
galaxies

Article

Program and Results of Investigations Rapid
Variability of the BL Lac Object 3C 371 in Radio and
Optical Ranges

Artem Sukharev 1,2,*, Michail Ryabov 2, Vladislavs Bezrukovs 1, Arturs Orbidans 1,
Marcis Bleiders 1, Sergei Udovichenko 3, Leonid Keir 3, Ilgmars Eglitis 4, Igor Kudsey 5

and Pavol Dubovsky 5

1 Ventspils International Radio Astronomy Centre (VIRAC) Inzenieru Str. 101, LV-3601 Ventspils, Latvia;
vladislavsb@venta.lv (V.B.); arturs.orbidans@venta.lv (A.O.); marcis.bleiders@venta.lv (M.B.)

2 Odessa Observatory “URAN-4”, Institute of Radio Astronomy NAS of Ukraine Marazlievskaya Str. 1V,
65014 Odessa, Ukraine; ryabov-uran@ukr.net

3 Astronomical Observatory of Odessa I.I. Mechnikov National University Marazlievskaya Str. 1V,
65014 Odessa, Ukraine; udovich222@ukr.net (S.U.); partneroae@gmail.com (L.K.)

4 Baldone Astronomical Observatory, University of Latvia Baldone, LV-2125 Baldone Region, Latvia;
ilgmars.eglitis@lu.lv

5 Vihorlat Astronomical Observatory Mierova Str. 4, 06601 Humenne, Slovakia;
vihorlatobs1@stonline.sk (I.K.); var@kozmos.sk (P.D.)

* Correspondence: artem.sukharev@venta.lv

Received: 7 August 2020; Accepted: 18 September 2020; Published: 21 September 2020
����������
�������

Abstract: BL Lac object 3C 371 is variable in optical and radio range, according to long-term monitoring
data, for example AAVSO (American Association of Variable Star Observers) and OVRO (Owens Valley
Radio Observatory). In addition, some authors note intra-night variability. However, in terms of
access, just a few works are devoted to this topic, and questions remain about intra-day variability
in radio range. The purpose of the work is to search for fast variability in radio (5, 6.1, 6.7 GHz)
and optical bands (V, R, I) using international cooperation in 2019 and 2020 observation sessions.
The 16-m radio telescope VIRAC, in Latvia, as well as optical telescopes AZT-3 (Mayaki, Ukraine),
VNT (Vihorlat, Slovakia), and Schmidt camera (Baldone, Latvia) were used. To analyze variability,
the STFT method of spectrograms and Lomb–Scargle periodograms for non-uniform time series
were used. As result of the work, there is no correlation between optical and radio observations,
and no significant quasi-harmonic variability was detected in radio range, but there is irregular low
amplitude variability. In the optical range, there is variability with a characteristic time of about seven
days and possibly less. Cyclical variability of 3C 371 was found in the optical range, and intra-day
variability in radio range is most likely absent, as there are irregular variations and noise. It is planned
to continue joint radio-optical observations 3C 371 to accumulate the necessary statistics.

Keywords: 3C 371; BL Lac object; variability; radio telescope

1. Introduction

Herein, 3C 371 refers to BL Lacertae type objects (type of active galactic nucleus, named after
its prototype, BL Lacertae) and is located in the Draco constellation of the northern sky, and is one
of the closest and brightest objects of this type. Coordinates in the sky are: RA 18 h 6 min 50.681 s,
Dec +69◦49′28.11”, Redshift: 0.051, which is approximately 730 million light years from Earth.
Apparent magnitude: 14.4 (V). Moreover, 3C 371 has not only a radio jet, but also an optical jet,
discovered from observations at a ground telescope and confirmed by observations at the Hubble Space
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Telescope [1]. According to observations at the X-Ray orbiting telescope Chandra, an X-ray jet was also
detected in 3C 371 [2]. It is assumed that the angle between the jet axis and the observer’s line of sight is
less than 18◦ [1], but during a long-term (1994–2020) study the angular structure of 3C 371 in the radio
range on the North American VLBA system, superluminal velocities of the bright components of the
jet were not detected (http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/1807+698.shtml),
which is unusual for BL Lac objects. Old photographic plates with 3C 371 images, obtained since 1895,
are well preserved, which made it possible to estimate the amplitude of optical variability of this object
in the limit ±1.5 m [3].

Relatively high brightness in both the optical and radio ranges, as well as its convenient location
(high declination), make 3C 371 an attractive object of study in many scientific groups. At the same
time, there is a discrepancy in the nature of the intra-day variability of this object in the radio and
optical ranges.

Thus, the presence of 3C 371 intra-day variability in the optical range has been confirmed by many
observations since the 1960s. Also, the intra-day variability of this BL Lac object is confirmed in the
gamma range [4]. At the same time, there is very little information about the presence or absence of
intra-day and inter-day variability in the radio range, since such observations were mostly episodic
and short-term. The purpose of this work was to obtain data for the study of rapid variations of
3C 371 flux density in the radio range. For a comparison with the data in the optical range, a program
of quasi-simultaneous optical observations was organized at the observatories, located close to the
meridian in Ventspils, but at different latitudes. This provided a more reliable acquisition of optical
observation data, which depend on weather conditions.

This paper presents the results of the observation program (September–December 2019, July 2020)
obtained in the radio range on the 16-m antenna of the Ventspils International Radio Astronomy Center
(VIRAC, Latvia), at frequencies 5, 6.1, and 6.7 GHz, as well as optical observations, obtained at the
observatories Mayaki (Ukraine), Vihorlat (Slovakia), and Baldone (Latvia) in optical bands V, R, and I,
during Autumn–Winter 2019 and Spring–Summer 2020.

2. Materials and Methods

Radio observations were carried out on the 16-m diameter radio telescope with parabolic antenna,
located in the Irbene village, Latvia. Operating frequencies of 5, 6.1, 6.7, and 8 GHz were used,
however 8 GHz frequency was not used due to high interference in the observation time interval.
Optical observations were obtained at the Mayaki Observatory (Odessa I.I. Mechnikov National
University, Ukraine) using the AZT-3 telescope (V, R bands) with a mirror diameter of 48 cm;
at the Vihorlat observatory (Slovakia) on the VNT telescope (V, R, I bands) with a mirror diameter of
1 m; at the Baldone observatory (Latvia) on a Schmidt camera (R band) with a mirror diameter of 1.2 m.

The 16-m radio telescope is equipped with a cryogenic (cooled with liquid helium) full power
receiver (in two circular polarization, left (LCP) and right (RCP)), tuned to frequencies 5, 6.1, 6.7,
and 8 GHz, with a back-end SDR-detector allowing for quick adjustment of the receiving parameters.
To obtain points of the flux density, the technique of alternate pointing of the antenna beam at the
target source, the calibration source, and the background sky field is used. The 3C 295 radio galaxy
was used as a calibration source.

Brief technical parameters of the radio telescope are given in Table 1.

http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/1807+698.shtml
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Table 1. Technical information about the 16-m VIRAC radio telescope.

