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Abstract. This paper is dedicated to the study of variability in active galactic nuclei, which play a
key role in understanding the physical processes occurring in their central regions. This research
focuses on the analysis of photometric and spectral variability of two Seyfert galaxies, MRK 6 and MRK
1040, based on archival and modern observations. For the first time, the results of photometric
observations of MRK 6 have been processed, with special attention given to the profiles of emission
lines and the identification of additional spectral components that may indicate gas outflows. The
velocity dispersions of each emission-line component have been determined for the studied galaxies. In
some profiles of Ho and Hp, their velocity dispersions and corresponding line-of-sight velocities have
been estimated, which may indicate the outflow of matter from the central regions of the galaxies.
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1. Introduction

This work is dedicated to the study of selected Seyfert galaxies from the Markarian list. Spectral and
photometric studies of Seyfert galaxies from the Markarian list have been conducted at Fesenkov
Astrophysical Institute (FAI) for several decades. A significant factor that has increased the efficiency of
studies on active nuclei of poorly studied Seyfert galaxies is the implementation of an innovative spectral
instrument developed at FAI in 2022. This instrument enables the acquisition of spectra from distant, hence
faint and less studied Seyfert galaxies. Due to the large number of Seyfert galaxies discovered to date, both
ground-based and space observatories dedicated to studying Active Galactic Nuclei (AGN) cannot cover all
these Seyfert galaxies with systematic observations, which are crucial due to the unpredictable photometric
and spectral variability of AGNs. Therefore, systematic observations and studies of poorly studied Seyfert
galaxies remain a relevant task.

The paper [1] presents the results of a 22-year study of the galaxy MRK 6 using X-ray data from 2001
to 2022. Changes in the spectral and temporal behavior of the galaxy were detected in both X-ray and optical
ranges. In another study [2], the morphology and kinematics of ionized gas in the galaxy MRK 6 were
investigated, revealing extended filaments of ionized gas. Analysis of the kinematics and ionization state of
gas in these filaments suggests that the hard radiation from the active nucleus illuminates externally accreted
material, which rotates nearly perpendicular to the stellar disk of MRK 6. In the study [3], a new method is
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presented for measuring the radius of the equatorial scattering region in Type 1 active galaxies using the
polarization of broad lines, indicating a scattering region size of approximately 100 light-days in MRK 6.
The kinematics of gas and emission line profiles of Hf in active galaxies were investigated in the study [4].
Observations, exemplified by MRK 6, revealed complex structures, providing an opportunity to search for
close binary supermassive black holes. In the study [5], the analysis of X-ray reverberation in six active
galactic nuclei using Granger causality analysis was conducted. Granger causality delays and their variations
over time were analyzed for each individual light curve. Significant delays correlating with the light curve
were observed in all active galactic nuclei except MRK 1040. It is suggested that the spread of the obtained
delays may be related to the expansion of the corona. It is suggested that in [Zwl, MRK 704, and MRK
1040, the corona may be more compact. The paper [6] presents the results of high-resolution X-ray
spectroscopy of warm absorption in the galaxy type MRK 1040. The observations were conducted from
2013 to 2014 with a total exposure of 200 ks. The spectrum revealed the presence of warm absorption,
including absorption lines of Ne, Mg, and Si ions, as well as H-like lines of S and Ar. The profiles indicate
low outflow velocities of the absorbing gas, which may suggest possible attenuation of outflowing gas on
large scales in the galaxy MRK 1040. The results from all authors indicate the complexity and diversity of
physical processes occurring in AGNs, contributing to a better understanding of the underlying mechanisms.

2. Photometric and spectral observations

Photometric observations of the studied objects at FAI have been conducted since 2015. The
observations are carried out at the Tien Shan Astronomical Observatory (TShAQO) using the Zeiss-1000
"East" telescope with a modified optical system and equipped with an Apogee Alta U9000 CCD camera,
with a field of view of 20'x20'. Spectral observations were conducted using the AZT-20 telescope at the
Assy-Turgen Observatory. This is the largest telescope in Kazakhstan, capable of detecting extremely faint
objects (up to 21-22 stellar magnitudes). Currently, the AZT-20 is equipped with a spectrograph based on
dispersing elements VPHG (Volume Phase Holographic Gratings) using fiber optic technologies. An
electron-multiplying CCD-camera with high-speed image readout at minimal noise level (EMCCD) is used
as the radiation receiver.

