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Abstract. Using the 22-meter RT-22 radio telescope (Simeiz),
a unique database on the variability of active galactic nuclei
(AGN) in the centimeter and millimeter wavelength ranges
has been created. This database is virtually the only one of its
kind in the world in this frequency range. A special class of
AGNs has been identified — tight binary systems of super-
massive black holes (SMBHs) at an evolutionary stage close
to merger, exhibiting quasi-periodic variability in their emis-
sion. Statistical analysis indicates that, due to beaming ef-
fects, only about 1% of such systems are observable. We
present results of long-term, multi-frequency radio monitor-
ing of several AGNs suspected of harboring binary SMBHs:
3C 273, 3C 454.3, S5 0528 + 134, and AO 0235 + 164. Based
on these observations, a new model is proposed for estimating
the parameters of tight binary SMBHs solely from radio
data. An energy balance analysis demonstrates that standard
accretion onto a single SMBH cannot account for the ob-
served emission power. An alternative model is proposed, in
which the primary energy release is caused by the secondary
SMBH traversing a common accretion environment. The
methodology for determining the physical parameters of the
SMBHs includes harmonic and wavelet analyses, as well as
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estimation of companion masses and orbital parameters. The
results suggest that these systems may consist of extremely
massive and compact binaries with nearly equal-mass compo-
nents. The most massive binary black hole (3C 454.3) and the
most powerful radio emitter in the Universe (S5 0528 + 134,
‘Nimfa’) have been identified. For the first time in global
practice, the phenomenon of giant flares of water maser
emission in Galactic sources has been discovered using the
RT-22 radio telescope of the Crimean Astrophysical Obser-
vatory. We present the results of long-term monitoring of
water kilomasers in the Galactic sources IRAS 18316-0602
and W51 Main at the 22.35 GHz line. It has been established
that IRAS 18316- 0602 is the most powerful water kilomaser
in the Galaxy. This discovery was included in the annual
report of the Russian Academy of Sciences to the President
of the Russian Federation as one of the most significant
astrophysical achievements of 2019. Such results have been
obtained for the first time in the global scientific community.
A methodology has been developed to estimate the level of
gravitational radiation from tight binary SMBHs and com-
pact binary stellar systems. The flux of gravitational waves
reaching the Earth from such sources has been estimated,
showing that it is potentially detectable by gravitational
wave detectors such as the International Pulsar Timing
Array (IPTA). This opens up new broad possibilities for
further research of gravitational waves with the aim of their
experimental detection.

Keywords: active galactic nuclei; binary supermassive black
holes; star-forming regions; masers; gravitational waves

*This review is based on the report presented for the Scientific Session of
the Physical Sciences Division of the Russian Academy of Sciences (PSD
RAS), on March 19, 2025 (see Physics—Uspekhi 69 (3) 221 (2026); Uspekhi
Fizicheskikh Nauk 196 (3) 238 (2025)).
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1. Introduction: The RT-22 radio telescope
in Simeiz — from concept
to epoch-making discoveries

The development of radio astronomy in the second half of the
20th century was a crucial stage in the formation of modern
astrophysics. Along with classical optical observation tools,
radio telescopes opened a fundamentally new range —
millimeter, centimeter, and meter wavelengths — making it
possible to peer into the depths of the Galaxy and distant
regions of the Metagalaxy.

In this context, the construction and development of the
RT-22 radio telescope at the Crimean Astrophysical Obser-
vatory in Simeiz became key events in the history of Russian
science. The work began in November 1959 as part of a
strategic program for the development of radio astronomy.
The project envisioned the creation of a high-precision
parabolic mirror 22 meters in diameter, designed to receive
radio waves in the centimeter and millimeter ranges. Con-
struction and installation work was completed by 1965, and
the first experimental observations began in September 1966
(Photo 1).

Thanks to its favorable geographic location—an open
horizon and natural protection from radio interference from
the northern side by the Crimean Mountains —as well as its
well-thought-out design, the RT-22 quickly became one of the
most sensitive observing facilities of its class in the USSR and
received international recognition.

Amid growing interest in high-frequency radio astronomy
in the 1960s, the task was set to conduct the first Soviet sky
survey in the short-wavelength centimeter range (3 cm
wavelength). The goal was to identify new radio sources
with spectral peaks in the high-frequency range and objects
with pronounced variability. This led to the Simeiz Sky
Survey ‘S’—one of the first in the world in this range. To
implement it, the RT-22 receiving system was upgraded, and
an original data acquisition and processing system was
developed, including magnetic recording and automated
computer-assisted interpretation.

