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Abstract: (1) Background: NGC 3516 is an active Seyfert galaxy, which has become a focal point of astronomical
studies due to its variable luminosity and emission lines, linked to the activity of its central supermassive black
hole (SMBH). This paper presents an analysis of long-term observations from 2014 to 2024, including photometric
and spectroscopic data collected at the Fesenkov Astrophysical Institute (FAI, Kazakhstan) and the Shamakhy
Astrophysical Observatory (SHAO, Azerbaijan). The primary aim of this study was to investigate the changes
in luminosity and spectral characteristics of NGC 3516, providing insights into the dynamics of the galaxy’s
activity and its evolving chemical composition. (2) Methods: The research utilized photometric data in the B, V,
R filters, along with spectroscopic observations in the wavelength range of A4000 A-A7000 AThe spectroscopic
data were normalized to analyze the profiles of emission lines and their variations over time. Broad emission line
profiles (Hy and Hg) were also analyzed to estimate radial velocities. A three-component model was applied,
demonstrating a better statistical fit to the observed data, indicating a complex structure and dynamics within
the galaxy’s Broad Line Region (BLR).; (3) Results: The main results of the study show that from 2018 to 2024,
the brightness of NGC 3516 varied with amplitudes of AB = 0.35 mag, AV = 0.18 mag, AR = 0.20 mag. An
increase in brightness was observed in April 2020, likely associated with an X-ray flare detected simultaneously.
Spectroscopic observations revealed a gradual weakening of the H, 14340 A emission line starting from mid-2023.
Narrow emission lines of [FeIT] A4814.53 A and [FeVII] A6087 A were detected, indicating an active phase of the
galaxy in May 2020. Photometric observations also revealed an increase in the object’s brightness in 2020. These
observations suggest intriguing changes in the object’s activity, potentially indicating luminosity and chemical
composition dynamics over the observed period. For the broad H, line profile in the spectrum of NGC 3516,
obtained with the AZT-8 on April 20, 2020, the radial velocity v = 98133 km/s. The radial velocity for the
Hg profile was 937J_rg§‘é km/s; (4) Conclusions: Long-term observations of NGC 3516 have revealed significant
changes in its luminosity and spectral characteristics, suggesting dynamic processes within the active nucleus of
the galaxy. The observed variability in the broad emission line profiles could be linked to processes within the
Broad Line Region (BLR) interacting with the SMBH and surrounding matter. These results may help in a more
accurate estimation of the SMBH mass and provide deeper insights into the dynamics and evolution of active

Seyfert galaxies.

Keywords: Seyfert galaxy; spectral observations; photometric observations;light curves;emission lines; broad

emission components

1. Introduction

NGC 3516 is a Seyfert galaxy of spectral type Sy 1.5, with spectral variability first detected in
1968 [1,2]. Over the past 50 years, significant changes have been observed in the optical range. The
variability in the Hy line and the first measurement of the time delay of line variations relative to the
continuum were first reported in 1973 [3]. NGC 3516 has permitted FeII lines and forbidden [0III]
lines, but they are much narrower compared to those in spectra of typical Sy 1 galaxies. Interestingly,
the width of the Hp lines in the spectrum of NGC 3516 is significantly narrower than in typical Sy 1
galaxies [4]. De Rosa et al. (2018) [5] found that the time delay between changes in the continuum and

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Hg is ~4-8 days, which, agreed with the measured profile width of Hg (around 2440 km/s), yields a
central black hole mass of log(M/Mg) = 7.63. Observations also showed an increase in the object’s
brightness due to periodic outbursts.

In 2019 and early 2020, a significant flash in the continuum was recorded, declaring several
changing looks features of the galaxy [6]. Spectral features of Sy 1.5 galaxy NGC 3516 are variability
and an increase of coronal lines [7], as well as a strong asymmetry in the profiles of broad lines [8].

In paper [2], long-term optical spectral monitoring of the active galactic nucleus NGC 3516 from
1996 to 2018 revealed significant changes in both the continuum and the broad lines. A minimum
of activity was recorded in 2014 when the broad lines almost disappeared. This possibly indicates
the presence of an obscuring region in NGC 3516 and is supported by absorption in the ultraviolet
and X-ray [9-11]. The profiles of the broad H, and Hg lines in NGC 3516 show a complex structure
with features in the wings of the line profiles and an enhanced peak, indicating the complexity of
the accretion disk. The time delays between changes in the continuum and the broad emission lines
allowed the estimation of the central black hole mass, (4.73 4 1.40) x 107 M, which is consistent with
previous calculations [5].