Cooled receiving system for the frequency range
C/M/X

Manufacturer: TTI, Spain
Frequency range: 4500–8800 MHz RHCP/LHCP

Registration band: 1000–1200 MHz
Available sub-bands:

C1: 4500–5500 MHz, LO = 4100 MHz
C2: 5400–6400 MHz, LO = 5000 MHz
C3: 6400–7600 MHz, LO = 6100 MHz
C4: 7600–8800 MHz, LO = 7300 MHz

SEFD (C1/C2/C3/C4 for all bands): 540–700 Jy
G/T: 56–60 dB/K

Gain: ~0.05 K/Jy, 59 dBi
System temperature: 30–50 K depending of elevation

angle
HPBW @ 8400 MHz: 0.156◦ or 10 arcmin

Antenna positioning system parameters:

Developer: MTM Mechatronics, Germany
Azimuth/Elevation Range: −328—+328◦/+2.5—94◦

Azimuth/Elevation maximum speed: 5/4 ◦/s
Azimuth/Elevation maximum acceleration: 1.5/2 ◦/s
Azimuth/Elevation tracking accuracy: 3.3/3.3 arcsec

(RMS)
Azimuth/Elevation guidance accuracy: 23/54 arcsec

(RMS)
Operating modes: Coordinate table; amendment

table; TLE (for satellites)

To obtain points of the flux density in the Janskys, the following technique is used. After pointing
the telescope at the source and choosing the observation frequency, the source is measured (TPsrc1),
then the background of the sky area (TPsky) is measured, followed by further measurement of
background in the sky area with the included noise generator (calibrated noise diode) (TPcal) and
control measurement of source (TPsrc2), to reduce the influence of external noise and change the angle
of the telescope. The flux of the investigated radio source in Jansky:

S j =
Tcal

DPFU·G(el)
TPsrcavg−TPsky

TPcal−TPsky

DPFU =
Tsys
S f

TPsrc−TPsky
TPsky

Tsys = Tcal
TPsky

TPcal−TPsky

where DPFU denotes receiver temperature increment per flux unit in K/Jy (gain), Tsys the system
temperature in K, G(el) the curve of gain versus antenna elevation angle, and S f the flux of calibration
radio source. As a result, the measurement of the flux density in Jansky and its standard deviation
is recorded to the data file. Obtaining one flux density measurement S f of radio source takes about
20 s. Seven consecutive measurements at the same frequency are averaged to reduce atmospheric and
noise effects.

In 2017 and 2018, in order to study the manifestations of intra-day (IDV) radio variability of
extragalactic objects, many test observations of variable and permanent (calibration) radio sources
were carried out, the observation technique was debugged and the equipment was tuned in order to
study fast radio variability of extragalactic objects. Operation of the radio telescope is fully automated.
It is remotely controlled from the VIRAC office in Ventspils. More detailed information about the
methodology for conducting observations and obtaining the flux density of radio sources in Janskys,
as well as information about testing the radio telescope and studying its parameters, is presented in
the work [5].
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During the preliminary processing of radio observation data, polynomial smoothing was applied
(for individual observation sessions) by the Savitsky–Golay method [6]. To construct the time-frequency
spectrograms, a windowed Fourier transform was used [7]. Since the calculation of spectrograms
requires a uniform time step between samples, the already smoothed radio data were interpolated
with a B-spline [8] since it practically does not give false splashes and distortions at the break points of
the data series.

To calculate periodograms and construct trigonometric polynomials, which were used in the
analysis of optical observation data, the popular Lomb–Scargle method [9] was used for uneven time
series of astronomical observations.

3. Results

3.1. Radio Observations

Observations of 3C 371 were carried out on 2–10 September 2019 at frequencies 5 and 6.1 GHz.
Plots of this initial and smoothed data for left (LCP) and right (RCP) circular polarizations are shown
in Figure 1.
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Figure 1. Initial (raw) and smoothed data of observations of BL Lac object 3C 371 at frequencies 5 and
6.1 GHz, in September 2019, on the 16-m VIRAC antenna (Latvia). (A) 5 GHz, RCP; (B) 5 GHz, LCP;
(C) 6.1 GHz, RCP; (D) 6.1 GHz, LCP.

The narrow and sharp peaks in these figures are most likely external interference. The data are
smoothed, separately for each observation session, the half-width of the smoothing interval is 10 points,
the degree of the polynomial is 3. The average measurement error for the 5 GHz frequency was
0.37 Jy (RCP) and 0.38 Jy (LCP). For the 6.1 GHz frequency, the average error was 0.43 Jy (RCP) and
0.46 (LCP). In parallel, records were kept of the calibration source 3C 295, for control the stability of the
receiving. Flux plot of 3C 295 also had minor noise and outliers. An example of 3C 295 recordings at
6.1 GHz in left (LCP) and right (RCP) circular polarizations (September and November–December
2019) is shown in Figure 2.

The linear correlation between the data series was 0.66 for the 5–6.1 GHz (RCP) pair, and 0.57 for
the 5–6.1 GHz (LCP) pair. It can be seen that the correlation between the individual frequencies is quite
low, but nevertheless, a weak interrelation between the frequencies is possible. This means that the
observed variability is most likely caused by an external factor, such as interstellar scintillations of radio
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emission on inhomogeneities (clouds) of the interstellar medium. To estimate the characteristic time of
variations and their form (quasi-harmonic or irregular) for frequencies 5 and 6.1 GHz, spectrograms of
each of the circular polarizations were constructed. Previously, the data was interpolated using a cubic
spline. The spectrogram plots for the observation session 2–10 September 2019 are shown in Figure 3.
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Figure 3. Spectrograms for 3C 371 (2–10 September 2019). The following plotting parameters were used for
the spectrograms: Bartlett spectral window, sliding window width 128 points, spectral window overlap 87%,
FFT length-1024 frequencies, visualization in normalized to 0 decibels (dB0). Amplitude color gradations
from violet (large amplitude) to blue, green, orange and dark red (background). As can be seen in the
figures, variability is present only in the form of short-term irregular variations and a noise component.
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The Fourier spectrogram is very convenient for visual assessment of the spectral composition
of the data. So, if the data contain quasiperiodic variations, then on the spectrogram they will be
seen as straight or curved (if there is a change in the period with time) “ribbons”. Noise components
appear as vertical “ribbons”. If the data contain impulse bursts (dips) of the flux density, then on the
spectrogram they will be seen as separate “spots” localized in time. For spectrograms, a fast Fourier
transform (FFT) calculation in a sliding window is used. In this example, there are the following
plotting parameters: Bartlett spectral window, to reduce the effect of “spectral leakage”, the width of
the sliding window is 128 points, the spectral windows overlap 87% (necessary to increase the number
of segments and the accuracy of the spectrogram, due the length of data series is small), length FFT-1024
frequencies, visualization in normalized to 0 (dB0) decibels: 10·log10

(
Re2 + Im2

)
, where are Re, Im—real

and imaginary parts of the FFT transformation, respectively. Analysis of the curves of variations in the
emission of extragalactic radio sources using Fourier spectrograms is a typical method in astronomy,
which is widely used from radio to X-ray and gamma ranges [10]. Spectrograms for observational data
3C 371 have the usual form for irregular (not quasiperiodic) variations.

Despite the fact, that the flux density variations according to these spectrograms are irregular, it is
possible to determine the approximate characteristic time of these variations (since the time points in the
spectrogram correspond to the values of the periods). Therefore, a set of “impulse” amplitude bursts
visible on the spectrogram correspond to values on the frequency (period) scale (maxima of the FFT spectra
in sliding windows). However, these meanings of “periods” are not periods in the usual sense, since
the fluctuations are not cyclical, but short-term episodic. Therefore, the below “time scale” of variations
shows the average time over which a (non-cyclical) change in the flux density of 3C 371 occurs.

