun-
terparts (Du et al., 2018; Mart́ınez-Aldama et al., 2019; Panda et al., 2019a).
Later, in Mart́ınez-Aldama et al. (2019), we found the key reason for the dis-
persion was directly connected to the Eddington ratio - the higher the value, the
more the source deviates from the scaling relation, especially in the direction
where the inferred RBLR is shorter than expected. The problem, however, with
the Eddington ratio in this context, is the way it is derived - the bolometric lumi-
nosity is derived from the continuum luminosity, and so is the black hole mass.
This is the same luminosity that is the ‘L’ in the R-L relation, thus creating a
circular loop. We need an independent observable that could trace the Edding-
ton ratio. Many studies have pointed to the strength of the Fe ii emission (or,
RFe) to be a viable surrogate to the Eddington ratio through carefully statistical

3Given, RBLR ∝ L0.5 from photoionization theory and the empirical R-L relation, and the
AGN flux, F = L/ 4πd2

L
, we can re-write luminosity distance, dL ∝ RBLR/

√
4πF.
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and theoretically-motivated studies (Sulentic et al., 2000; Marziani et al., 2003b;
Marziani & Sulentic, 2014; Shen & Ho, 2014; Marziani et al., 2018; Panda et al.,
2019b; Mart́ınez-Aldama et al., 2021); c.f. Panda (2024) for a recent overview.
Du & Wang (2019) (see also, Panda & Marziani 2023) eventually made the
breakthrough, and provided us with an RFe-corrected R-L relation which not
only solved the circularity problem, but brought the scatter in the newfound
R-L to a measly 0.19 dex, re-instating the R-L relation as a standardizable re-
lation for use in cosmology.

This is just one of the many highlights of the Eddington ratio and how it has
come to the rescue. In later sections of this short contribution, we demonstrate a
few recent studies that involve this key parameter and how it has helped improve
our understanding of AGNs, and set the stage for the ongoing and upcoming,
exciting studies with state-of-the-art facilities and observatories, e.g., JWST
(Gardner et al., 2006), Dark Energy Spectroscopic Instrument (DESI, DESI
Collaboration et al., 2025), and Rubin-LSST (Ivezić et al., 2019; Pozo Nuñez
et al., 2023; Czerny et al., 2023b). In the following sections, we will summarize a
few recent advancements that have allowed us to unravel the connection between
the black hole activity and the mass of the SMBH, and in turn, the Eddington
ratio, as well as the novel relations we have found. That would not be possible
without the use of spectrophotometric observations of AGNs using a multitude
of telescope facilities - targeted and survey-mode, single-epoch and monitoring
campaigns, archival and new observations, covering the two hemispheres.

2. Getting ready for LSST: Photo-variability reveals a nearly
Universal scaling relation

We have all been greeted with the first look of Rubin4 and the potential it
will have in the coming decade upon the start of its operations. We expect the
Legacy Survey of Space and Time (LSST) to discover tens of millions of AGNs
- a recent study of QSO number counts puts this to ∼12.2 million in i-band
stretching to a 5σ median depth of 26.4 mag (Ivezić et al. 2019, Li et al., under
review). The latest survey simulations (v5.0) suggest a mean cadence of nearly
every half-night in riz bands in the Wide-Fast-Deep (WFD) mode, while this
can be as high as every 3 nights for the u-band. The numbers are slightly more
optimistic for the Deep-Drilling-Fields (DDFs, see e.g., Pozo Nuñez et al. 2024).
The sheer amount of data that is going to be involved is nothing that we have
analyzed before. Not to forget, it is going to be a daunting challenge to get a
spectroscopic follow-up for all these detections, although some upcoming surveys
seem promising (ESO/4MOST - de Jong et al. 2019; Frohmaier et al. 2025, Spec-
S5 - Besuner et al. 2025, WST - Mainieri et al. 2024). In anticipation of the start
of Rubin operations and to tackle the prospective challenge of spectra-starving,

4https://rubinobservatory.org/gallery/collections/first-look-gallery

https://rubinobservatory.org/gallery/collections/first-look-gallery
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we looked into the large repository of photometrically detected and monitored
AGNs in the Zwicky Transient Facility (ZTF, Bellm et al., 2019; Graham et al.,
2019) that led to a rather convincing discovery.

2.1. Photometric variability anti-correlates with the Eddington ratio

The paper (Benati Gonçalves et al., 2025) presents a systematic study of op-
tical variability for 915 type-1 quasars with 0 ≤ z ≤ 3, using ZTF g-band
light curves and Sloan Digital Sky Survey (SDSS) DR16 spectral parameters
(including black-hole masses, bolometric luminosities, and Eddington ratios).
These sources were pre-selected from the All Quasar Multiepoch Spectroscopy
(AQMES) MEDIUM subsample of the Black Hole Mapper project of the SDSS-
V (Kollmeier et al., 2019). We computed the fractional variability amplitude
(Fvar) via the excess-variance formalism, and after rigorous filtering (≥ 100 ob-
servations, Fvar > 0) and correcting for minimal emission-line contributions (a
few percent of the continuum flux), we arrive at a key result - a redshift-in-
dependent anti-correlation between Fvar and the Eddington ratio (λEdd). The
best-fit relation for the full sample is

log λEdd = (−0.71± 0.06) log(Fvar)− (1.52± 0.06) (1)

or equivalently Fvar ≈ 10−0.71λ−1.52
Edd (see, e.g., Figure 1 for a revised ver-

sion). This yields a Pearson coefficient r ≈ -0.31 (p < 0.01) for all redshifts,
with the strongest anti-correlation at low-z (r ≈ -0.40) and a marginal trend
in the highest bin (2 ≤ z < 3). We present a general equation encapsulating
this relationship, which appears to be almost free of redshift dependence, en-
abling predictions of quasar variability based on accretion parameters or vice
versa, a significant enhancement to prior works (see e.g., Klimek et al., 2004).
The derived relation with the Eddington ratio provides a unified framework for
interpreting variability in AGNs and facilitates future studies of quasar variabil-
ity using high-cadence surveys, such as the Vera C. Rubin Observatory’s LSST
(Ivezić et al., 2019).