Popovic et al. (2020) [8] discovered a very complex structure of the broad lines region (BLR)
during the active phase of Sy 1 type galaxies by looking at broad and strong emission lines. There is a
distinct disk-like BLR that contributes to the enhancement of the flux in the wings of the broad lines,
as well as an additional intermediate line region (ILR) that enhances the intensity in the core of the
line. During the high activity phase, the ILR emission is located near the centre of the line, although in
some cases, it is slightly red-shifted. In the low activity phase (i.e., type 2 phase), the ILR component is
significantly blue-shifted, indicating gas outflow.

To analyze the variability of the broad emission line components as reflections of dynamic
processes in the circumnuclear regions of the galaxy NGC 3516, we relied on the works of various
researchers in this field. For the first time, the mass of the massive central body of the galaxy was
estimated using echo mapping based on the measurement of the BLR size [12]. Urry & Padovani (1995)
[13] used continuous temporal photometric data and spectral observations to determine the parameters
of the BLR.

Despite the large number of observations, it has not yet been possible to definitively answer
which of the two scenarios better explains the observed changes in NGC 3516: the attenuation of
the flux along the line of sight due to the presence of dust [14], or internal changes in the physics
of the accretion disk. To understand the nature of the variability of the galaxy, it is crucial to detect
transitional events not only during increased activity but also during its decline. It gave us a stimulus
to monitor NGC 3516 and other objects with broad emission lines continuously.

2. Materials and Methods

2.1. Observatories, Telescopes and Equipment

The presented study used observational data obtained at Fesenkov Astrophysical Institute (Kaza-
khstan) and Shamakhy Astrophysical Observatory, named after Nasreddin Tusi (Azerbaijan). Several
instruments were employed for conducting photometric and spectral observations and further research
on the galaxy NGC 3516. Description and characteristics of the instruments used are presented in
Table 1.
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2.2. Methodology of Photometric Analysis

A standard method for photometric data reduction was used, including operations with dark
subtractions and flat fielding. Brightness measurements were performed using the MaximDL Pro6
software suite. For a measure of images of galaxy NGC 3516, an aperture of 6" was used. The star
GSC 0439100762 with coordinates RA: 11":06":29°; Dec: +72°:35":49° and known brightness values
B=13".921; V=13".403; R=13".074 [15] was chosen as photometric standard. To convert instrumental

magnitudes to the standard B, V, and Rc system, the corresponding systems of equations were applied
[16].

2.3. Methodology of Spectral Analysis

Variability of the broad components of emission lines may reflect the dynamic processes in the
circumnuclear regions of the galaxy. The velocity dispersion of broad emission lines may be used
to estimate the mass of supermassive black holes in active galactic nuclei. In our work, we used the
approximation of the broad components of H, and Hg with the composite models, applying Gaussian
and Voigt functions to describe the line profile shapes. Bayesian analysis and the Bayesian factor were
suitable for selecting the most likely model [12]. The nested sampling method was used to reach the
models’ reliability and posterior distributions of the parameters, implemented in the DYNESTY package
[17,18]. Non-informative uniform distributions were chosen as prior information for the parameters.

3. Results

3.1. Results of Photometric and Spectral Studies of the Galaxy NGC 3516

Spectral observations of the Seyfert galaxy NGC 3516 of the class Sy 1.5 have been conducted
at FAI since 1976, while photometric studies have been ongoing since 2014 [19]. The light curve in
Figure 1 presents the results of the measurements obtained between 2014 and 2024.
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Figure 1. Light curves of NGC 3516 in B, V, Rc filters. On the X-axis: Julian Date—2440000, on the
Y-axis: apparent stellar magnitude. FAI data (2014-2024).

The brightness of NGC 3516 fluctuated during 2018-2024 with the amplitudes: AB = 0.35 mag,
AV = 0.18 mag, AR = 0.20 mag. During the outburst, the X-ray flux peaked on April 1, 2020, showing
the highest value recorded for NGC 3516 by the Neil Gehrels Swift Observatory [20]. Later, on April
18, 2020 brightness of the galaxy started to increase in optical range with the temporal decline by 0.1

d0i:10.20944/preprints202411.1710.v1
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(Figure 1). Such correlations are also shown in previous studies [20]. The authors believe this may
be due to partial attenuation of the emission along the line of sight by Compton-thick clouds with
strong Compton scattering. The data obtained from SHAO and FAI from 2020 to 2024 were used for
the spectral analysis. The spectra of NGC 3516 in the spectral range from A4000 A to A7000 A were
normalized to the mean value for profile comparison Figure 2. It was noted that on May 29, 2020, the
spectrum presents prominent narrow resolved emission lines [FeIT] A4814.53 A and [FeVII] 16087 A,
which confirms the ongoing object’s activity phase.
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Figure 2. Spectra of NGC 3516, in the spectral range from 14000 A to A7000 A during the period of

2020-2023. For comparison purposes, the spectra are normalized to the mean value (Observations of
SHAO).