The timescale of irregular variations is approximately 2.6 and 14.6 h for 5 GHz data,
and approximately 2.3 and 12.3 h for 6.1 GHz data. The next observation session was
20–21 September 2019 at a single frequency 6.1 GHz. And in this case, only irregular variability plus a
quite strong noise was recorded. The characteristic time of flux density variations was approximately
45 min. The next observation session was on 21–25 September 2019 at a single frequency 6.7 GHz.
The result was similar to the previous ones. There were only fast irregular variations in the flux
density with a noise component. The characteristic time of flux density variations was approximately
41 min. Thus, when observing BL Lac object 3C 371 in the radio range, during September 2019,
no manifestations of quasi-harmonic variability were detected at frequencies 5, 6.1, and 6.7 GHz.
The nature of the variability of 3C 371 is noisy, without pronounced cyclicity. It should be noted that in
September 2019, there were sometimes sharp impulse noise, which somewhat complicates the analysis
of the data. Therefore, after a month pause for other scientific tasks, observation sessions of 3C 371 took
place in November and December 2019, at frequencies of 5 and 6.1 GHz, on days with good cloudless
weather (to minimize atmospheric interference).

So, observations at frequencies of 5 and 6.1 GHz were carried out on 23–25 November and
1–5 December 2019. Longer observations could not be carried out, since 3C 371 is a quite weak
radio source, and even a slight cloudiness gives noticeable distortions to the recorded flux density,
and autumn and winter at observation point Irbene, contain many cloudy days. The results were
similar to the previous ones. No significant variability was found. At the same time, smoothing of the
data with a sliding window of 20 points showed that it is possible that the data contain “waves” of
variability with an amplitude of approximately 0.5–1 Jy. However, for their more confident selection,
at least a week or two of high-quality observations are needed in good weather conditions and with
no interference. It is planned to repeat the experiment in the summer months, when there are a
large number of clear days in Latvia. Curves of 3C 371 flux density changes (observation sessions on
23–25 November and 1–5 December 2019) at frequencies 5 and 6.1 GHz (initial and smoothed data) are
shown in Figure 4.



Galaxies 2020, 8, 69 7 of 24
Galaxies 2020, 8, x FOR PEER REVIEW 7 of 24 

 

 

Figure 4. Curves of 3C 371 flux density changes at 5 and 6.1 GHz, points of the initial data with the 
“whiskers” of the errors are shown, as well as smoothed curves obtained using the Savitzky–Golay 
filtration procedure. The sections of the plot show the data. (A) 23–25 November, 5 GHz; (B) 1–5 
December, 5 GHz; (C) 23–25 November, 6.1 GHz; (D) 1–5 December, 6.1 GHz. 

The average error in measuring the flux density for 5 GHz was 0.37, 0.41 Jy (RCP) and 0.38, 0.42 
Jy (LCP) for sessions in November and December, respectively. For a frequency 6.1 GHz, the average 
flux density measurement error was 0.41, 0.45 Jy (RCP) and 0.46, 0.50 Jy (LCP).  

The correlation between the data series, calculated for the smoothed series, shows that on 23–25 
November the correlation between frequencies 5 and 6.1 GHz was less than 0.2, which shows that 
there is no correlation between the data at different frequencies. Moreover, for observations on 1–5 
December, the correlation is already higher and amounted to 0.53 (RCP) and 0.65 (LCP) between the 
frequencies 5 and 6.1 GHz, which shows a possible weak interrelation. However, since the correlation 
between the frequencies is less than 0.7, interstellar scintillations are most likely causing the observed 
weak variations in the flux density of BL Lac object 3C 371. 

Thus, it can be concluded that intra-day variability in the radio range, of 3C 371 may be present 
in some observation sessions, but the amplitude of these variations is on average about 0.5 Jy, in rare 
cases reaching 1 Jy. However, irregular IDV variability may be a feature of the radio source 3C 371. 
Therefore, for a better understanding of the properties of possible variability, and a more accurate 
determination of the characteristic times, long-term observations of 3C 371, which, unfortunately, are 
not so popular among observers, in the radio range are necessary.  

To mitigate the effect of random interference, a test technique of “relative” observations was 
tested in July 2020, without using a calibration radio source. Measurements of the intensity of radio 
emission in decibels (dB) are obtained relative to the signal of the calibration generator (based on the 
Zener diode).  

Let be Raw_ON and Raw_OFF—source measurements with the noise generator turned on and 
off, respectively (RAW–dimensionless numbers, linearly proportional to the total received power, 
obtained from the analog-to-digital converter after FFT and averaging). Then, the “relative” intensity 
of the radio source was calculated as: 𝑆𝑓 = 10 ∙ 𝑙𝑜𝑔 ,  

where logarithm is decimal. 

Figure 4. Curves of 3C 371 flux density changes at 5 and 6.1 GHz, points of the initial data
with the “whiskers” of the errors are shown, as well as smoothed curves obtained using the
Savitzky–Golay filtration procedure. The sections of the plot show the data. (A) 23–25 November,
5 GHz; (B) 1–5 December, 5 GHz; (C) 23–25 November, 6.1 GHz; (D) 1–5 December, 6.1 GHz.

The average error in measuring the flux density for 5 GHz was 0.37, 0.41 Jy (RCP) and 0.38,
0.42 Jy (LCP) for sessions in November and December, respectively. For a frequency 6.1 GHz, the average
flux density measurement error was 0.41, 0.45 Jy (RCP) and 0.46, 0.50 Jy (LCP).

The correlation between the data series, calculated for the smoothed series, shows that on
23–25 November the correlation between frequencies 5 and 6.1 GHz was less than 0.2, which shows
that there is no correlation between the data at different frequencies. Moreover, for observations on
1–5 December, the correlation is already higher and amounted to 0.53 (RCP) and 0.65 (LCP) between the
frequencies 5 and 6.1 GHz, which shows a possible weak interrelation. However, since the correlation
between the frequencies is less than 0.7, interstellar scintillations are most likely causing the observed
weak variations in the flux density of BL Lac object 3C 371.

Thus, it can be concluded that intra-day variability in the radio range, of 3C 371 may be present in
some observation sessions, but the amplitude of these variations is on average about 0.5 Jy, in rare
cases reaching 1 Jy. However, irregular IDV variability may be a feature of the radio source 3C 371.
Therefore, for a better understanding of the properties of possible variability, and a more accurate
determination of the characteristic times, long-term observations of 3C 371, which, unfortunately,
are not so popular among observers, in the radio range are necessary.

To mitigate the effect of random interference, a test technique of “relative” observations was tested in
July 2020, without using a calibration radio source. Measurements of the intensity of radio emission in
decibels (dB) are obtained relative to the signal of the calibration generator (based on the Zener diode).

Let be Rawon and Rawoff—source measurements with the noise generator turned on and off,
respectively (RAW–dimensionless numbers, linearly proportional to the total received power, obtained
from the analog-to-digital converter after FFT and averaging). Then, the “relative” intensity of the
radio source was calculated as:

S frel = 10·log10

 Rawo f f(
Rawon −Rawo f f

) ,

where logarithm is decimal.
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The use of this technique does not allow obtaining flux density values in Jansky, however, it makes
it possible to more accurately check the presence or absence of variability of the investigated radio
source, since in this mode there is no need to additionally move the antenna to the calibration source
and a section of the sky to obtain a measurement. To reduce noise, each 10 measurements were averaged
among themselves. Thus, in one observation session, 800–1800 measurements in dB of the 3C 371
radio source were made. To study the stability of radio receiving in this mode (to make sure that there
are no false flux variations associated with instrumental effects), several days of measurements of the
Cygnus A (3C 405) calibration radio source were performed. These measurements showed the absence
of significant variations in the intensity of the radio emission from the calibration source, which means
that there are no supposed instrumental distortions of the observations. On 13 and 14 July 2020, 3C 371
source was observed in the “relative” mode. Examples of plots of these observations are shown in
Figure 5.
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2020 at a frequency 6.7 GHz. Solid lines-smoothing using the Savitzky–Golay filter with a half-width
10 points of the smoothing window, a polynomial degree is 2, the number of passes 3. As can see in the
plots, the intensity variations are almost within the error limits, except for individual episodic bursts.
At the end of the observation session on 14 July, high-amplitude impulse bursts (possibly interference)
are visible.