2.1 Methodology of photometric and spectral studies

The galaxies Mrk 6 and Mrk 1040 belong to the class of active galactic nuclei of the Narrow-Line
Seyfert 1 galaxies (NLSy1), known as Seyfert galaxies (Table 1). This subclass of galaxies was discovered
by Osterbrock and is characterized by narrow Balmer lines (HB line profile width less than 2000 km/s),
intense Fell lines, and weak forbidden lines [7]. The methodology and processing of photometric
observational data consist of standard operations using calibration Dark and Flat frames. Brightness
measurements are conducted using the differential photometry methods (standard software package
MaximDL Pro6). The stars with known brightness values in the vicinity of the object are selected as the
standard stars (Table 2). To convert the obtained instrumental brightness estimates to the standard B V Rc
system, corresponding transformation equations are applied [8].

Table 1. Seyfert galaxies for the study

Object (2000) 5(2000) Y%
Mrk 6 (IC450) 06 52 12.33 7425 37.12 14.19
Mrk 1040 (NGC 931) 0228 14.46 31184146 14.74

Table 2. Properties of standard stars for photometric studies

Object Referent stars
Object B v R
Mrk 6 (IC450) GSC 04371-00113 15.06 14.44 14.33
Mrk 1040 (NGC 931) Tycho-2323-1484-1 11.47 10.49 10.16
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2.2 Methodology of Spectral Analysis

Accurate measurement of the velocity dispersion of broad components of spectral emission lines and
their distribution plays a key role in estimating the masses of supermassive "black holes" in active galactic
nuclei. Therefore, it is important to have an idea of the most accurate shape of the broad component profile,
especially in the Ha region, where narrow components of the Ha and NII emission lines blend. To describe
the shape of the profile, several separate components are used. However, in this case, the question arises of
an adequate choice of the number of such components. For example, in [9], it is said that to correctly
describe the line profiles, it was necessary to use several Gaussians. At the same time, the authors tried to use
as few of them as possible, but at the same time they tried to ensure an adequate fitting of the observed line
profiles. The criterion for adding additional components was a significant reduction in the root-mean-square
error and y2 during the fitting. This approach is somewhat subjective. The problem of determining the
required number of components in the broad emission lines of Ha or HB can be solved within the concept of
Bayesian analysis:

P(D|6,M)P(O|M) — L(o)m (o)

where P(O|D,M) is the posterior (updated, taking into account the new data obtained) information
(conditional probability) for the parameters @, taking into account the data D and the used model M.
P(D|O,M) = L(0) is the likelihood function (how probable the obtained data are, taking into account the
chosen model and the its optimal parameters), P(@|M) = m(0)is the prior (before the experiment,
observations) probability for the parameters of the adopted model M, and P(D|M) = Z is the marginal
likelihood, otherwise called the model evidence, which is the integral over all possible model and parameter
spaces. P(D|M) determines the highest probability among all possible models:

P(D|M)=Z[ L(©)r(0¥o
Q 2

It is clear that it is often not possible to estimate P(D|M) (since we will need to consider all possible
models and parameters for a given problem), but it can be used to estimate which of the models under
consideration is more probable compared to other models. For the analysis of the spectra of Seyfert galaxies
with the choice of the most probable model among the considered model (for example, in the case of
different number of components in a wide profile), we use the nested sampling method [10], which, in
addition to estimating the reliability of the model, gives us posterior distributions. The latter, in turn, can be
used to estimate the model parameters and their error range:

©, = £10,]=[©,P(0, | D,M)d®, 3)
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To implement the nested sampling method, we use the DYNESTY package [11,12]. As prior
information for each parameter in the model, we use a so-called 'non-informative' approach where the
probability of values for the selected parameter is uniform over a range of accepted values (these constraints
are known from previous studies of Seyfert galaxies). Unfortunately, this significantly increases computation
time. However, in the future, this will allow us to analyze individual galaxies (or specific types of galaxies),
using posterior information as prior for subsequent iterations (e.g., when new observational data is
available). Additionally, in our models, we assume that the amplitudes in the [OIIl] doublet are related by
AL5007A/AN4959A = 2.99 [13] and the amplitudes in the [NII] doublet are related by AA6585A/AA6550A =
3.05 [14]. The widths of narrow emission lines are assumed to be identical (in terms of velocity dispersion)
for all lines in the considered range, and the widths of broad profiles are also identical for all components of
the broad emission spectrum. Doppler shifts of the 'red' and 'blue' components of the broad profile are also
assumed to be identical (in the case of choosing a model with such components). To compensate for possible