Additional correlations show that Fvar declines monotonically with contin-
uum luminosities L1350, L3000, L5100, and bolometric luminosity across all red-
shift bins (negative Pearson r values ranging from -0.23 to -0.59), while, the
Fvar–MBH relationship evolves from a weak positive correlation at low-z (r ≈

0.22) to a moderate anti-correlation at high-z (r ≈ -0.36). We discussed poten-
tial selection biases (luminosity-driven Malmquist bias, rest-frame time-baseline
shortening at high-z) but demonstrate that the correlation between Fvar and
λEdd is largely free of any significant redshift dependence (see Benati Gonçalves
et al., 2025, for more details).
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Figure 1. Distribution of the fractional variability (Fvar) in the g-band ZTF

lightcurves for the AQMES medium field monitored within the SDSS-V, versus the

Eddington ratio. The latter is taken from the SDSS DR16 QSO catalogue (Wu & Shen,

2022). The color axis depicts the distribution of redshift. The best-fit correlation after

cleaning sources with insufficient Fvar in g-band information: log λEdd = -0.61 log Fvar

- 1.38 (ρ = -0.28; p-value = 2.8E-18).

2.2. Possible biases and streamlining the parent sample

Below, we summarize some additional tests of robustness for our newfound
scaling relation.

– lightcurve baseline testing: as it currently stands, the correlation involves
all AGNs with at least 100 observations in overa 6-year period (mid-2017 to
late-2023). The median of the number of g-band observations is 304; thus, we
attempted to check the correlation for only those cases where the number of
visits was ≥ 300. We were left with 53% of the number of AGNs (488/920).
However, the correlation grew stronger: log λEdd = -0.71 log Fvar - 1.50 (ρ =
-0.31; p-value = 2.74E-12), almost identical to the original version as shown
in Eq. 1.

– removing host-dominated sources: Given the wide range of redshift consid-
ered in the sample selection (z ≤ 3), we decided to also check the variety
in our sample with respect to the contamination induced by the presence
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of a strong host component. This is especially an issue for the low-z sample
(z ≤ 1), where the fitting routine in the spectral decomposition code PyQ-
SOFit (Guo et al., 2018) - the mainstay pipeline used to derive the SDSS
DR16 QSO catalog chooses whether to fit a host-galaxy component to the
spectrum or not, based on a minimum number of host-galaxy pixels identi-
fied by the routine. If this criterion is not met, no host galaxy component
is fit. Another way to look at this issue is that if the AGN dominates the
spectrum, the resulting fit will have a negligible host-galaxy contribution. At
the moment of writing, we do not have a straightforward way to filter such
sources out without this information. On the other hand, for the sources with
z > 1, no host galaxy template is incorporated (the host galaxy template fits
within the rest-frame SDSS range, i.e., 3450-8000 Å). Therefore, we only rely
on the Malmquist bias for this latter case. Nonetheless, we made a simple
test to account for the host contribution. The QSO catalog does provide us
with the fractional host contribution at 5100Å (fhost,5100). We plotted the
distribution for fhost,5100 and noted a clear dichotomy at 0.4 (see Figure 2
left panel). After filtering out the sources’ significant host contribution (>
40%), resulting in recovery of 86% of the sample (792/920), we still recover
a familiar version of the correlation between λEdd and Fvar.
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Figure 2. (Left:) Host fraction (estimated at 5100 Å) as a function of redshift for our

sample. The hexagons highlight the number density of sources with a darker shade of

blue corresponding to higher density. (Right:) The best-fit correlation after filtering

out the sources with significant host contribution (>40%): log λEdd = -0.52 log Fvar -

1.26 (ρ = -0.27; p-value = 7.1E-15).

– combining the above two cases: taking the two above cases together and
making the cut, we recover a correlation similar to the original one (with
44% of the sample): log λEdd = -0.62 log Fvar - 1.37 (ρ = -0.3; p-value =
9.78E-10).
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– quality cut on the relative error in Fvar: Next we capitalize on the relative
error in the Fvar itself. The errFvar/Fvar in the g-band has a distribution
with a median around 57%. Thus, we tried a simple cut to limit to the
sources with less than 50% in relative error in Fvar. This led to a substantial
reduction in the remaining sources (∼39%; 357/920). Applying this cut only,
we get a stronger correlation than its original form: log λEdd = -0.83 log Fvar

- 1.54 (ρ = -0.32; p-value = 5.78E-10).

– dependence on the MBH bins: To check the co-dependence of MBH on the
derived correlation, we made a test by binning the sources within 4 equal
bins of MBH. The MBH distribution for the cleaned sample of 920 sources
ranges from 106.81 to 1010.32 M⊙, with a mean ∼108.99 M⊙ (σ = 0.55 dex;
median mass = ∼109.09 M⊙). We thus constructed 4 bins, each of 1 dex
width, i.e., between 6.5 - 7.5, 7.5 - 8.5, 8.5 - 9.5, and 9.5 - 10.5. These bins
have 14, 148, 607, and 151 sources, respectively. The correlation for each
MBH bin is found as follows:

– bin-1: log λEdd = -0.79 log Fvar - 1.53 (ρ = -0.1; p-value = 0.725)

– bin-2: log λEdd = -1.03 log Fvar - 1.71 (ρ = -0.47; p-value = 2.32E-09)

– bin-3: log λEdd = -0.58 log Fvar - 1.33 (ρ = -0.25; p-value = 7.97E-10)

– bin-4: log λEdd = -0.65 log Fvar - 1.54 (ρ = -0.38; p-value = 1.62E-06)

Given that most of the sources (66%) are in bin-3, the resemblance of the
correlation for this bin relative to the cleaned sample is expected. We note
also the shifting range in the redshift range as we move along the MBH bins,
which is connected to the Malmquist bias (wherein we tend to observe the
brighter targets as we transcend in redshift). Another reason is the sensitiv-
ity of our spectrograph detectors, which marks a limiting magnitude below
which the detection of targets is seldom. Given the direct proportionality be-
tween the MBH and luminosity, the faintness of the target could lead to the
estimation of a lower MBH for these sources. We, however, miss these sources
as we go along the redshift. We, therefore, need better facilities (e.g., DESI;
Pucha et al. 2025) to probe this low-luminosity regime, esp. in the higher z
regime, to have a better handle on completeness of the sample.