As before, the data were smoothed with the Savitzky–Golay filter with a half-width 10 points of the
window and degree 2 of polynomial, to highlight the intensity variations against the background noise.

Observations, smoothed by the Savitzky–Golay filter, show irregular variations with low amplitude,
close to the measurement error. With the exception of individual, short-term impulse bursts, there is no
intra-day variability in 3C 371. However, the example of the 14 July recording, shows an increase in the
radio intensity with a maximum at 2 h 30 min local time (in a 24-h format) (or 14.104388 in fractions of
a day) with a change in intensity at 0.33 dB or power of 1.08 times. The largest change in burst intensity
was approximately 1.08 dB or 1.28 times in power (10 h 19 min local time or 14.430399 in fractions of a
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day). And on the record on 13 July, the largest burst of intensity occurred at 18 h 28 min local time
(or 13.769802 in fractions of a day) (the change in intensity was approximately 0.30 dB or 1.07 times).
Similar measurements were carried out at two frequencies 5 and 6.1 GHz on 18 and 19 July 2020.
The intensity of 3C 371 radio emission in these cases changed very slightly.

In this case, to determine whether there is variability in the studied data (in other words,
whether there is a “memory effect” in the data in the form of repeatability or trend changes in data),
the method of calculating the Hurst exponent was applied (detailed description, for example, in [11]).
This method is convenient for a rough understanding of the presence or absence of cyclical or trend
variability, hidden by noise. If H = 0.5, the data is white noise, if H < 0.5, the data series is anti-constant
(any tendency tends to change the opposite) and each data value is likely to have a negative correlation
with the previous values. If the time series has “memory”, that is, subsequent values depend on the
previous ones, which is a normal consequence of variability, the values of the Hurst exponent tends
to 1. Usually, when H value equal to, or greater than 0.8, indicates a pronounced “memory effect”,
or the presence variability in the time series.

For example, for the session on 18 July 2020, frequency 5 GHz, Hurst exponent values:
H = 0.914 ± 0.0068 (LCP); H = 0.952 ± 0.0122 (RCP) correspond to the presence of irregular
variability in this observation session. For 6.1 GHz on the same date: H = 0.714 ± 0.0028 (LCP);
H = 0.748 ± 0.0036 (RCP). It can be seen that at a frequency 6.1 GHz, the “memory effect” is less
pronounced, but nevertheless a weak variability is present. And already for the data on 19 July 2020,
the situation is different. At a frequency 5 GHz, Hurst exponent value: H = 0.593 ± 0.0043 (LCP);
H = 0.641± 0.0098 (RCP), which shows a weak interrelation of subsequent intensity values with previous
ones, and there is practically no variability. At 6.1 GHz for 19 July, the values: H = 0.466 ± 0.0065 (LCP);
H = 0.430 ± 0.0087 (RCP), which shows the closeness of the time series to anti-constant noise. This is
confirmed by the statistical Kolmogorov and Smirnov tests for checking the “normality” of the
distribution [12]. Thus, if on 18 July there may have been weak variability, then on 19 July it was
replaced by noise variations in the intensity of 3C 371 radio emission.

An example of the Kolmogorov and Smirnov test result, about observational data normality,
5 GHz (RCP), for 18 and 19 July 2020 is shown in Table 2. The threshold value was 0.05.
However, statistical tests for the normality of distribution, for radio observations, have limited
applicability, since the presence of interference in the data against the background of noise can lead
to a false negation about normality of the data distribution. Therefore, interference removal is an
important task.

Table 2. The table shows examples of Kolmogorov and Smirnov tests of (statistics, two-sided p-value
and output), for 18 and 19 July 2020 at 5 GHz (RCP) (threshold value is 0.05). As can see, on 19 July the
data had a normal distribution, but not on 18 July.

19 July 2020, K-S Test Statistic P-Two-Sided Conclusion

Kolmogorov 0.018949154 0.403484345 normality is confirmed
Smirnov 0.018949238 0.378342834 normality is confirmed

18 July 2020, K-S Test Statistic P-Two-Sided Conclusion

Kolmogorov 0.068024359 0.000157772 normality is NOT confirmed
Smirnov 0.068024359 0.000085922 normality is NOT confirmed

Thus, the experiment using measurements in decibels, showed the absence of reliable variability of
3C 371 radio emission at frequencies 5 and 6.1 GHz. However, in some sessions, there may be variations
in the intensity with low amplitude, and sharp episodic noise-like type bursts, were also observed.

From 22 to 28 July 2020, on the 16-m antenna, the flux density measurement mode in Jansky,
at frequencies 5 and 6.7 GHz was again used and observations of the radio source 3C 371 continued.
The plots of the initial and smoothed observations of the 3C 371 source (sessions 22 and 25–28 July 2020),
at frequencies 5 and 6.7 GHz, are shown in Figure 6.
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Figure 6. Plots of flux density variations of 3C 371, 22 July 2020 at 5 GHz (C) and 6.7 GHz (D), as well
as plots of flux density variations from 25 to 28 July 2020 at 5 GHz (A) and 6.7 GHz (B). The figures
also show smoothed data, for left (LCP) and right (RCP) circular polarizations. It can be seen that the
amplitude (for smoothed data) of irregular variations in the flux density almost does not exceed 0.5 Jy,
with an amplitude of bursts, about 1 Jy, as in other observation sessions.

The average flux density for 25–28 July, at a frequency 5 GHz, was 2.118 ± 0.420 Jy (RCP) and
2.127 ± 0.418 Jy (LCP). Over the same time interval, at a frequency 6.7 GHz, the average flux density
was 2.145 ± 0.451 Jy (RCP) and 2.287 ± 0.480 Jy (LCP).

To estimate the characteristic time of variations, we construct Lomb–Scargle power spectra
(using smoothed data) in a double logarithmic scale with confidence levels of probability (a double
logarithmic scale is needed to clearly see the entire LS power spectrum). An example of periodograms
(with a Bartlett spectral window, to reduce the spectral leakage effect) for non-uniform time series
(observation session on 25–28 July 2020) is shown in Figure 7.

This example shows that, above the 99.9% confidence level, the characteristic time of flux density
variations at a frequency 5 GHz is ≈ 4.7 h (LCP) and ≈ 6.8 h (RCP). Some closeness of these values
to the 4 and 6 h daily harmonics can be seen. As can be seen, on the time scales the variations differ
for two circular polarizations, with a correlation coefficient 0.83, between two circular polarizations.
Quite different characteristic times of flux density variations for 6.7 GHz. For both polarizations,
they were ≈ 19 and 12 h, and in addition, in the left polarization, a maximum of the periodogram is
visible, corresponding to variations with a characteristic time ≈ 44 h (the maxima of the periodograms
are at 99.9% and slightly more). This is close to twice (48 h) the daily 24 h period, 12 h is the harmonic
of the daily period, and the 19 h variation can be a distorted daily period, which needs additional
verification on more intensive observations of at least one week in duration.
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Observatory (Odessa I.I.Mechnikov University), Ukraine) were carried out in the time interval from 
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Figure 7. Examples of periodograms for the observation session of 3C 371 source, 25–28 July 2020. (A) shows
the periodogram (spectrum length 16384, Nyquist frequency 64.175 cycles/day, which corresponds to a
period 0.374 h) for left circular polarization at 6.7 GHz (typical variation times are approximately 44, 19, 12 h).
(B) shows the periodogram (spectrum length 16384, Nyquist frequency 64.417 cycles/day corresponding to
a period 0.372 h) for right-hand circular polarization at 5 GHz (characteristic time 6.82 h).