During pilot observations in 1969, a preliminary catalog
of sources was compiled. One of the most important
discoveries was the object S0528 + 134 (Nimfa), the first
blazar discovered in the USSR. It turned out to be an active
nucleus with high variability, a compact structure, and a
maximum emission in the centimeter range. It was later
established that Nimfa is one of the most powerful sources
of barometric luminosity in the Universe: according to
modern estimates, the mass of its central black hole reaches
~ 3.6 x 10'° M, and the radiated power is ~ 10*® ergs—!.

In parallel, very-long-baseline interferometry (VLBI) was
developed, making it possible to overcome the angular
resolution limitations of single telescopes. This work
required the creation of highly accurate time and frequency
standards, which stimulated the development of hydrogen
frequency standards.

In 1973, the RT-22 participated in the world’s first
intercontinental VLBI experiment, achieving a record-break-
ing angular resolution at the time. This event became a major
milestone in global radio astronomy and laid the foundation
for future geodynamic and space programs, including the
RadioAstron mission.

Thus, from the moment of its origin, the RT-22 not only
became the first instrument in the USSR to peer into the
millimeter range, but also served as a technological and

Photo 1. First experimental observations, 1966.

scientific platform that ushered in a new era of radio
astronomy — the era of high-precision interferometry and
the search for compact variable sources. This radio telescope
was more than just an observational instrument; it was a true
experimental laboratory where new methods, concepts, and
approaches were developed, many of which later became
global standards.

Research into active galactic nuclei (AGN) became one of
priorities. Multifrequency monitoring using RT-22 allowed
studying spectral and temporal variability, identifying quasi-
periodic components and activity bursts associated with the
dynamics of the accretion disk and jets. This resulted in the
creation of a unique database, one of the largest in the world,
actively used to interpret energy release processes, test
accretion models, and coordinate international observation
campaigns.

RT-22 also made a significant contribution to the study of
galactic kilomasers —sources of coherent radio emission in
the H,O, OH, CH3OH, and CO lines. Thanks to its high
sensitivity and spectral resolution (up to 0.02 km s~ '), masers
were studied in star-forming zones, the envelopes of late stars,
and comet atmospheres. Two kilomasers were detected,
including the most powerful in the Galaxy. In some cases,
observations were conducted as part of VLBI networks,
which made it possible to obtain maser spot maps with an
angular resolution of up to milliseconds of arc and study the
kinematics of the sources.

The participation of RT-22 in the radio astronomy
diagnostic complex of the Solar Service KRIM (which also
includes RT-2, RT-3, and RT-M) plays an important applied
role. The complex provides multi-band monitoring of solar
activity and is part of an international observing network. A
method for short-term solar flare forecasting based on
spectral-probability analysis of radio and X-ray radiation
received from both ground-based and space-based observa-
tories has been developed and patented.

From the very beginning, the RT-22 has been used in a
number of applied fields. As part of the Vega mission (1984—
1986), it provided telemetry reception from balloon probes in
the atmosphere of Venus. Despite a distance of over
100 million km and a signal power of only 1 watt, it was
possible to achieve an accuracy of up to 200 m in determining
the probes’ positions, at a velocity of approximately 50 m s~!.

A VLBI location method —a combination of radar and
VLBI—was developed and tested using the RT-22 and
other antennas in the VLBI network. It was used to
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Photo 2. The 22-meter RT-22 radio telescope in Simeiz, 2023.

measure the motion parameters of planets, asteroids, and
space debris. The method has proven effective both in
fundamental astrometry and in ensuring the safety of
space activities.

In the 1990s, the RT-22 became the instrument for the first
VLBI experiments on geodynamics in the CIS. As part of the
Geodynamics project, the absolute and relative velocities of
Crimea’s movement were determined with millimeter accu-
racy, its tectonic activity was identified, and a model of the
region’s deformations was constructed. Based on this data,
the Simeiz—Katsiveli scientific testing ground was established,
where methods for detecting earthquake precursors are being
further developed. These include a patented method for
analyzing the entropy of the geomagnetic field and
approaches based on the parametric resonance of geomag-
netic surface waves.