118 Eurasian Physical Technical Journal, 2025, 22, 1(51) ISSN 1811-1165; e-ISSN 2413-2179

errors in wavelength calibration, as well as inaccurate account of redshift, we introduce an additional
parameter for each set of spectral lines. For precise determination of velocity dispersion values, we
approximated the spectra with composite models. For the Ha region, these models consist of narrow
emission lines of [OI], [SII], [NII] doublets, and the narrow Ha emission line, along with a broad Ha
component. For the HP region, models include narrow emission lines of the [OIII] doublet and the narrow
HP emission line, as well as a broad Hf component. To complete the analysis, it is necessary to account for
the stellar component of galaxies in both spectral regions. This can be achieved, for example, using the
methodology implemented in the STARLIGHT package [15]. To incorporate the stellar contribution
(continuum spectrum), we additionally included a power-law flux distribution in each composite model. In
addition to approximating observed spectra with composite models to estimate parameters and analyze the
broad components of Ha and Hf3, there is also the task of selecting the number of profiles (sub-components)
in the broad Ha and Hf profiles, as well as determining the shapes of the narrow emission line profiles. In
our studies, we analyzed the result using both Gaussian profiles and profiles modeled as Voigt functions. The
total number of parameters for the Ha region, using Voigt profiles for narrow components, three sub-
components in the broad component of emission line Ha, and the additional assumptions mentioned earlier,
was 18. For the HP region, the number of parameters was 14. For the model where all line profiles are
described by Gaussians, the number of parameters was 17 and 13 respectively. Models with fewer broad
emission line components (two or one) had fewer parameters.

3. Results of photometric and spectral analysis of the studied objects

MRK 6 (IC 450) is a Seyfert galaxy of the Syl.0-1.5 class. Redshift z=0.018676+0.000834. The
distance to the galaxy is 79 Mpc. The mass of the galaxy's central body (CB) is, MBH = (1-2)*10® Mc [16].
Active spectral and photometric studies of MRK 6 were carried out between 1990 and 2015 [17-20]. At FAI
MRK 6 observations in the BVRc photometric system have been carried out since 2016 [21]. Table A
(Appendix) presents the results of photometric studies from November 25, 2019 to February 22, 2024. For
general comparison, the results are presented as light curves (Figure 1) for the galaxy MRK 6 from 2016 to
2024.
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Fig.1. Light curves of MRK6 obtained in 2016-2024.
On the X-axis: Julian date - 2440000, and on the Y-axis: stellar magnitude

There was a unique opportunity to compare archival observational data with contemporary data over an
extended time interval for the galaxy MRK 6. In previous works [22, 23] the digitization process and
analysis of proprietary spectral data from the archive is described. In the spectra of MRK 6 obtained on
February 4, 1976, on the left wing of the Ha line, an additional component is visible, shifted from the line
center by 45 A. Its radial velocity corresponds to 2450 km/s. In the spectra from 2023 and 2024, this detail
appears in the Ha profile as a broad blue wing (Figure 2). Presumably, this additional component is created
by a powerful jet (gas flow) moving towards the observer. Our modeling estimates indicated the radial
velocity of this jet to be 2525743 km/sec (Figure 4). Additionally, a combined profile of the Hp region is
presented (Figure 5), consisting of both narrow emission lines and profiles of the broad component.
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Fig. 2. Comparison of data obtained from digitizing archival spectra with results from 2024 (AZT-20)
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Fig.3. Light curves of MRK 1040 obtained in 2015-2024. On the X-axis: Julian date - 2440000, and on the Y-axis:
stellar magnitude.
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Table 3. The results of processing spectral data for the galaxy MRK6 obtained in 2023-2024

Emission line of A Continuum flux Line flux Equivalent width
the spectrum of Telescope
Seyfert galaxies A) (ergs™ cm? A™) (erg s cm™) A)
Mrko6 (16.01.2015)
Ho+[NII] 6562 1.3E-14 5,562E-12 428
AZT-8
[SI1] 6720 1.1E-14 2,44E-13 22
Mrké6 (25.01.2023)
[O1] 6300 6.284E-15 5.344E-14 8.498
Ho+[NIT] 6562 9.102E-15 1.042E-12 111.8 AZT-20
[S11] 6720 7.575E-15 1.909E-13 25.32
Mrko6 (16.11.2023)
Ho+[NII] 6562 1.083E-14 8.828E-13 81.98
[SI1] 6720 7.035E-15 2.324E-13 33.55
Hp 4861 1.363E-14 1.677E-13 12.31 AZT-20
[omr 4959 1.039E-14 6.074E-13 58.33
[omr 5007 1.178E-14 1.801E-12 149.5
Mrko6 (06.02.2024)
[O1] 6300 9.611E-15 1.405E-13 14.62
Ho+[NII] 6562 1.241E-14 3.258E-12 261.1
[SI1] 6720 1.229E-14 4.659E-13 38.24
AZT-20
Hp 4861 2.712E-14 3.654E-13 13.49
[omr 4959 2.678E-14 1.300E-12 48.46
(o1 5007 2.678E-14 4.003E-12 148.3