3.2. Optical Observations

Observations of 3C 371 on the AZT-3 telescope with a mirror diameter 48 cm (Mayaki Observatory
(Odessa I.I.Mechnikov University), Ukraine) were carried out in the time interval from 8 September to
12 October 2019 in filters V, R. On 7–20 October 2019, the Vihorlat observatory (Slovakia) joined the
observations using the VNT telescope (mirror diameter 1 m) and V, R, I filters. Observations at the
Baldone Observatory (Latvia) on the Schmidt camera with a mirror diameter 1.2 m were carried out on
24, 27 October and 9 December 2019 using R filter. The neighborhoods of 3C 371, marked with the
target object of observation and comparison stars are shown in Figure 8.
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Figure 8. Neighborhoods of BL Lac object 3C 371, the figure also shows the comparison star and the
checking star, as well as the directions to the North and East.

The standard reduction of the CCD frames were carried out by using the MUNIPACK (http://
sourceforge.net/projects/c-munipack) software. The procedures for an aperture photometry is composed
of the dark-level and flat-field corrections, determination of the instrumental magnitudes and precision.
The photometry was transformed to the standard VRI Johnson-Cousins system by means of the
differential photometry method [13]. Observations with the AZT-3 telescope are reduced to the
standard photometric system using the following formulas:

Vst = ∆Vinst + εV∆(B−V) + Vcomp

Rst = ∆Rinst + εK∆(V −R) + Rcomp

where Vst, Rst denotes stellar magnitudes in the standard system, ∆Vinst, ∆Rinst the difference between
the magnitudes of the variable star and the comparison star, εV , εK thecolor transformation coefficients,
∆(B−V), ∆(V −R) the difference between the color indices of the variable star and the comparison
star, and Vcomp, Rcomp the magnitudes of the comparison star in the standard system.

The transformation coefficient was determined from observations of standard stars [14].
The weak foggy halo of the host galaxy, where the 3C 371 source located, was not specially taken

into account, because it is simply not visible on the CCD matrices installed on the telescopes, as can be
seen in Figure 8, the image from the CCD matrix of the AZT-3 telescope, where the source 3C 371 is
does not differ from nearby stars.

Light curves of the source 3C 371 were observed with telescopes AZT-3 (Ukraine) and VNT
(Slovakia) and are shown in Figure 9, in bands V, R (AZT-3) and V, R, I (VNT).

http://sourceforge.net/projects/c-munipack
http://sourceforge.net/projects/c-munipack
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Figure 9. Light curves of 3C 371, obtained in Ukraine (upper graph) and Slovakia (lower graph).
The flags indicate the V, R, I bands for the individual light curves.

According to the Baldone Observatory, intra-night trends were observed for two days, and for
one night on 24 October, there was close to quasiperiodic variability. Observatory plots at Baldone
Observatory (24, 27 October and 9 December 2019) in the R-band are shown in Figure 10.
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Figure 10. Light curves for three nights (24 (A), 27 (B) October and 9 December (C) 2019) obtained
at the Baldone Observatory. The polynomial trends are plotted in the data, showing the brightness
variations of 3C 371 during these individual nights of observations.

The amplitudes of variability in fractions of a magnitude, according to observations at the Mayaki,
Vihorlat, and Baldone observatories, are shown in Table 3. Filters in which the observations were made,
are indicated in brackets. For the data of the Baldone observatory, the dates of observation nights,
in the R filter, are also shown.
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Table 3. Table of variability amplitudes and errors (in fractions of magnitude) of observations of the 3C
371 source at the observatories in Ukraine, Slovakia and Latvia at 2019.

Observatory Variability Amplitude Typical Magnitude Error

Mayaki (Ukraine) 0.55 (V)
0.39 (R)

0.031 (V)
0.027 (R)

Vihorlat (Slovakia)
0.42 (V)
0.36 (R)
0.28 (I)

0.040 (V)
0.037 (R)
0.040 (I)

Baldone (Latvia)
0.27 (R) (24 October 2019)
0.54 (R) (27 October 2019)

0.18 (R) (9 December 2019)

0.0043 (R)
0.0063 (R)
0.012 (R)

To analyze the variability, the Lomb-Skargle periodograms were constructed for the observations
of the Mayaki and Vihorlat observatories. In the case of the Vihorlat observatory, the main peak in
periodograms corresponded to a period value 6.8 days. There were also split maxima with close values,
about 1.1 and 0.9 days (probably, the contribution of the diurnal harmonic, which is not related to the
variability of 3C 371).

To refine this result, single sinusoids were inscribed into the light curves using the least squares
method. The method of data approximation by a trigonometric polynomial (Fourier decomposition)
for estimating the values of the periods of cyclic variations in time series of extragalactic sources
observations, is far from new and its widely used, for example, in the analysis observations of
variable stars [15]. The algorithm creates a parametric time series model, consisting of sinusoids
or damped sinusoids, and is made from several parts. First, the Lomb–Scargle method is used to
estimate the frequencies and the number of sinusoids. A linear approximation is then performed to
determine the phases and amplitudes of the sinusoids, which are used as starting values. The final
stage uses these initial values to optimize the resulting time series model, using the least squares the
Levenberg–Marquardt iterative method, which refines the previously obtained values of frequencies,
phases and amplitudes of sinusoids, by fitting the model to the best approximation of the initial
data [16]. The refined period values of the main sinusoids (which make the main contribution to
the observed variations) can be considered as the estimated values of the quasiperiods, contained in
the light curves of the extragalactic radio source 3C 371. However, in this case, when there are few
observation sessions, even the approximation by 1–3 sinusoids allows to approximately estimate the
quasiperiods in the case of cyclicity.

Thus, the following values of the sinusoids periods, were obtained, which provided the best
approximation of the initial data: 7.3 days (I), 7.2 days (R), 7.5 days (V).

In the case of Mayaki Observatory, the light curves contain two components, which have the
following periods values of the approximating sinusoids: 6.6 days and 4.6 days (V); 6.5 days and
4.4 days (R). However, due to the large gaps in the data, about 4 day cycle cannot yet be considered
reliably determined and requires further verification. Weak trends are also visible, for which estimation
of the characteristic time (by inscribing a segment of a sinusoid, by the least squares method)
is 35.6 days (V) and 67.8 days (R). As can be seen, there is a significant difference between the estimates
of characteristic time for the trend change in brightness of 3C 371 in the V, R filters. Longer observations
with smaller gaps between sessions are required to reliably determine the time scale of trend brightness
variations. Examples of periodogram and sinusoidal fit for 3C 371 observations at Mayaki and Vihorlat
observatories are shown in Figure 11.
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of the period of 6.83 days (I) was refined to the value of 7.3 days by fitting the sinusoid to the data 
using the least squares method. This figure also shows the parameters of the approximation 
(coefficient of determination R2, standard error SE и F-Fisher statistics) which shows good reliability 
of the found periods values. The values of approximation parameters are shown in the caption to 
Figure 11. 