However, interestingly, the correlation for bin-2 (7.5 - 8.5) is found to be
the strongest among all (ρ = -0.47 with a slope suggesting an almost 1-
to-1 inverse relation between Fvar and λEdd). The top panel of Figure 3
shows the consolidated version of each bin’s performance. This reveals an
interesting conclusion: the dispersion between the individual best-fits varies
between ∼ 0.5 dex (for the smallest values of log Fvar) to ∼ 0.25 dex (for the
largest values of log Fvar). These values are consistent with the dispersion
in the MBH scaling relations often adopted (e.g., the M-σ⋆ relation with a
dispersion ∼0.44 dex, Prieto et al. 2022; and similarly for RM-derived MBH,
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Figure 3. Correlations similar to as shown in Figure 1, but with the data binned in

four separate bins of MBH (in log-scale, in M⊙ units): between 6.5 - 7.5 (blue), 7.5 - 8.5

(green), 8.5 - 9.5 (orange), and 9.5 - 10.5 (grey). The sources are colored as per their

respective MBH bins, while the gradient in color represents the corresponding range in

redshift as depicted in the lower sub-panels. The best-fit per MBH bin is shown in the

top panel. Each of the lower sub-panels shows the individual best-fit to the binned data

per MBH bin. The color-axis in each of these sub-panels is the redshift corresponding

to the respective bin. Note the shifting range in the redshift range as we move along

the MBH bins.
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i.e., between 0.4 - 0.51 dex, Du & Wang 2019). Also, it is interesting to see
that, apart from the MBH bin containing the largest BH massed sources, the
rest of the three relations coincide around log Fvar ∼ -0.9 and log λEdd ∼

-0.75. This could suggest that the correlation briefly becomes independent
of the MBH variations within this region.

Overall, these experiments only reinforce the almost universality of the re-
lation found between the fractional variability (Fvar) and the Eddington ratio
(λEdd). The derived universal Fvar–λEdd relation, therefore, enables predictions
of quasar variability from accretion parameters and vice versa, offering a pow-
erful tool for upcoming high-cadence surveys.

3. Changing-look and how?

The last decade has seen a surge in the detections of changing-look AGNs
(CLAGNs) - these sources have marked increases in their variability features
compared to their counterparts, which we discussed in the previous section;
thanks to massive, multiplex spectroscopic surveys such as SDSS and DESI, to
name a few. Combination of intensive photometric monitoring, e.g., Catalina
Real-Time Transient Survey (CRTS, Drake et al., 2009) and Zwicky Transient
Facility (ZTF, Bellm et al., 2019; Graham et al., 2019) and multi-epoch spec-
troscopy have revealed ≥ 500 known CLAGNs to date (Temple et al., 2023;
Wang et al., 2024; Zeltyn et al., 2024; Guo et al., 2025b). Many of these detec-
tions were serendipitous to start with, but as we prepare for Rubin LSST to
start its operations, the community has become more aware of selection criteria
to look for CLAGNs in massive datasets, and even forecast the changing-state
of these AGNs (Graham et al., 2020; Sánchez-Sáez et al., 2021; Ricci & Trakht-
enbrot, 2023). With the aid of beyond-meter class facilities, e.g., Gemini/ESO-
VLT/DESI, we now peer deep into the redshift space to reveal CLAGN can-
didates close to the cosmic noon (Ross et al., 2020; Guo et al., 2025a). Under-
standing the nature of this special class of AGNs in contrast to the general
variable nature of AGNs is vital to our understanding and perhaps aids in re-
vealing new classes of CLAGNs, e.g., the extreme variability quasars (EVQs,
Ren et al., 2022).

In this direction, we (Panda & Śniegowska, 2024) made a significant stride to
reveal where the population of the CLAGNs is mostly discovered through a sys-
tematic analysis of known SDSS CLAGNs. In the next sub-section, we describe
our methodology and the key findings that connect again the key parameter -
Eddington ratio (see left panel in Figure 4).
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3.1. Eddington ratio distribution as a proxy to catch Changing-Look
AGNs

The paper by Panda & Śniegowska (2024) presents a homogeneous spectro-
scopic analysis of 93 CLAGNs compiled from the SDSS, BOSS, and eBOSS
archives. Multi-epoch spectra are processed with the PyQSOFit pipeline (Guo
et al., 2018), delivering epoch-resolved measurements of the AGN continuum,
broad-line parameters, black-hole mass (MBH), and Eddington ratio (λEdd). The
sample was assembled by cross-matching existing CLAGN catalogs and retriev-
ing all available SDSS spectra, ensuring at least two epochs with detectable
broad Hβ emission profiles. Spectral decomposition follows the standard PyQ-
SOFit methodology, incorporating a power-law continuum, Fe ii emission tem-
plates, and host-galaxy eigenspectra when required. Each epoch is placed on
the optical Eigenvector 1 (EV1) plane, i.e, the optical plane between the broad
FWHM(Hβ) versus the strength of the optical Fe ii emission, i.e., the parameter
RFe. This is the canonical quasar main-sequence diagram (Boroson & Green,
1992; Sulentic et al., 2000; Marziani et al., 2001, 2018; Panda et al., 2019b;
Panda, 2024). The majority of CL-AGNs evolve within Population-B (FWHM
Hβ > 4000 km/s), with only a few exhibiting inter-population transitions (A
⇀↽ B). Turn-on events are accompanied by systematic shifts toward lower MBH

and, therefore, higher λEdd, supporting accretion-rate modulation as the pri-
mary driver of the phenomenon. We then classified the sources as “Turn-On”,
“Turn-Off” or mixed “On-Off” cycles; and found that the distribution is dom-
inated by simple monotonic transitions, echoing earlier reports that turn-off
events are more frequently observed (Shen & Burke, 2021). Balmer-decrement
(Hα/Hβ) variability is examined for 32 objects with at least 3 epochs. The ratios
display diverse temporal behavior, often deviating from the case-B value (∼3.1,
Osterbrock & Ferland 2006), implying a complex interplay among dust extinc-
tion, BLR density, and ionizing-continuum changes. The resulting database fur-
nishes a comprehensive resource for probing the physical mechanisms behind
AGN spectral variability. The systematic migration of CLAGNs on the EV1
and MBH - λEdd planes bolsters models in which rapid accretion-rate fluctua-
tions dominate the changing-look phenomenon (Noda & Done, 2018; Sniegowska
et al., 2020), while heterogeneous Balmer-decrement trends suggest additional
BLR structural evolution.