Experience accumulated in geodynamic projects formed
the basis for the creation of the domestic KVAZAR-KVO
VLBI network, which formed the basis of the Russian
Federation’s coordinate-time support system and the devel-
opment of the domestic implementation of the International
Celestial Coordinate System.

Thus, the history of the RT-22 is a journey from an
engineering idea to a highly complex scientific instrument
that has influenced a wide range of areas of modern science,
from cosmology to geophysics. Today, the RT-22 radio
telescope remains one of the best radio telescopes in Russia
and is among the top five radio telescopes in the world
operating in the millimeter wavelength range (Photo 2).

This review focuses on the results of long-term monitoring
of active galactic nuclei and the discovery of galactic kilo-
masers, accomplished using the RT-22 radio telescope in
Simeiz.

2. Determining the parameters

of binary supermassive black holes

from multi-frequency radio monitoring data:
examples of the blazars 3C273, 3C 454.3,
S0528 + 134, and AO 0235+ 164

2.1 Introduction

It has been suggested that some of the brightest active galactic
nuclei (AGN) are compact formations in the central regions
of massive elliptical galaxies containing close binary systems
of supermassive black holes (SMBHs) elliptically orbiting a
common center of mass [1]. Such systems may be in the final
stages of evolution, close to merger. They constitute only a
small fraction of the total number of AGNs and represent a
special class of objects exhibiting quasi-periodic variations in
their emission. The presence of a close binary SMBH may be a
key factor in the enormous energy release observed in such
objects.

Statistical studies show that the density of radio sources
with fluxes above 1 Jansky (Jy) at 20 GHz is approximately
25 sources per steradian. Of these, approximately 50% exhibit
flat or inverted spectra, making it possible to estimate the
total number of bright AGNs on the celestial sphere at ~ 150.
The proportion of sources with flat spectra decreases with
decreasing flux: at the 0.1 Jy level, it is only ~25%. This
indicates that fainter sources are less represented among such
AGN:E.

Observations show that bright AGNs can form as early as
redshifts of z > 2, as in the case of S0528 + 134. This means
that SMBHs with masses of M > 10° M, already existed at
relatively early stages of the Universe evolution. Moreover,
such systems are capable of emitting radiation fluxes of about
~ 10 Jy, and it is possible that up to z =~ 5—6 Jy they can be
observed. However, the mass number of such objects at high z
has not been recorded, which indicates a peak in their
formation at z ~ 2—3.

To estimate the true number of such sources, it is
necessary to consider their emission geometry: relativistic
jets from AGNSs are directed in a narrow cone about 5—6°.
Consequently, only ~ 1% of their total number can be
observed, yielding an estimate of ~ 1.5 x 10* potential
AGNs with binary SMBHs. This is approximately 10~¢ of
the number of all massive galaxies in the Universe (~ 10'0),
resulting in a short active phase of the order of 10* years.

Of these 15,000 objects, only about 150 are observed to be
bright representatives of active galactic nuclei with narrow-
beam emission. Their characteristic feature is the presence of
pronounced quasi-periodicity in luminosity variations,
reflecting the dynamics of the binary system.

A significant question is the source of the colossal energy
of these systems [2, 3]. Using several AGNs as examples, we
have provided explanations for the presence of the variability
phenomenon in such AGNs [3-5]. Another type of explana-
tion for the binarity of supermassive black holes was given by
Yi-Fan Wang and Yun-Guo Jiang, who explained the flux
density variation only by a change in the inclination angle
between the emissions from the source and the direction
toward the observer, although internal causes such as the
inverse Compton effect were not excluded [6].

This paper presents the results of long-term multi-
frequency radio monitoring of the blazars 3C 273, 3C454.3,
S0528 + 134, and AO 0235+ 164, carried out with the RT-22
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radio telescope in Simeiz. A model is proposed that makes it
possible to determine the parameters of close binary SMBHs
based solely on radio observations: component masses,
orbital sizes, velocities, system kinetic energy, energy loss to
gravitational radiation, and the lifetime of the objects before
merger. Attention is also paid to the prospects of detecting the
gravity-wave signal from such systems using instruments
including the International Pulsar Timing Array (IPTA), the
NANOGtrav, and the EPTA. The model is also considered
using massive binary stars as an example.