Consideration of a longer data series (2018–2020) of 3C 371 observations, obtained in the V filter, 
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https://www.aavso.org/) showed the presence of only trend changes in brightness without a cyclical 
component. After a big drop, the overall brightness increase began in October 2019. The long-term 
light curve of 3C 371 source, as observed by the AAVSO, for the time interval 2018–2019 in the V 
band, is shown in Figure 12, as well as the inscribed 5-degree polynomial, showing a slow, wavy 
brightness change of 3C 371 throughout the year.  

Figure 11. (A) shows an example of periodogram for observations at the Vihorlat observatory (I).
It can be seen that the main maxima exceed the 99.9% confidence level (which means that only 1
from 1000 sets of noise, can accidentally give a maximum with this height). (C) shows an example
of a trigonometric polynomial drom 2 sinusoids, plus a trend segment for observations at the Mayaki
Observatory (V). (B,D) show examples of fitting 1 sinusoid into the data series, R and I, respectively.
In this example, the approximation parameters, R2 = 0.62, SE = 0.047 (standard error of approximation),
F-statistics (Fisher) = 128.48 (C); R2 = 0.69, SE = 0.047, F = 556.63 (B); R2 = 0.70, SE = 0.041, F = 581.26 (D).

This figure shows the values of the periods of the peaks of the Lomb-Scargle periodogram for the
filter I data (Vihorlat observatory), as well as three graphs (Mayaki and Vihorlat observatories) with
the approximation of the original data by sinusoids. It can be seen, for example, the initial value of the
period of 6.83 days (I) was refined to the value of 7.3 days by fitting the sinusoid to the data using
the least squares method. This figure also shows the parameters of the approximation (coefficient of
determination R2, standard error SE иF-Fisher statistics) which shows good reliability of the found
periods values. The values of approximation parameters are shown in the caption to Figure 11.

Consideration of a longer data series (2018–2020) of 3C 371 observations, obtained in the V
filter, from a free observational database AAVSO (American Association of Variable Star Observers,
https://www.aavso.org/) showed the presence of only trend changes in brightness without a cyclical
component. After a big drop, the overall brightness increase began in October 2019. The long-term
light curve of 3C 371 source, as observed by the AAVSO, for the time interval 2018–2019 in the V band,
is shown in Figure 12, as well as the inscribed 5-degree polynomial, showing a slow, wavy brightness
change of 3C 371 throughout the year.

https://www.aavso.org/


Galaxies 2020, 8, 69 16 of 24
Galaxies 2020, 8, x FOR PEER REVIEW 16 of 24 

 

 
Figure 12. Long-term light curve of 3C 371 in the V-band, obtained in the time interval 2018–2020 
(observations from AAVSO database). A wavy long-term trend is visible (polynomial degree is 5).  

The minimum characteristic variability time, according to observations at the Mayaki 
observatory was 2.8 h (V) and 3 h (R). For observations at the Vihorlat observatory, the minimum 
characteristic variability time is 2.3 h (V), 2.2 h (R), and 2.6 h (I). Within individual nights, there were 
either noisy brightness variations or irregular ones. Similar observations of 3C 371 at the KittPeak 
observatory, published in 1978, showed similar properties. There were noise brightness variations 
within individual nights [17]. In an earlier work, it was shown that within individual nights, 3C 371 
exhibits significant irregular variability [18]. It seems that events of significant variability within the 
night are less frequent than manifestations of noise-like variability.  

In the case of observations at the Baldone Observatory, on one night of observations, 24 October 
2019, brightness fluctuations close to quasiperiodic were observed. An example of the approximation 
of the 3C 371 light curve (24 October 2019) by a trigonometric polynomial from two sinusoids—a 
sinusoidal trend segment and a main sinusoid, is shown in Figure 13.  

 
Figure 13. An example of fast brightness variations for 24 October 2019, in the R filter, observed at the 
Baldone observatory. Shown is a trigonometric polynomial approximation from 1 sinusoid with a 
period 1.3 h, plus a trend sinusoidal segment (showing a decrease in brightness during the night) with 
a period 7.6 h. This value (7.6 h) is very close to the 8 h diurnal harmonic, so it most likely cannot be 
considered a correct result. Approximation parameters: R2 = 0.83, SE = 0.033, F = 62.70. 

The value of the estimated quasiperiod is 1.3 h. In this case, rapid brightness fluctuations are 
superimposed on the trend decrease of brightness. Sinusoidal trend segment has a characteristic time 
7.6 h, but this is very close to value of the 8 h diurnal harmonic, and therefore, in this case, the value 

Figure 12. Long-term light curve of 3C 371 in the V-band, obtained in the time interval 2018–2020
(observations from AAVSO database). A wavy long-term trend is visible (polynomial degree is 5).

The minimum characteristic variability time, according to observations at the Mayaki observatory
was 2.8 h (V) and 3 h (R). For observations at the Vihorlat observatory, the minimum characteristic
variability time is 2.3 h (V), 2.2 h (R), and 2.6 h (I). Within individual nights, there were either noisy
brightness variations or irregular ones. Similar observations of 3C 371 at the KittPeak observatory,
published in 1978, showed similar properties. There were noise brightness variations within individual
nights [17]. In an earlier work, it was shown that within individual nights, 3C 371 exhibits significant
irregular variability [18]. It seems that events of significant variability within the night are less frequent
than manifestations of noise-like variability.

In the case of observations at the Baldone Observatory, on one night of observations,
24 October 2019, brightness fluctuations close to quasiperiodic were observed. An example of the
approximation of the 3C 371 light curve (24 October 2019) by a trigonometric polynomial from two
sinusoids—a sinusoidal trend segment and a main sinusoid, is shown in Figure 13.
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7.6 h, but this is very close to value of the 8 h diurnal harmonic, and therefore, in this case, the value 

Figure 13. An example of fast brightness variations for 24 October 2019, in the R filter, observed at
the Baldone observatory. Shown is a trigonometric polynomial approximation from 1 sinusoid with
a period 1.3 h, plus a trend sinusoidal segment (showing a decrease in brightness during the night)
with a period 7.6 h. This value (7.6 h) is very close to the 8 h diurnal harmonic, so it most likely cannot
be considered a correct result. Approximation parameters: R2 = 0.83, SE = 0.033, F = 62.70.

The value of the estimated quasiperiod is 1.3 h. In this case, rapid brightness fluctuations are
superimposed on the trend decrease of brightness. Sinusoidal trend segment has a characteristic
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time 7.6 h, but this is very close to value of the 8 h diurnal harmonic, and therefore, in this case,
the value of characteristic time of brightness variations cannot be considered as correct result.
However, on individual nights of observations in Ukraine and Slovakia, apart from trends, no such
brightness variations were observed, only irregular variability. Therefore, this result requires further
verification by new optical observations.

Additional observations carried out in May and July 2020 (Slovakia, Vihorlat Observatory) also
showed the presence of day-to-day variability, but only four nights of qualitative observations were
obtained on 21 May and 1, 5, and 7 July. The common plot of 3C 371 observations in May and July 2019
is shown in Figure 14, bands V, R, I (obtained at VNT telescope).
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A separate plot for an example of 3C 371 variability inside the night 1 July 2020 (bands V, R, I)
is shown in Figure 15.
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Figure 15. An example of light curves inside the night of 1 July 2020 in filters V, R, I (Vihorlat observatory).
Dotted trend lines—third degree polynomials. Weak brightness variations are seen in the V and R
bands with a characteristic time of about 20 min.
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Table 4 presents the amplitudes of variability and measurement errors for the observation session
of 3C 371 source at the Vihorlat observatory, carried out in the time interval from 21 May to 7 July 2020,
in the V, R, I filters.

Table 4. Table of amplitudes and measurement errors (in fractions of magnitude) for observation
session of 3C 371 source, performed at the Vihorlat observatory, on 21 May and 1, 5, 7 July 2020.