When approximating emission line profiles in the spectrum with composite models, we apply a
so-called “uninformative” approach as prior information for each model parameter. In this approach,
the probability of a given parameter value is uniformly distributed within a specific range derived,
for example, from previous studies of this object. This paper presents an analysis of spectral data of
NGC 3516 obtained in April 20, 2020 with the AZT-8 telescope.

To describe the stellar component of the galaxy, we approximate the combined (stitched) spectrum
of the galaxy using a set of templates with metallicity [£¢]=[—0.4,0.0, +0.22] and ages of [7.94,10.0, 12.6]
billion years (a total of 9 spectra). In other words, we use a combination of spectra to accurately describe
the light emitted by all the stars in the galaxy and account for their contribution to the overall spectrum.
The result is shown in Figure 3.
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Figure 3. Result of considering the stellar component in the spectrum of the galaxy NGC 3516 using
the STARLIGHT package for observations dated April 20, 2020.

We apply a Bayesian approach to determining the main parameters in the region of narrow
emission lines (NLE) and broad emission lines (BLE), such as velocity dispersion and radial velocities,
and identifying the most plausible model (the number of components in BLE). The “Bayesian evidence”
factor is determined using the nested sampling method implemented in the DYNESTY package. Recall
that the task in the Bayesian approach is formulated as follows. Given observational data (D) and a
model with free parameters (6), Bayes’ theorem is stated as:

4

P(D|0)P(6)

P(eID) = =55

(1)
where the likelihood function P(D|0) is determined by the observed data, and the prior information
about the parameters and what we already know about the model’s parameters is given by the
probability distribution function P(6). Often, P() is specified as a uniform distribution over a specific
range of values, though in some cases, it is set as a normal distribution centred around a most likely
value.
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The greatest difficulty in obtaining absolute values of P(D|#) comes from the parameter P(D),
Bayesian evidence, which defines the probability distribution of obtaining the observed data across
the entire parameter space 8, which is

7 =P(D) = /RN P(D|6)P(6)d 6 @)

which is often not possible. In the case where P(0) is specified as a uniform distribution over the entire
parameter space and we assume that P(D) = 1, we obtain

P(6|D) = P(D|0) )

which automatically leads us to the standard least squares method if the likelihood function is a normal
distribution.

The selection of the most “plausible” model between model 0 and model 1 is based on the
Bayesian factor:

Bo1 = Zo/ 21 (4)

or, equivalent:

In BO.] =In ZO —In Z1 (5)

There is a Jeffreys scale on which the preference for one model (0) over another (1) is evaluated. It
is generally accepted that if In By; < 1, the decision is inconclusive, and the models are essentially
equivalent. If InBy; = {1 — 2.5}, there is significant preference for model 0; if InBy; = {2.5 -5}
model 0 is clearly preferable to model 1; and if In By; > 5, model 0 should definitely be chosen as the
priority over model 1.

3.1.1. Approximation of the Spectrum in the Range 4652 A-5172 A

In the ccznsidered spectral range, the NLE are represented by Hy 4861 A, [0T11] 4959 A, and
[0III] 5007 A. A Voigt function describes the NLE in the spectrum. All NLE in the given spectral
range are assumed to have the same velocity dispersions. The amplitude ratio in the [0III] doublet is
related by 1/2.98.

3.2. Two-Component Profile of BLE in Hpg

The total number of parameters in the model spectrum is 12 in this case. The approximation result
is shown in Figure 4 (left). On the right of Figure 4, the corresponding tracers are displayed, reflecting
the search path for the value range of each parameter.

Based on the approximation results, log Z = —5092.9 & 0.1, and the parameter values are:
HB Hp

FWHMorrn) = 2118*3 km/s, v, = 937425 km/s, FWHM = 4558737 km/s.
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Figure 4. The result of the approximation with the combined profile (left) and the tracers for each
parameter (right).

3.3. Approximation of the Spectrum in the Range 6192 A-6894 A

In the considered spectral range, we analyze the NLE lines at |OI| 6300.3, |OI| 6363.8 , H «
6564.6, [NII| 6549.9, |NII| 6585.3, |SII| 6718.3 ,and |SII| 6732.7 . A Voigt function describes the
NLE lines in the spectrum. All NLE in the given spectral range are assumed to have the same velocity
dispersions. The amplitude ratio in the [ NII| doublet is related by a factor of 1/3.05.