The main finding from this study was the realization of the Eddington ratio
distribution of these CLAGNs. We specifically consider the spectral epochs as
widely separated in time and with the most variation in the continuum and emis-
sion line characteristics to reveal that the CLAGNs dominate the low-accretion
regime (λEdd ∼ 0.01), dominated by sources in the Population B (FWHM Hβ ≥

4000 km s−1), in contrast to the high accretors that dominate the Population A
parameter space (Du et al., 2018; Panda et al., 2019b; Śniegowska et al., 2021;
Garnica et al., 2022).
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Figure 4. (Left:) Distribution of Eddington ratios in the sample from Panda &

Śniegowska (2024). We show the distributions for the earliest (in brown) and the latest

(in purple) epochs for the sources in our sample. The median values for the two distri-

butions (red = -1.99, blue = -1.685) are marked with vertical dashed lines. The magenta

box marks the range of the Eddington ratio for NGC 5548, i.e., log λEdd = [-2.2, -1].

(Right:) The distribution of the emission line EW versus the AGN continuum lumi-

nosity. Here, we demonstrate the trend for two sources: SDSS J141324.27+530527.0

(Wang et al., 2018) with 72 spectral epochs over ∼15 years (5527 days), and NGC 5548

(Bon et al., 2018; Panda et al., 2022, 2023) with more than 750 spectral epochs over

∼25 years (9624 days). For the former source (SDSS J141324.27+530527.0), we have

taken the spectral data from the homogeneous fitting in Panda & Śniegowska (2024),

which includes the Mgii, Hβ, and Hα emission lines and the corresponding AGN con-

tinua nearest to these lines (at 3000Å, 5100Å, and 6000Å), as shown in the panel. For

NGC 5548, we show the dataset from Panda et al. (in prep.), which is an updated

version of the dataset provided in Bon et al. (2018), where the authors analyzed the

Hβ region. The SDSS source shows a clear rise from a deep minimum to a high state in

both Balmer lines. However, the Mgii shows a rather flat behavior - reminiscent of the

Baldwin effect, suggesting the difference in ionization and response to the changing

continuum levels. NGC 5548 data has a wealth of data, but the change in the source

is rather gradual, and hence, a clear spike in the trend is not that prominent.

3.2. Population studies vs. tracking the changes in an individual source

Going back to the BLR structural evolution, it would be great if we could cap-
italize on single-object studies over longer temporal baselines to reveal and dis-
tinguish between short, intermediate, and long-term variations in these AGNs.
We are fortunate to have such rich datasets focused on single AGN spectropho-
tometric monitoring, notably of the prototypical Population B source - NGC
5548. Taking advantage of ≥ 30 years of data compiled from ∼ 17 individual
observing campaigns - including the AGN Watch and AGN STORM projects
(Peterson et al., 2002; Shapovalova et al., 2004; De Rosa et al., 2015; Fausnaugh



Oh thy mighty black holes! 169

et al., 2016; Pei et al., 2017), we (Panda et al., 2022, 2023) re-discovered the
saturation of the Hβ emission with growing AGN continuum luminosity, also
known as the Pronik-Chuvaev effect (Pronik & Chuvaev, 1972). NGC 5548 has
telltale signatures of being a CLAGN, and this anomalous behavior of the Hβ

with changing continuum luminosity (Gaskell et al., 2021) has opened new av-
enues for us to improve our spectral models to not only reveal the inner working
of the AGN, but to use this source as a laboratory to better understand the
CLAGN behavior. For instance, in the right panel of Figure 4, we demonstrate
the trend between the EW(Hβ) with increasing AGN luminosity, the well-known
Baldwin effect (Wandel, 1999; Mart́ınez-Aldama et al., 2021) - however, we see
a flattened behavior at the extreme high end of the luminosity. This is the
Pronik-Chuvaev effect. We try to check whether the CLAGNs that were stud-
ied in Panda & Śniegowska (2024) show a similar behavior to NGC 5548. To
this end, we consider our best case - SDSS J141324.27+530527.0 (Wang et al.,
2018), an object with 72 spectral epochs spanning over ∼15 years (5527 days).
Another interesting thing with the latter source is the availability of EW in-
formation for Mg ii, and Hα, in addition to Hβ for all epochs. We overlay
the EW for these three emission lines in the same figure as NGC 5548. To be
consistent, we utilize the continuum closest to each line. For Mg ii this con-
tinuum was extracted at 3000Åwhile for Hβ and Hα, we use the continua at
5100Å and 6000Å respectively. We see a clear flattening behavior in Hβ in the
SDSS source at higher luminosities; however, we note a rise-and-fall effect in the
Balmer lines - Hα rises first, followed by Hβ. Whereas, the Mg ii doesn’t show
any such prominent change along the luminosity trend. Not so surprisingly, the
SDSS source, during its 72 epochs, modulated in Eddington ratio between (in
log-scale) -0.75 to -2.5. This range is not so different from NGC 5548, which
has been observed to vary in Eddington ratio between (in log-scale) -1 to -2.2.
Is this a coincidence, or are we onto something? This definitely needs further
investigation.

Looking into the future, we are now well-poised to utilize these findings to
pre-select changing-look (and changing-state) candidates in large datasets and
up-and-coming high-fidelity surveys, in conjunction with variability statistics,
color-color diagrams, and marked flux variations (Shen & Burke, 2021; Ricci &
Trakhtenbrot, 2023).

4. Resolving and revealing: highlights from SOAR/SIFS

Continuing our venture in the low-accretion regime, AGN spectral energy distri-
butions (SEDs) provide a powerful diagnostic to probe the dominant ionization
mechanism, test against high-quality observations, and assess the true accre-
tion state of the AGN. In this context, we present a salient case that combines
state-of-the-art photoionization modeling with one of the first high-angular-
resolution integral field unit (IFU) observations obtained with the 4m SOAR
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telescope. This study, focused on the nearby Seyfert 2 galaxy ESO 138-G001,
directly contests earlier interpretations based on HST imaging (see Figure 5).
We confirm that the observed spectra are unequivocally AGN-dominated and
further demonstrate that peripheral emission structures arise from filtered ra-
diation originating from the nucleus. Using a quantitative, iterative technique,
we successfully generated synthetic spectra in remarkable agreement with both
nuclear and off-nuclear observations, reinforcing the AGN-driven photoioniza-
tion of this low-accreting Type-2 AGN extending beyond a few hundred parsecs
from the nucleus.