Date Variability Amplitude Typical Magnitude Error

21 May 2020
0.045 (V)
0.026 (R)
0.032 (I)

0.038 (V)
0.048 (R)
0.041 (I)

1 July 2020
0.111 (V)
0.120 (R)
0.097 (I)

0.038 (V)
0.023 (R)
0.009 (I)

5 July 2020
0.070 (V)
0.060 (R)
0.043 (I)

0.053 (V)
0.027 (R)
0.013 (I)

7 July 2020
0.120 (V)
0.065 (R)
0.036 (I)

0.011 (V)
0.046 (R)
0.025 (I)

As can be seen from this example, in most cases, the amplitude of the observed variability within
the night is close or comparable to the average observational error. Therefore, one can say that
significant variability within the night occurred on 1 and 7 July. On other days, brightness variations
are poorly distinguishable against the background of the measurement error.

However, day-to-day brightness variations in the V, R, I bands are well distinguishable;
however, these observations are insufficient to accurately determine the characteristic variability
time. However, it can be roughly estimated by writing segment of a sinusoid into the data for 1, 5, 7 July,
using the least squares method. Its period is approximately 5.2 days for the V band, and 5.0 days for
the R band. In the I band, the approximation error was too large.

The total amplitude of variability for four days was:
0.184m (V), 0.160m (R) and 0.125m (I) with an average error 0.032m (V), 0.036m (R) and 0.022m (I).

Thus, BL Lac object 3C 371 has day-to-day variability. However, to determine its cyclicality, or the
absence of cyclicality, more data are needed, which are planned to be obtained in the next observation
session at the observatories in Slovakia, Ukraine, and Latvia.

To confirm or disprove the presence of quasiperiodic cyclic variations with a period value about
7 days in the 3C 371 optical observation data, the data of all different 3C 371 observation sessions
performed on the AZT-3 telescope (Mayaki observatory, Ukraine) were combined from 3 September 2019
to 30 January 2020, in the V, R filters. The obtained light curves are shown in Figure 16. This figure
shows a rather rapid increase in brightness by more than 0.5 magnitude, from the average brightness,
to 27 October 2019.
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Figure 16. Common light curves of the source 3C 371, obtained at the Mayaki observatory (Ukraine) in
V, R bands, during the time interval 7 September 2019–30 January 2020.

Descriptive statistics of these obtained time series of observations in Mayaki observatory are
shown in Table 5.

Table 5. The values are shown—mean, median, standard deviation, maximum, minimum and number
of data points, for observations of 3C 371 in the time interval 7 September 2019–30 January 2020, on the
AZT-3 telescope, Mayaki observatory (Ukraine).

Band Mean Median Standard
Deviation Minimum Maximum N.

Points

V mag 14.971 15.031 0.181 14.617 15.311 1723
R mag 14.336 14.387 0.150 14.063 14.650 1662

Next, a digital spectral analysis was carried out using the Lomb-Scargle method and time series
models were obtained in the form of trigonometric polynomials from four sinusoids (V band) and five
sinusoids (R band). An example, for the V band, is shown in Figure 17. The figure shows a parametric
spectrum (top panel) showing the initial values of quasi-periods, identified by the Lomb–Scargle
method for non-uniform time series, the middle panel shows an optimized (least squares method)
trigonometric polynomial, a time series model from four sinusoids (one trend segment of a sinusoid,
describing a slow brightness change and three target sinusoids, describing fast brightness variations
of 3C 371), and the bottom panel of Figure 17 shows sine waves, components of a trigonometric
polynomial. Frequency values in cycles per day.

As can be seen from the example in Figure 17, the data contains a quasiperiod 6.9 days, which is
close to the values of the main quasiperiod, about 7 days, obtained earlier, when analyzed shorter data
series from the Mayaki and Vihorlat observatories. In addition to the previously found quasiperiod,
quasiperiods with values 12.3 and 26.5 days appeared. Moreover, 26.5 days is close to quadruple
6.9 days (27.6 days) and looks like it is harmonic of this main quasiperiod. The quasiperiod 12.3 days
may be real, but to test this assumption, better quality series of observations are needed, with smaller
data gaps (which are expected to be obtained in the next stage of this work). The characteristic time
of trend change in the brightness of 3C 371 source, estimated as the period of sinusoidal segment,
is 194 days. The following parameters of approximation by a trigonometric polynomial are obtained:
R2 = 0.878, SE = 0.064, F = 1114.54. As can see from this example, the coefficient of determination is
quite close to the value of 0.9, which shows a very good agreement between the fitting curve and the
original data, and high value of the Fisher statistic also confirms the very good quality of the data
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approximation by four sinusoids. Thus, it is almost confirmed that the 6.9 days quasiperiod is true and
actually describes fast inter-day brightness variations of the 3C 371 source in the optical range.
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Figure 17. Result of the analysis of cyclical variability in the light curve of 3C 371 in the V filter
(7 September 2019–30 January 2020), according to observations in the Mayaki observatory (Ukraine).
(A) Parametric spectrum with periods values of 4 sinusoidal components in the time series, flags show the
initial values of quasiperiods in days; (B) Approximation of the original observational data (the average
value is subtracted), by a trigonometric polynomial from 4 sinusoids (where 1 segment of the sinusoid
shows a slow trend change in brightness) that were fitted to the original data, using the least squares
method, and accordingly, the values of periods for each sinusoids were refined; (C) This panel shows the
sinusoidal components, which formed the approximating trigonometric polynomial. Thus, the following
values of estimated quasiperiods were obtained: 26.5, 12.3, and 6.9 days. The estimated characteristic
time of trend change in brightness of 3C 371, in this example, was about 194 days. The quasiperiod
6.9 days (very close to value 7 days, obtained earlier) was preserved in a longer series of data, which
confirms the correctness of its determination.

Analysis of the 3C 371 light curve in the R-band, showed fairly similar results.
Thus, the characteristic time of the trend change in brightness of 3C 371 in the R band was about
172 days, the values of other found quasi-periods were 20.6, 13.2, and 7.7 days. This is quite close to
the results, obtained from observations in the V filter. However, an additional harmonic with a period
38.3 days appeared in the R-band, which is very close to the fivefold increased value (38.5 days) of the
main quasiperiod 7.7 days, so this is most likely the harmonic of the main quasiperiod. In the same
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way, the value of quasiperiod 20.6 days is close to the triple value (23.1 days) of the main quasiperiod
in the R-band. The value of quasiperiod 13.2 days is possibly real, but its differences from the value
12.3 days obtained in the V-band, indicate the need for clarification by further observations.

4. Discussion

The fact that the extragalactic source 3C 371 is optically variable was noted as early as the 1960s.
For example, it was shown in [19] that a change in brightness by approximately one stellar magnitude
occurred over a time interval about two years of observations, and low-amplitude changes in brightness
by 0.10–0.15 stellar magnitude occur over a time interval of several days. Some general information on
the fast optical variability of 3C 371 with an amplitude about 0.5 magnitude is given in [20].

The quasiperiodic activity of BL Lac object 3C 371 in the optical range was recorded in the early
work [21], where the presence a period 163 days is noted, as well as the similarity shape of the light curve
for different components of brightness variations with different time scales. When observing 3C 371 in
the X-ray range on the Exosat satellite, intra-day variability was detected with characteristic times from
8 h to 25 min. The rapid variability of such a time scale, in the X-ray range, is in good agreement with
the model of an inhomogeneous synchrotron flow with Compton backscattering [22]. Low-amplitude
intra-day optical variability (filter V) for 3C 371 was recorded in [23]. On some nights, linear trends
of an increase or decrease in brightness were seen. In newer optical observations (filters B, I), it was
confirmed that 3C 371 has significant low-amplitude variability on a time scale from several hours to
several days. Moreover, there is a strong correlation between the B and I bands on short and long time
scales [24].