2.2 Observation and data processing methodology

Data of observations at frequencies of 4.8, 8, 14.5, 22.2, and
36.8 GHz were obtained using the 22-meter RT-22 radio
telescope of the Crimean Astrophysical Observatory. For
monitoring at a frequency of 14.5 GHz, the 26-meter radio
telescope RT-26 of the University of Michigan Observatory
was used from 1974 to 2012. Data on this source were
previously published and used in [4-6]. Observations at a
frequency of 15 GHz were carried out using the 40-meter
radio observatory Ovens Valley from 2013 to 2019 [7]. Multi-
frequency long-term monitoring of the objects
AO 0235+ 164, 3C454.3, S0528+ 134, and 3C273 is pre-
sented in Figs la—d

The receiving system utilized a beam-modulated radio-
meter, which minimized distortions caused by anomalous
fluctuation spectra in the amplifier gains, as well as tempera-
ture fluctuations due to atmospheric inhomogeneities, which
are particularly noticeable at centimeter and millimeter
wavelengths. The signal was recorded as the difference in
antenna temperatures at various radio telescope positions (on
the source and off it, using the ‘on—on’ reception method). In
each measurement, the radio telescope was alternately set on
one receiving horn and then on the other. Each observation
consisted of 5-20 individual measurements, followed by
calculation of the mean value and the standard error of
mean. Temperature calibration of the measurements was
performed using the ‘atmospheric cutoff” method at intervals
of 3—4 hours. Antenna temperatures were recorded at various
radio telescope elevation angles. Objects with pre-known
characteristics, the parameters of which are given in Table 1,
were used as calibration sources.

Harmonic analysis.

To assess the reliability of events and the probability of
false alarms, our studies employed one of the most commonly
used practical power spectrum estimators — the least-squares
spectral analysis (LSSA) [8-10]. Its mathematical apparatus
was developed in Refs [11-13]. The LSSA spectrum is
constructed by approximating a time series by a sum of
harmonic functions using the least-squares method. One of
the advantages of the LSSA is its ability to account for the
exponential distribution of white noise periodogram read-
ings. However, its main drawback is the lack of a direct
analytical relation between the power spectrum estimate and
its true value.

To address this drawback, Schuster’s method [5], which is
more suitable for spectral analysis, was used. The calculation
of the Schuster periodogram D(w) associated with the true
power spectrum and the spectral window W(w) is carried out
according to the fundamental relation [14, 15]:

D(w) = J OOg(w/)W(w —w')dw’. (1)

—0

Table 1. Flux densities for calibration sources at frequencies of 4.8—
36.8 GHz.

Source 3C144 | 3C274 M17 3C405
4.8 GHz )
Flux density, Jy| 612.9 71.4 584.8 378.2
Source DR 21 3C274 3C 144 3C353
8 GHz -
Flux density, Jy| 21.6 49.1 585.0 15.5
Source 3C144 | 3C274 DR21 3C405
14.5 GHz 3
Flux density, Jy| 446.2 29.1 20.2 943
Source DR 21 3C274 |[NGC7027| 3C286
22.2 GHz )
Flux density, Jy| 19.5 21.5 5.9 2.4
Source DR 21 3C274 [NGC7027| 3C286
36.8 GHz -
Flux density, Jy| 18.3 14.3 5.1 1.56

This ratio allows for ‘cleaning’ the spectrum by removing
unnecessary peaks associated with a finite and unevenly
distributed time grid, as well as false peaks arising from
noise. To ‘clean’ the spectrum, we used the CLEAN method,
which was originally developed for processing two-dimen-
sional maps obtained during aperture synthesis and later
adapted for spectral analysis of one-dimensional time series
[17]. The CLEAN method consists of sequentially subtracting
all significant maxima from the ‘dirty’ spectrum. Each
subtracted spectral peak is defined by its complex ampli-
tude, frequency, and spectral window, which depends on the
time distribution of the data. The ‘cleaning’ process continues
until no peaks remain in the spectrum whose value exceeds a
threshold level determined by the probability of detecting a
signal in noise. This threshold can be calculated knowing the
distribution type of the noise periodogram samples [13, 17].
For a nonuniform time grid, a rigorous analytical expression
for the noise distribution is lacking. Empirical formulas exist
for such series, although their generality is limited and they
can be specific to each particular series [17].

The process of removing false peaks allows us to obtain a
clean spectrum free of noise and false maxima. As a result of
applying the CLEAN method, variations in the light curves
with different periods were revealed for each source. For the
blazar AO 0235+ 164, these data are presented in Table 2. All
values given in Table 2 correspond to peaks in the power
spectrum exceeding the 5o level.