Figure 5. (Left:)[O iii]λ5007 emission image of ESO 138-G001 from the HST/WFPC2

(Ferruit et al., 2000) with a small inset showing the details of the central part, where

the nucleus is marked with a plus sign; (Right:) [O iii]λ5007 emission image from

SIFS after data treatment involving spatial re-sampling with quadratic interpolation

followed by the Richardson-Lucy PSF deconvolution (see Rodŕıguez-Ardila et al., 2024,

for more details). The green circles – with an aperture radius of 0.6 arcsec – denote

the extraction regions of the spectra for the North-East (NE) knot (top left), the

South-East (SE) blob (bottom left), and the nuclear region. The red circle denotes the

PSF FWHM of 0.71 arcsec.

In Rodŕıguez-Ardila et al. (2024), we investigated the inner ∼600 pc of ESO
138-G001 using the SOAR Integral Field Spectrograph5 (SIFS; Lepine et al.
(2003)). ESO 138-G001 is the nearest known Coronal Line Forest (CLiF) AGN

5The SIFS IFU employs a lenslet–fiber array with 1300 elements, yielding 1300 simultaneous
spectra across a 15 × 7.8 arcsec2 field of view at a spatial sampling of 0.30 arcsec per fiber.
The data span 4200–7000 Å with R ∼ 4200.
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Figure 6. (Top left:) Incident SEDs generated for our photoionization modeling. The

incident continua for the two black hole mass cases are shown in dot–dashed. These are

used for the modeling of the nuclear region. The corresponding transmitted continua

from these models are shown in dotted lines. These latter distributions are used as

incident continua for the SE blob. These SEDs have been made assuming a non-spin-

ning black hole. The IPs for notable coronal lines along with the hydrogen ionization

front at 13.6 eV are marked with vertical lines; (Top right:) Synthetic spectrum (blue)

comparison with observed spectrum (in grey), for the nuclear region, generated for

the SED corresponding to the MBH = 105.5 M⊙, and ionization parameter, log U =

-1. (Bottom:) Heatmap for the same BH mass case, MBH = 105.5 M⊙, for the den-

sity law slope, α = -1, for the nuclear region. Each of the considered emission lines

is normalized to the Hβ emission line. The x-axis represents the range of ionization

parameters considered in our models in each panel. The cases of ionization parameters

for each line ratio that have the smallest residuals (modeled ratio–observed ratio) are

highlighted with red boxes. Courtesy: Rodŕıguez-Ardila et al. (2024).
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(Rose et al., 2015), characterized by unusually strong high-ionization lines (IP
≥ 100 eV) compared to typical AGN. This makes it an ideal laboratory to in-
vestigate the physics of coronal line emission. Earlier long-slit optical and near-
infrared studies by Cerqueira-Campos et al. (2021) revealed a hidden broad-line
region and a rich set of coronal lines, extending up to [Fe xiii] (IP = 330.8 eV)
in the NIR.

From multiple, strong, narrow emission lines, we obtained z = 0.00914, cor-
responding to a physical scale of ∼146 pc arcsec−1. ESO 138-G001 is notable for
its compact and intense coronal line emission, as well as a bright high-excitation
blob ∼3 arcsec southeast of the nucleus. The spatial resolution of SIFS enabled
us to show that the coronal line forest emission is confined to a ∼0.8 arcsec
region centered on the nucleus and is powered by the AGN continuum. Radia-
tive transfer modeling further established that the AGN spectrum is filtered by
circumnuclear gas within a few tens of parsecs, such that the ionization cone
and the SE blob are illuminated by a modified SED dominated by low- to mid-
ionization lines, with no evidence for coronal lines (Figure 6).

Photoionization modeling with cloudy (Ferland et al., 2017) reproduced the
observed coronal line spectrum and implied a black hole mass of ∼3.2 × 105

M⊙, consistent with the value obtained from prior X-ray variability estimates
from XMM-Newton (Hernández-Garćıa et al., 2015). The inferred accretion rate
is ∼1% of the Eddington limit. Our models recovered nearly all observed per-
mitted and forbidden transitions, providing strong validation of the approach.

The incident SEDs were generated using the AGNSED three-component
framework (disk, warm corona, hot corona; Kubota & Done 2018), which has
proven effective for modeling coronal line emission across a wide range of AGN
properties (Prieto et al., 2022). Applying this framework to ESO 138-G001, we
leveraged its known redshift, black hole mass, and Eddington ratio to construct
ionizing continua tailored to the source. While archival studies suggested dis-
crepant mass estimates (log MBH = 5.5 vs. 7.64; in units of M⊙), our iterative
spectral synthesis confirmed the lower value, consistent with the X-ray results,
and an accretion rate of λEdd ≈ 0.01.

Kinematic analysis revealed broad Gaussian components in the brightest nu-
clear lines (e.g., [O iii], Hα, [Fe vii]) with FWHM ∼450–600 km s−1, indicative
of a nuclear outflow confined within the central arcsecond. Electron densities
span 103−4 cm−3, reaching ∼5.7 × 103 cm−3 at the nucleus, while [O iii] ratios
imply Te ∼ 2.1 × 104 K. The SE blob, at ∼2.6 arcsec from the nucleus, dis-
plays only low- to mid-ionization lines and no coronal emission, consistent with
photoionization by a filtered AGN continuum. The NE knot, in contrast, shows
disturbed kinematics suggestive of interaction with a radio jet.
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Taken together, these results establish ESO 138-G001 as a prototype CLiF
AGN hosting a highly compact coronal line region, a modest nuclear outflow,
and an ionization-cone geometry in which the SE blob and NE knot delineate
the cone edges. The detailed interplay of coronal line emission, filtered radiation,
and outflow/jet dynamics provides one of the clearest demonstrations to date
of how AGN SEDs govern line emission in the low-accretion regime.