MRK 1040 (or NGC 931) is a bright Seyfert 1 spiral galaxy. It has a redshift of z=0.016338+0.000314
and is located at a distance of 340 Mpc. At FAI, photometric observations of MRK 1040 in the BVRc
photometric system have been conducted since 2015 [21]. Table B (Appendix) presents the results of
photometric studies from September 13, 2020, to January 27, 2024. For general comparison, the results are
shown as light curves (Figure 4) for MRK 1040 from 2015 to 2024. The obtained data indicate that the
studied object experiences irregular fluctuations in brightness in all three filters, with amplitudes of
B=0".337, V=0".874, R=0".734.

The above-described spectral analysis methodology was applied to the spectral observations of the
Seyfert galaxies MRK 1040 and MRK 6. Analysis of the spectra of MRK 6 obtained on February 6, 2024,
showed that the model with three components of the broad Ha profile is more statistically significant
compared to models with one or two components (Figure 4, Figure 6).
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Table 4. The results of processing spectral data for the galaxy MRK 1040 obtained in 2023

Emission line of A Continuum flux Line flux Equivalent width
the spectrum of U e L Telescope
Seyfert galaxies A) (ergs” em™ A7) (ergs™ cm™) A)

MRK 1040 (20.01.2023)

Ho+[NII] 6562 4.062E-15 7.211E-13 177.6 IAZT-20

MRK 1040 (23.01.2023)

Ho+[NII] 6562 4.007E-15 9.080E-13 225.6 IAZT-20

MRK 1040 (25.01.2023)

Hg 4861 2.810E-13 1.164E-11 41.42
[OI1I] 4959 3.011E-13 1.664E-12 5.525 IAZT-20
[OI1I] 5007 2.891E-13 5.921E-12 20.48

As a result, we obtained the following velocity dispersion values for the narrow lines (NL) FWHM
(NL) = 360722 (km - s~1) the line-of-sight velocity of the broad profile component 2525%%3 (km -s~1)
and the velocity dispersion across the width of the broad central component of the lines (BL) FWHM (BL,
central) = 1073%28 (km -s~') and components shifted relative to the central in the red and blue sides
FWHM (BL, blue/red) = 1239%32 (km - s~1) in the Ha region.
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Fig.5. The result of the model approximation of the broad Hg line spectrum of MRK 6 obtained on AZT-20

06.02.2024

Approximation of the Hp region resulted in the velocity dispersion values for the narrow emission lines
FWHM (NL) =335} (km - s™1), the line-of-sight velocity from the “blue” and “red” components of the
broad profile 475%¢3 (km - s~1). The velocity dispersion of the broad profile central component Hy FWHM
(BL, central) = 1435%72% (km - s~1) and the corresponding dispersion of the broad components profile Hj,
shifted to the red and blue regions of the spectrum FWHM (BL, blue/red) = 1084*8% (km - s™1).

The analysis of Mrk 1040 spectra obtained on January 21 and 23, 2023, showed that a model with a
single component of the broad Ha profile is more statistically significant than models with more components
(2 or 3) (Figure 6, Figure 7).
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Fig.6. The result of the model approximation with one component of the broad Ha line spectrum of Mrk 1040
obtained on AZT-20 23.01.2023
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For Ha region approximation of the spectra taken on January 23, 2023, the velocity dispersion value for
the narrow emission lines FWHM (NL) = 14921 (km-s™1). The velocity dispersion of the central
component of the broad profile Ho FWHM (BL, central) = 136933 (km -s™1).

For spectral data obtained on January 20, 2023, the approximation of the Ha region resulted in velocity
dispersion value for the narrow emission lines FWHM (NL) = 52%1§ (km - s™1). The velocity dispersion
of the central component of the broad profile Ho FWHM (BL, central) = 2950%38% (km - s~1) (Figure 7).