3.4. Two-Component Profile of BLE in Hy

The total number of parameters in the model spectrum is 17 in this case. The approximation result
is shown in Figure 5 (left). On the right of Figure 5, the corresponding tracers are displayed, reflecting
the search path for the value range of each parameter.
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parameter (right).
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3.5. Three-Component Profile of BLE in Hp

The total number of parameters in the model spectrum is 15 in this case. The approximation
result is shown in Figure 6 (left). On the right of Figure 6, the corresponding tracers are displayed,
reflecting the search path for the value range of each parameter. Based on the approximation results,

log Z = —5090.1 £ 0.1, and the parameter values are: FWHM g111] = 225232 km/s, Vioppler =
692 Hp +34727 Hp,central _ 129442
11897575 km/s, FWHMy = 83327222 km/s, FWHMp; £ = 15380111975 km/s.
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Figure 6. The result of the approximation with the combined profile (left) and the tracers for each
parameter (right).
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Based on the approximation results, log Z = —6355.3 &= 0.2, and the parameter values are:
FWHM sy = 32373 km/s, vl | = 981730 km/s, FWHMF, = 2317720 km/s.

3.6. Three-Component Profile of BLE in H,

The total number of parameters in the model spectrum is 20 in this case. The approximation result
is shown in Figure 7 (left). On the right of Figure 7, the corresponding tracers are displayed, reflecting
the search path for the value range of each parameter.

Flux (1073 erg s~ cm=2 A-1)

Flux (102 erg s~ cm=2 A-Y)
°
2

by |
0.0} A aher A
Ui \,‘,"Y -f,\qv"cm

-0.1 )
6200 6300 6400 6500 6600 6700 6800 6900
wavelength (4)

Figure 7. The result of the approximation with the combined profile (left) and the tracers for each
parameter (right).
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Based on the approximation results, log Z = —6356.2 & 0.2, and the parameter values are:
FWHM srr) = 28875} km/s, vHY | = 9683 km/s, FWHME, = 2213¥¢5 km /s, FWHM ' =

16919723380 km /s.

In our case, for the H B range, the value of In By; = —5092.9 4+ 5090.1 = —2.8, which indicates a
significant preference for the three-component model (almost 16 times more likely). For the spectral
range around Huw, In By; = —6355.3 + 6356.2 = 0.9, which, given the precision of this parameter’s
determination, does not allow for a definitive decision on which model is more likely. Considering the
higher noise level and the error values in the H B range, we will choose the two-component model for
describing BLE in the H, and Hy lines. FWHM o177 = 2118135 km/s, FWHM 117 = 323128 km/s,
Vi er = 937 Ba km /s, vE | = 981710 km /s, FWHM [, = 4558" 3282 km /s,

FWHMEY, = 23172 km/s.

3.7. Explanations for the Definition of Parameter Values (Notations)

vii pler the parameter is determined by the difference between the central wavelengths of the

“red” and “blue” components of the broad Hg profile relative to the H, 4861 A value. We assume

the velocity value is the same for both components, differing only in sign. The same applies to the
y P g only & pp

parameter.

4. Conclusions

The study presents the analysis of the results of the long-term observations (2014-2024) of the
Seyfert galaxy NGC 3516. According to our photometric data, in 2018-2024, the brightness of the
galaxy NGC 3516 varied, with amplitudes: AB = 0.35 mag, AV = 0.18 mag, AR = 0.20 mag. The
X-ray flash, which took place in April 2020, also appeared in the optical range (Figure 1).

The spectra of NGC 3516 in the wavelength range 14000 A-A7000 A during the period from 2020
to 2023 were normalized to the mean value for profile comparison (Figure 2). Analyzing the normal-
ized spectra showed that starting from mid-2023, the emission lines of H., 14340 A have gradually
weakened compared to observations from 2020. The bright, narrow emission lines (FeIT) A4814 A and
[FeVII] A6087 A were detected in the spectrum of the object on May 29, 2020. They indicated an
active stage of the object’s evolution.

For the broad Hy, line profile in the spectrum of NGC 3516, obtained with the AZT-8 on April 20, 2020,
the radial velocity v = 98138 km/s. The radial velocity for the Hg profile was 937fg% km/s.

These observations may signify significant changes in the object’s activity and allow us to make
conclusions about its luminosity and chemical composition dynamics over the considered period. The
analysis of broad emission lines turned out to be quite complex. Our work demonstrates that a three-
component model, including an additional broad component, provides better statistical compliance
with the observed data. Observed optical variability in the profiles and fluxes of broad emission lines
may provide crucial insights into the Broad Line Region (BLR) dynamics and its interactions with the
Supermassive Black Hole (SMBH) and surrounding structures. Obtained dispersion values for narrow
and broad emission lines can be useful for more accurate estimates of the SMBH mass. These results
expand our understanding of the dynamics and activity of NGC 3516 and significantly contribute to
the study of Seyfert galaxies.
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