5. A faster, efficient way to derive masses of supermassive
black holes

Let us shift gears and look into the other end of the redshift/luminosity - the high
redshift, high luminosity end, which fittingly brings us to the high-Eddington
sources with a relatively small increase in the black hole masses. Reverberation
mapping (RM) at high redshift is notoriously time-intensive, often requiring
monitoring campaigns that span decades. Landmark studies such as Lira et al.
(2018) and Kaspi et al. (2021) demonstrated this challenge, as luminous quasars
at z ∼ 2–3, while ideal for RM due to their high accretion rates and massive
black holes, demand prohibitively long temporal baselines. Even with decade-
long surveys like LSST, obtaining reliable BLR lags for these sources remains a
formidable task.

To address this, we utilized the photometric reverberation mapping (PRM)
technique as a rapid, cost-effective alternative to spectroscopic RM for mea-
suring accretion-disk (AD) sizes in high-redshift quasars via the C iv emission
line (Panda et al., 2024b). Using carefully chosen medium-band filters that iso-
late line-free continuum regions (with ≤2% BLR contamination), a high-cadence
monitoring campaign at the meter-class telescopes recovered rest-frame AD time
delays with 10–15% precision. This method proved ∼166 times faster than tra-
ditional BLR-based RM (Figure 7).

Simulations based on thin-disk reprocessing (τ ∝ λ4/3) coupled with high
signal-to-noise ratios (∼100) observations, demonstrate that modest-aperture fa-
cilities can deliver robust PRM results. The analysis yielded a radius–luminosity
(RAD–L1350) relation with β ≈ 0.5, consistent with photoionization theory. By
calibrating a scaling relation between AD and BLR sizes, black-hole masses can
be estimated with ∼23% uncertainty - an efficient alternative where direct BLR
reverberation is impractical.

Building on this, Pozo Nuñez et al. (2025) demonstrated the technique dur-
ing a six-month campaign of QSO J0455–4216 (z = 2.662), mapping an accretion
disk beyond the cosmic noon for the first time. The recovered delay spectrum
followed the expectations of a Shakura–Sunyaev thin disk (Shakura & Sunyaev,
1973) irradiated in a lamp-post geometry, yielding a mean emissivity radius of
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Figure 7. Recovered RBLR–RAD relation; Courtesy: Panda et al. (2024b). The solid

black line represents the mean of the posterior probability distributions, while the

shaded region denotes the corresponding 1σ confidence interval. The best-fit slope

(α), intercept (β), and intrinsic scatter (σ) are reported together with their 1σ uncer-

tainties. The dashed lines indicate the mean model predictions at the upper and lower

bounds when the intrinsic scatter is incorporated. The positions of the two studied

sources, CT286 and CT406, which belong to the class of high-accreting sources, are

marked by the blue and red circles, respectively.

4.75+1.12
−1.05 light-days in the observer’s frame (1.29 light-days rest frame) and im-

plying a black hole mass of ∼9 ×108 M⊙.

In summary, traditional C iv-based BLR lags at z ∼ 2–3 required nearly two
decades of monitoring and revealed BLR sizes corresponding to ∼16-year lags.
In contrast, PRM can constrain AD sizes with only 4–5 months of dense moni-
toring, scale these to BLR sizes, and, with the aid of single-epoch spectroscopy
and the virial relation, estimate black hole masses and Eddington ratios. This
approach transforms the feasibility of high-redshift RM: small ground-based
telescopes equipped with medium- and narrow-band filters can now probe ac-
cretion disks and black hole growth for hundreds to thousands of quasars across
cosmic time, opening a rewarding avenue for future studies.
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6. Why we should care about accretion-dependent SEDs
and closing remarks

BHAR is straightforward to estimate; however, it depends crucially on the de-
termination of the net bolometric output, or bolometric luminosity (Lbol). The
estimation of the Lbol is not trivial and requires estimating the area under the
broad-band spectral energy distribution (SED), although a crude estimate can
be derived assuming a constant scaling (Richards et al., 2006) or a parametric
‘bolometric correction’ (Netzer, 2019) based on mean SEDs derived from com-
posite AGN spectra. However, the overabundance of overly massive black holes
at high-z (Mezcua et al., 2024; Habouzit, 2025) and them suggested to accrete
at super-Eddington limits (Panda & Marziani, 2023; Marziani et al., 2025) is
closely tied to our reliance on scaling relations and mean SEDs built from local
samples, the latter being limited and originally made from the general popu-
lation of quasars. Therefore, not only do we need accretion-dependent SEDs,
but to infer bulk statistical properties of these highly-accreting AGNs and their
neighborhood, we are in dire need to update our AGN SED databases, espe-
cially at higher redshifts - as we push forth to spatially resolve BLR in quasars
at z=4 (GRAVITY+ Collaboration et al., 2025).

To this end, Garnica et al. (2025) presented semi-empirical spectral energy
distributions (SEDs) tailored to extreme, high-accretion (xA) quasars. By in-
tegrating extensive optical survey data with multi-frequency archival data, we
constructed median SEDs that capitalize on the pronounced spectral homogene-
ity observed among super-Eddington candidates (Panda & Marziani, 2023). The
SED construction is performed in three spectral regimes - radio to NIR, optical-
UV dominated by the accretion-disk, and in X-ray - each normalized at 5100Å
to facilitate direct comparison with conventional templates. A systematic jux-
taposition with the canonical Mathews & Ferland (MF87) SED underscores
substantive divergences, particularly in the high-energy domain (see Figure 8).
To evaluate the ramifications for broad-line region (BLR) diagnostics and how
these SEDs affect the emitting regions, we employed cloudy photoionization
simulations, demonstrating that the newly derived SED reproduces the extreme
BLR conditions characteristic of xA quasars: markedly low ionization parame-
ters, elevated gas densities, and supersolar metallicities. These physical condi-
tions naturally account for the observed suppression of C iv relative to Hβ and
the pronounced Fe ii emission. In summary, the work delivers a data-driven,
semi-empirical xA SED that diverges from traditional quasar templates and
validates its influence on BLR physical-parameter determinations.