Figure 2 shows the results of the harmonic analysis for
AO 0235+ 164 in the radio range at a frequency of 8 GHz.
The red line represents the level of five standard deviation for
the spectral signal density. The abscissa shows the harmonic
frequencies expressed in units of 1/ 7, where T 'is the period in
years.

One of significant results is a period of 3.8 years, although
its physical explanation remains unclear. Other studies men-
tion a period of approximately 8 years. Roy et al., for example,
analyzed optical data (in the R-band) of the blazar AO 0235 +
164 for the period from 1982 to 2019 and found a flux density
periodicity of 8.13 years [18]. This period is also present in our
studies, but its amplitude is approximately one and a half times
smaller than that of the other period, the 6 year one, we also
discovered. Although both periods are observed, we preferred
the 6 year period due to its higher significance level.

Correlation Analysis.

The Crimean Astrophysical Observatory (CrAQO) data-
base contains observation records of various astronomical



250

A.E. Volvach, L.N. Volvach, M.G. Larionov

Physics— Uspekhi 69 (3)

6
4
2
0
6
4
2
0
8
6
> 4
s
B 2
2 0
[}
3 6
5
£ 4
2
0
6
4
2
0
s L Optica (5 x 10° GHz)
1 - . ° ] 1 c ‘
. . .. |.. . .
ol s .-'!'u:.i-....‘au..,ﬁekl
1 1 1 1 1 1 1 1 1 1 1 1
197319771981 19851989 1993 19972001 20052009 201320172021 2025
years
8
4.8 GHz > ¢
4 o i
3 £ Yegy, 1 Y
H Pe Y
TN e e
0
8 8GHz .Y
T ,'%\*u. ;‘l V¥ "‘\
0 B R Ny
>
- 14.5 GHz i
28 i
Z T . TR
g 4r w, FUA LA
o] — Y
% -
= 0
22.2 GHz
8 - i
I~ ﬂ:!‘ 3 »
4| d '-,’L s}
LA S
0 B ! N \ﬁw
36.8 GHz &
8 - : i
%
B f‘n A
! : : ! ".“"".%j"\‘ Ao
0 ! L ! I

1969 1977 1985 1993 2001

years

2009 2017 2025

252 s5GHz N
20 - % A A
'5-"\«.\_/\“/\,\ v«w‘ A
10 e\, ] % Ve
5 1 |\ % ’\"vl ¥ 1
| 145+15GHz K
» A 5 : fﬁ&s
210 . N R "
210 v AWy VS
Z 0 [ [ [ [ [ |
% %
<40 - 222 GHz
E30 1
=20 + N3
| e . ‘t R &"
R e LAV
40 | 368 GHz

20 1 M,
do ,. :

0 L1 n""'W".’"*"'.-“"\A’ |b| |V"

30 - Optica (5 x 10° GHz)

20

ER) h “ I .
0 I I I I I._.;.I.».ql.x“u T

10
[

19651970 19751980 1985 1990 1995 2000 200520102015 2020 2025

years
60
50 5&{— . 4.8 GHz d
I 3 .
‘3‘8 Nt A
I~ LY
20 SN
50 - w fam i 8 GHz
g NN W
20 L : -\".\% %
10
§60 . . 14.5 GHz
Faol- "‘-\/“\w.\f\#- .
= Y
32 - R MR VAN 0 WY
Zo
53 . }
20 . A f' 36.8 GHz
i : ’!l.; t “‘«4 M"F i
20 - 3 ‘«kamlﬁ*‘-"-"-
0
30 ' i Optical V
I~ ' 3 LI .0
t l-."t'r:, : !.\* fy .,,- Wiy .
L iy e ot ..
20 wé o L y .’n‘-“r.‘
10 | | | | | |
1960 1970 1980 1990 2000 2010 2020
years

Figure 1. Multi-frequency monitoring of the blazars AO 0235+ 164 (a), 3C 454.3 (b), S0528 + 134 (c), and 3C 273 (d) in the radio range.

sources at several frequencies in obtaining which we actively
participated. Determining the phase relationships between
oscillations at different observation frequencies allows
extracting information about the properties of the medium
in which these oscillations propagate. To reveal the time shift
between two records, it is necessary to calculate their mutual

correlation function R(t):

Toos ; L x1()X2(t 4 7)dre. 2)

Since the signals under study are recorded at specific,
generally nonequidistant points in time ¢;, we have to deal

R(t) = lim —
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Table 2. Harmonic analysis data for flux variations of AO 0235+ 164 at different frequencies.