The results of approximation of the HP region of the spectrum of Mrk1040 obtained on January 25,
2023, indicated that the broad HP profile was described by a single component (Figure 8). As a result of
approximation the velocity dispersion value for the narrow emission lines FWHM (NL) = 2322 (km -
s™1). The velocity dispersion of the central component of the broad profile H; FWHM (BL, central) =

1695223 (km-s1).
4. Conclusion

The paper presents new photometric and spectral data for galaxies from the Markarian list: Mrk 6 and
Mrk 1040. Different research methods used by different scientists in the field of active galaxy nuclei are
described. All the results obtained by other authors point to the complexity of the physical processes
occurring in the studied objects. In the course of photometric studies of the galaxy Mrk 6, it was found that
the brightness of this object for the period from 2016 to 2024 is unstable. The object reached its maximum
luminosity in early 2017, and then by early 2018, its luminosity decreased by about ~1m. Since then, it has
slowly continued to decrease. Observations of Mrk 1040 in the BVRc photometric system have been
conducted since 2015. The data obtained show that the galaxy Mrk 1040 is subject to irregular light
fluctuations in all three filters. The amplitudes of these oscillations are B=0".337, V=0".874, and R=0".734.
Interestingly, spectrograms of the active nucleus of the Mrk 6 galaxy obtained on February 4, 1976, on the
left wing of the Ha line showed an additional component displaced from the center of the line by 45
angstroms. Surprisingly, this component was also detected in the modern spectra obtained in 2024. Its radial
velocity is 2450 km/s. Determining the number of components in broad spectral lines is a difficult task
requiring a precise approach and taking into account many factors. Observations of spectra of active galactic
nuclei are often difficult because of the overlap of different components. To adequately model such spectra,
it is necessary to use methods capable of distinguishing and approximating individual components with high
accuracy. Studies show that using several Gaussians to describe broad components of spectral lines can be an
effective approach. However, it is important to keep in mind that the optimal number of components and
their shape should be chosen taking into account the specifics of a particular observation and taking into
account the statistical validity of the model. Methods of analyzing spectral data, such as Bayesian probability
analysis and the nested sampling method, allow not only to determine the optimal number of components,
but also to assess the reliability of the resulting model. This is important to avoid excessive model
complexity or underestimation of the physical processes underlying the observed spectra. To determine the
parameters of the Ho and HP region models and to analyze the broad components of Ho and Hp, we
recommend using the nested sampling method using the DYNESTY package. As a result of this method, we
extracted narrow components of emission lines from the total spectrum, as well as broad components, the
number of which was determined from an estimate of the relative statistical probability of a particular model.
We determined the velocity dispersions for the components of the emission lines, as well as for the broad
components of Ha and HB where detected, which may indicate the outflow of matter from the central regions
of galaxies.
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Appendix
Table A. B V R magnitudes for the galaxy MRK6 obtained in 2019-2024 Aperture 6”

Date of observations JD-24400000 B v R
25.11.2019 18812 15,452 14,513 14,109
26.11.2019 18813 15,467 14,53 14,109
28.11.2019 18815 15,502 14,232 14,11
08.02.2020 18887 15,717 14,687 14,264
04.01.2021 19218 15,797 14,726 14,331
16.01.2021 19230 15,79 14,748 14,339
17.02.2021 19262 15,699 14,664 14,268
24.02.2022 19634 15,584 14,665 14,232
07.02.2023 19982 15,657 14,617 14,171
26.02.2023 20001 15,618 14,604 14,175
13.03.2023 20016 15,688 14,628 14,184
21.10.2023 20238 15,895 14,893 14,458
20.12.2023 20298 15,997 14,923 14,484
03.01.2024 20312 15,984 14,928 14,495
22.02.2024 20362 16,002 14,944 14,506

Table B. B V R magnitudes for the galaxy MRK 1040 obtained in 2020-2024.Aperture 6,8”

Date of observations JD B v R
13.09.2020 19105 15,464 14,423 13,705
12.10.2020 19134 15,455 14,397 13,618
14.10.2020 19136 15,448 14,431 13,838
17.10.2020 19139 15,449 14,094 13,287
19.10.2020 19141 15,439 14,512 13,827
19.11.2020 19172 15,395 14,315 13,786
02.01.2021 19216 15,482 14,297 13,687
02.02.2021 19247 15,549 14,374 13,705
31.01.2022 19610 15,705 14,37 13,633
21.02.2022 19631 15,726 14,37 13,634
27.01.2023 19971 15,619 14,22 13,452
01.02.2023 19976 15,66 14,284 13,656
04.10.2023 20221 15,645 14,593 13,881
21.10.2023 20238 15,556 13,955 13,33
02.11.2023 20250 15,696 14,696 13,5
01.12.2023 20279 15,674 14,617 13,961
27.01.2024 20336 15,59 14,52 13,794