We provide cloudy-ready template median SED (q2) for the RQ extreme
population A (drawn from the systematic analysis of 139 RFe-rich sources), along
with the first and third quartiles (q1 and q3) for the community. (Garnica et al.,
2025) suggests that for these xA SEDs characterized by high-to-super accretion
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Figure 8. Spectral Energy Distributions (SEDs) from Garnica et al. (2025) for high-

-Eddington accreting (xA) quasars. The median SED (q2) and the inter-quartile range

defined by the lower (q1) and higher (q3) SEDs are also highlighted. For reference, the

often used AGN SED from Mathews & Ferland (1987) is also shown, demonstrating

the variations in the broad-band SED shape relative to the Fe ii strength-based SEDs.

mode, the bolometric output is more pronounced relative to the mean quasar
SED from Richards et al. (2006), between 1.2 - 1.7 times higher6.

In summary, we see that the Eddington ratio has come to our rescue in more
than one way, and with the growing interest over the last decades and coming
years promising more advancements and challenges, we are well-poised for many
more interesting AGN-related discoveries.
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Abstract. The Vera C. Rubin Observatory, through its Legacy Survey of Space
and Time, will soon start producing 10 million alerts on transient astronomical
objects per night. Due to logistics and bandwidth, alerts will not be dispatched
directly to the public but to ’brokers’ i.e. tools selected by LSST to handle alert
streams. Brokers offer both common, specific and micro-specific functionalities
related to alert handling, analysis, representation and dissemination. In this
ecosystem, potentially augmented by data streams from other astronomical
sources, there is a - need demonstrated by the community - for use cases which
combine features of individual brokers. In this paper we present initial efforts
and a prototype of such a tool, along with a language that would allow users
to define use cases / workflows in a manner tailored for the domain.

Key words: astronomical transients – large astronomical surveys – Vera C.
Rubin Observatory – real time event processing – domain-specific languages –
natural language processing

1. Introduction

As a new era of astronomical data science is about to kick off with Vera C.
Rubin Observatory’s Legacy Survey of Space and Time (Rubin/LSST) Ivezić
et al. (2019) production phase, the ecosystem of tools and infrastructure deal-
ing with transient astronomical events looks fit and (almost) ready for the data
burst. It is commonly known that the LSST Alert Production pipeline (Bosch
et al., 2018) will capture and process images, perform difference-image analysis
and distribute alerts of every astronomical source with a signal-to-noise ratio
(SNR) ratio> 5 in positive or negative flux (Graham et al., 2019a). Due to band-
width and other considerations, alerts will not be directly available to the public
but through ’brokers’ - tools developed by different scientific teams worldwide,
specifically made for and approved by LSST. At least six brokers (AleRCE, AM-
PEL, ANTARES, Fink, Lasair, Pitt-Google) will be able to ingest LSST alert

https://orcid.org/0000-0002-0525-1197
https://orcid.org/0000-0001-7938-5748
https://orcid.org/0000-0003-3635-4671


Alertissimo - a tool for orchestration of LSST broker streams 187

stream in near-real time, analyze, classify, offer UI tools, programming APIs
and more. Some of the main features of brokers overlap but they differ signifi-
cantly in how they expose these features, with even greater divergence in their
underlying implementations and backend technologies. (Vujčić et al., 2025).

2. Alertissimo

We introduce Alertissimo (2025) - a tool for orchestration of broker streams
and potentially for a wider scope of astro-science use cases. It can be seen
as a novel topic but also an extension of the work done and analyzed by the
Serbian group related to astronomical stream processing and virtual observatory
(Vujčić & Jevremović, 2020; Jevremović et al., 2020). This tool is conceived on
two premises:
a) that there is a need for building workflows out of multiple LSST broker data
streams (and potentially external sources as well);
b) that there is a need for a tool that would allow expressing such workflows in
a powerful yet approachable manner.
We can roughly name these two premises as ’Broker Orchestration’ and ’DSL
for Transients’. We also present Alertissimo’s overall architecture.

2.1. Broker orchestration

As stated above, at least 6 LSST brokers are in a mature development phase,
and some of them - like Lasair, ALeRCE, ANTARES and Fink - have worked
in production with Zwicky Transient Facility (ZTF) data (Graham et al. 2019b,
data volume order of magnitude lower than LSST). Apart from technological
choices, implementation differences and performance, brokers also vary in fea-
tures (and microfeatures), and in the ways they are exposed through their UIs
and APIs. There are ongoing discussions in the Transients and Variable Stars
scientific collaboration (LSST-TVS) on use cases that combine features of var-
ious brokers (see the Appendix A for a use case featuring supermassive binary
black hole (SMBBH) detection). There may also be availability and responsive-
ness considerations, in a technical sense.

Brokers offer external access to their features through APIs, most through
REST1 and Python, some through a Python interface only. Here we have a
similar but non-standardized set of their exposed methods, not only related to
major feature differences but also to naming conventions and microfeatures (e.g
- how do they retrieve single vs multiple objects? can they handle SQL? how
does output look like and can you control granulation? etc). API access control
is implemented differently across brokers, typically requiring users to supply

1Representational State Transfer, an architectural style for web services which defines GET
and POST methods for data retrieval
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credentials - such as tokens or username/password combinations - with varying
permission models and granularity.

It is a relatively easy task to write a program or a script that would pick
specific methods from various brokers and perform a single use case. Alertissimo
should act here as a generator of scientific scenarios - take any number of fea-
tures from any broker (or other available source) and orchestrate them with one
another. The primary function of Alertissimo here is one of a science-enabler,
where all decisions are in control of the user2.

Alertissimo is designed with an input-agnostic core, where user-specified
workflows are first translated into intermediate representations (IR) with a well-
defined structure built using Pydantic3 models. These IR models are the product
of a conceptual analysis of broker features; their design is generalized, while their
implementation is specialized through a polymorphic class structure.

2.2. DSL for transients

The challenge of translating high-level user specifications into executable work-
flows is often addressed through Domain-Specific Languages (DSLs) and work-
flow systems (Gil et al., 2010). There are three main directions for Alertissimo
UI development, one of them being the backbone of the others - the DSL for
Transients. The two others, Natural Language Processing (NLP) Chowdhary
(2020) and visual workflow builder are planned to be built once a mature
DSL foundation is established. DSLs (Mernik et al., 2005) are programming
languages designed for a very specific purpose and are usually of declarative
nature4. Alertissimo’s DSL for Transients acts as the semantic and syntac-
tic backbone linking user intent with system capabilities. It exposes a struc-
tured, declarative representation of broker operations, allowing every workflow
to be expressed in a consistent formalism. This provides that all interactions,
no matter how informal their starting point was, ultimately resolve into a
precise and testable specification. The demo version of Alertissimo featuring
DSL for Transients is currently available through a github branch (https:
//github.com/sambolino/alertissimo/tree/feature/dsl). Example of
DSL for Transients is found in the Appendix A.