On the whole, different authors at different times have observed fast optical brightness variations
with a characteristic time of less than a few hours. However, for the radio range, there are quite a few
works devoted to the intra-day variability of 3C 371.

Observations with the aim of searching for intraday variability of 3C 371 in the radio range at
frequencies 5, 6.1, 6.7 GHz, at the 16-m VIRAC radio telescope, were carried out at different times,
in September, November and December 2019 and also in July 2020. It is shown that the obtained
data series contain weak variations in the flux density with an amplitude about 0.5 Jy, less often
1 Jy, and the nature of variability is completely irregular, without any quasiperiodic manifestations.
The observations on 2–10 September were slightly distorted by impulse noise, while the 6.7 GHz
observations on 21–25 September were quite noisy. Better observations were in November and
December. Also, they did not show significant quasi-harmonic variability, only low-amplitude irregular
variations in each of the sessions. Long-term trend changes in the flux density 3C 371 were also not
found in the studied time interval. Observations in the radio range in July 2020 showed an ambiguous
result. On some days, the radio source showed only noise variations, on some days there were irregular
low amplitude variations. No quasiperiodic flux density variations were detected. Thus, the irregular
intra-day low-amplitude variability in the radio range in 3C 371 is most likely present, more or less,
in different observation sessions, however, its reliable select and assessment of properties, requires
long-term observations for several weeks or, even better, months.

At the same time, optical observations at the observatories Mayaki (Ukraine), Vihorlat (Slovakia)
and Baldone (Latvia), carried out on 8 September–12 October (Mayaki), 7–20 October (Vihorlat), 24,
27 October, and 12 December (Baldone) 2019 in filters V, R, I showed significant variations in the
brightness of 3C 371 within observation nights, as described in the early works of other authors.
Analysis of the light curves showed the presence of quasiperiodic changes, with a main period about
seven days and a pronounced diurnal modulation. This quasiperiod was obtained for observations
over different time intervals, both in Slovakia and in Ukraine (the distance between the observatories
is about 900 km). This confirms the reality of the found quasiperiod in the optical range, and when
analyzing the works of other authors, the presence of seven-day quasiperiod, was not previously
noted. Thus, the result obtained is new. In addition, according to the longer light curves in the V,
R filters obtained at the Mayaki observatory, there may be additional cyclicity with a characteristic
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time 4.6 days, but quite large gaps between observations, do not allow it to be reliably distinguished.
At 24 October, according to observations at Baldone in the R filter, showed a nearly quasiperiodic
brightness change with a characteristic time about 1.3 h. Observations carried out in May and July 2020
showed that the optical brightness of 3C 371 changes, with an assumed characteristic time of about five
days, at this time interval, but this is a quite rough estimate due to the small number of observations.

Analysis of the total light curves, the longest, in our study, observations obtained in the V, R bands
at the Mayaki observatory (Ukraine) in the time interval from 7 September 2019 to 30 January 2020,
showed, that presence of a quasiperiod about seven days, obtained earlier is confirmed by longer
observations. The estimated characteristic time of the trend change in brightness of 3C 371 was
194 days (V band) and 172 days (R band), which is quite close to the result obtained in a much earlier
work (M.K. Babadzanjanz, E.T. Belokon 1975) [21], where the quasiperiod value was 163 days in B-band
(1966–1973). Thus, in this work, the presence of regular brightness variations of 3C 371 source, with a
period quite close to 160 days, is possibly partially confirmed.

Thus, quasiperiodic variations in the emission of BL Lac object 3C 371 were observed in the optical
range, but were completely absent in the radio range. Since the correlation between radio frequencies
5 and 6.1 GHz is quite low and generally lower than 0.7, the observed variations are most likely caused
by the interstellar medium (refraction of radio emission into inhomogeneities of a galactic interstellar
medium), which is considered, for example, in [25]. Since 3C 371 has a well-defined optical jet with
bright moving components in it, it can be assumed that the observed cyclic variability in the optical
range is caused by quasi-regular processes in the jet. Some authors associate the fast optical variability
of active galactic nuclei with unstable processes in the accretion disk, as, for example, in [26]. However,
in the case BL Lac objects like 3C 371, due to the small angle between the jet and the line of sight,
the main contribution to the observed inter-day variability and variability during individual nights
should be made by processes in the jet, such as shock waves interacting with local inhomogeneities in
the jet, which can cause variations within the night, and longer brightness variations on time scales of
about several days are possibly associated with small-scale disturbances within the jet [27,28].

5. Conclusions

Observations of 3C 371 radio source, in the radio range on the 16-m VIRAC antenna (Latvia),
at frequencies of 5 and 6.1 GHz, (the observation sessions were in September, November, and December
2019 and July 2020) showed the presence of only irregular variations in the flux density. The timescale
of these variations is approximately 2 h and 12–14 h. The correlation between frequencies 5 and
6.1 GHz is quite weak, i.e., 0.5–0.6 and less than 0.2 in some observation sessions. There is a weak
correlation between the frequencies 5 and 6.1 GHz in individual observation sessions. Observations on
22, 25–28 July, at frequencies 5 and 6.7 GHz showed the probable presence of flux density variations with
characteristic times close to 5 and 7 h at a frequency 5 GHz, and at 6.1 GHz, manifestations of semidiurnal
12-h harmonic were observed. The linear correlation between 5 and 6.7 GHz using a smoothing data
filter was 0.62 (5 GHz RCP vs. 6.7 GHz RCP) and 0.65 (5 GHz LCP vs. 6.7 GHz LCP). Despite the
existing weak interrelation between the frequencies in this observation session, the characteristic times
of flux density variations at different frequencies are differ.

Smoothing the radio data for individual observation sessions using the Savitzky–Golay filter,
showed the possible presence of low-amplitude waves (0.5 Jy, rarely up to 1 Jy) of irregular flux
variations; however, the observation duration was insufficient to reliably determine the amplitude of
these variations, against the noise background.

Optical observations of 3C 371 were carried out at the observatories Mayaki (Ukraine), Vihorlat
(Slovakia), Baldone (Latvia), the observation sessions were in September, October, and December 2019,
and additionally in May and July 2020. In the optical range (bands V, R, I), a close to quasiperiodic
changes in the brightness of 3C 371 with a characteristic time of about seven days was found,
according to data from observatories in Ukraine and Slovakia. In the optical range, the 3C 371
shows changes in brightness during individual nights, in the form of trend variations. There is no
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correlation between radio and optical observations at overlapping time intervals. Analysis of longer
light curves in V and R bands, obtained at the Mayaki observatory (Ukraine) over the time interval
7 September 2019–30 January 2020, confirmed the presence of a main period, with a value close to
seven days, in both bands. On 24 October 2019, according to observations at the Baldone observatory
(R-band), the variability during the night was close to quasiperiodic with a characteristic time of
about 1.3 h.

As a result, it can be noted that, in the radio range, during the observation time interval, there is no
cyclic variability of 3C 371 (however, low-amplitude irregular flux density variations are often present),
but there is cyclic variability in the optical range, including fast intra-night brightness variations. Since
the flux density variations in the radio range are quite weak, in the future, it is planned to carry out
longer quasi-continuous and multifrequency observations of the 3C 371 on the 32-m VIRAC (Latvia)
antenna, in order to refine the obtained results.
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