The natural language interface in Alertissimo will enable users to describe
their scientific intentions in plain terms, while maintaining expressive power.

2However, the idea persists that Alertissimo could also act in a ’light’ AI-based counseling
manner too, based on the knowledge of previous user experiences/success rates. This kind of
development could take place in later phases.
3Pydantic is a Python library designed for data validation, parsing, and serialization which
provides a structured way to define data schemas and ensures that incoming data conform to
the specified types and constraints.
4Declarative programming languages are stating ’what’ should be done in contrast with im-
perative languages which are describing ’how’ it should be done. All general programming
languages are imperative while more narrowly specified languages, such as SQL, rule-based
languages, HTML etc are declarative.

https://github.com/sambolino/alertissimo/tree/feature/dsl
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Figure 1. End to end flow diagram of Alertissimo modules illustrating the pipeline

from DSL input through orchestration to broker execution. For detailed description

see Subsection 2.3
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The aim is to test both a pure NLP prompt, where users would describe use-
cases in written English, and a chat-bot style AI dialogue which could act as an
assistant providing refinement and disambiguation, even for users initially unfa-
miliar with broker architectures. Both the natural language and visual interfaces
of Alertissimo will be developed on top of a formally defined DSL grammar. As
DSL defines the valid constructs, relationships, and parameter types for work-
flows involving broker orchestration, it also ensures that any interface - textual,
conversational, or visual - ultimately produces valid, executable specifications.
This formal grammar serves as the common translation layer: natural language
inputs are parsed and normalized into DSL expressions, and also the visual in-
terface directly maps user manipulations of blocks and links into equivalent DSL
statements.

From a broader perspective, this layered UI approach reflects a contin-
uum between accessibility and expressiveness. At one end, the conversational
interface empowers domain scientists to describe ideas without syntactic con-
straints; at the other, the DSL offers power users fine-grained control and ver-
sionable scripts suitable for integration into research pipelines. The visual in-
terface bridges these modes, exposing the structure of the DSL while remaining
approachable.

2.3. Architecture overview

The overall architecture of Alertissimo is depicted in Figure 1, with data flow
and key components as follows:

1. Input Layer: Users can define their use-cases via multiple interfaces (DSL,
NLP/chatbot (planned), Visual blocks - Yahoo Pipes (Pruett, 2007) style
(planned)), with the DSL being the currently implemented method.

2. Parsing and Validation: User input is reduced to DSL formalism to the ap-
propriate parser (DSL Parser, etc.). Validation is performed both in terms
of grammar and broker capabilities.

3. Capabilities: Broker capabilities are defined within yaml5 files

4. IR Generation: Valid DSL is being translated into IR models, still being
execution-agnostic.

5. Orchestration and Execution: The validated IR is processed by the Orches-
trator. This component manages the workflow by making polymorphic calls
to the Execution Layer, which consists of an Abstract Broker interface. This
design allows the system to specialize the implementation for different targets

5YAML is a human-readable data serialization language primarily used for configuration files
and data storage
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while maintaining a generic core. For the sake of performance/execution con-
trol, The orchestrator can also trigger a workflow coordination framework,
such as an Airflow DAG (planned).

6. Response Handling and Output: Responses from brokers are collected and
processed by and the system executes one or more output actions, such as
to Notify a user, Store the data, Display it, Trigger a downstream process,
or Publish the results.

3. Conclusion

Alertissimo is a new tool for building scientific workflows out of streams of alerts
generated by Rubin/LSST. The alerts are not disseminated directly to the pub-
lic, but through tools called ’brokers’ - projects developed for ingestion and
analysis of LSST transient alerts. Alertissimo covers all of the brokers’ concepts
and features and offers an integrated interface for orchestrating multiple brokers
within a single workflow. On top of Alertissimo lies a domain-specific language
devised to easily yet expressively represent scientific use cases. NLP/LLM/chat-
bot and visual workflows are planned as extensions that dependably translate
and validate to the canonical DSL.

Together, these interaction paradigms establish a scalable human–machine
interface strategy, ensuring that Alertissimo remains adaptable as new brokers,
data modalities, and analysis paradigms emerge in astronomy and astrophysics.
Our prototype demonstrates how broker interoperability and workflow defini-
tion can empower the astronomy and astrophysics community in the era of
Rubin/LSST.
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A. DSL for Transients - example code

Here is a sample code of DSL for Transients for supermassive binary black hole
(SMBBH) detection, based on the use case presented on the online meeting of the
LSST-TVS collaboration. The use case was proposed by prof dr Andjelka Kovačević
based on longstanding research of AGN and SMBBH variability (Kovačević et al.
(2020), Komossa et al. (2026)). The meeting took place on the Feb 21st 2025. Com-
ments include original definition of the use case from the discussion.

1 # Fink+ALeRCE+Lasair+ANTARES agree on alert

2 # (’required ’ argument is added for showcase)

3 confirm object_id="ZTF25aazqavg" brokers =[fink , alerce , lasair ,

antares] required =3

4 # ALeRCE retrieves ZTF curves of alerted object

5 lightcurve broker=alerce survey="ztf"

6 # Lasair retrieves historical light curves from Pan -STARR of

7 # alerted objects , and crossmatches with IR , R, X catalogues.

8 # Helps identify multi -wavelength periodicity.

9 crossmatch broker=lasair catalog="panstarrs" filters =["ir", "radio"

, "xray"]

10 # ANTARES crossmatches alerted object with eROSITA etc for

11 # further confirmation of multiwavelength of periodicity origin.

12 crossmatch broker=antares catalog="erosita"

13 # Lasair provides a Kafka -based alert stream that updates in

14 # real -time whenever a new observation is made for a

15 # monitored object.

16 monitor broker=lasair stream="kafka"

17 classify method="periodicity_detection"

18 notify team

19 store db
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