Frequency Period (years) FAP! Period (years) FAP! Period (years) FAP!
8.0 GHz 5.6+0.4 0.0002 1.8+0.3 0.0008 1.0+ 0.1 0.001
14.5 GHz 57404 0.0001 1.9+03 0.0003 1.0+0.1 0.001
36.8 GHz 6.0+£0.3 0.0003 2.0+0.3 0.0005 1.2+0.2 0.001
Average over all frequencies 6.0+0.2 20+0.1 1.0 £0.05
Period in the reference frame 75+2.5 25+ 1.5 12+0.7
associated with the source
False alarm probability (FAP).
0.09
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0.08 T=38
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N
~
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Figure 2. Results of harmonic analysis for AO 0235+ 164 in the radio band at a frequency of 8 GHz.

with discrete time functions or time series x;. Furthermore,
the observations last for a finite time, so the series under
consideration are limited. In this case, it is impossible to
determine the correlation function using Eqn (2). Therefore,
an estimate of the correlation function, called the correlogram
Cy, 18 often used [15].

1 N-m—1
Cn=5"m kz:; (X6 = X) Viesm — 9)
m=0.1,...,N-1. (3)

It should be noted that the coefficient 1/(N —m) in
Eqn (3) is introduced to eliminate correlogram distortion
associated with the finiteness of the time series; therefore, this
estimate is called biased. To normalize the estimate C,,, it is
divided by the product of the standard deviations of the series
0.0,, where

5 1 N—1 5

o =NT1 2 (X — %), 4)
2 1 = 2

O-y :ﬁkzo (yk _y) ) (5)

The above applies to the simplest case of a uniform
distribution of time samples. However, the time series we
use have an uneven time grid. Therefore, the use of classical

methods for finding estimates of cross-correlation functions
is impossible.

One way to solve this problem is to interpolate the
nonuniform series onto a uniform time axis. Equation (2) is
then used to calculate the estimate of the correlation function.
In this case, each sample, regardless of whether it was actually
recorded or is the product of interpolation, makes an equal
contribution to the desired correlation function. Further-
more, a significant drawback of this method is the impossi-
bility of determining the theoretical reliability of the result
obtained.

Another approach to determining estimates of the cross-
correlation functions of nonuniform time series, free from
these drawbacks, is substantiated in detail in Ref. [19]. In their
study, the authors propose to use the so-called discrete
correlation function (DCF), defined using the set of all
possible correlations UDCF;; (Unbinned Discrete Correla-
tion Function), as follows:

(xi —X) (v — ) .
V(62 —ed)o} —e})

Here, e,, and e, are the measurement errors of the random
variables x and y, respectively. Each value of the UDCF;; has
its own delay. To calculate the maximally discrete correlation
function DCF(z), the time axis is divided into a certain
number of intervals At (bins), after which each interval is
assigned the average value of all UDCF;; for which

UDCF;; = (6)
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T—AT/2 < At; <14 At/2:

DCF(r) = %Z UDCF;, . (7)

When choosing the bin size, one should be guided by the
set goals, since the wider the bin, the better the averaging
equation (6), but at the same time, the worse the temporal
resolution of the x-axis, and vice versa.

Often, when simultaneous observations are made in time
series, intense correlated spurious peak measurement errors
arise at 7 = 0. When choosing the bin size, one should be
guided by specific goals, since the wider the bin, the better the
averaging equation (4), but the worse the temporal resolution
of the x-axis, and vice versa.

This method allows one to easily obtain the standard
deviation of the obtained values of DCF(z). If the UDCF;;
values are uncorrelated within a given bin, the standard
deviation is determined by the dispersion of the UDCF;;
values around the mean DCF(t). To eliminate the influence
of these errors, it is necessary to exclude from the set of
UDCEF;; all elements for which i=j. In this case, all
remaining correlogram readings are free of these errors,
which is not the case when using the interpolation method.

oher(®) = 7 3 (UDCE, — DCF())”. (8)

Thus, the method for constructing estimates of cross-
correlation functions described in Ref. [19] has a number of
significant advantages over the interpolation method. An
undeniable advantage is the ability to determine the relia-
bility of the obtained result. In our study, both approaches
were used for comparison. An example of cross-correlation of
observational data in the optical and radio ranges (36.8 GHz)
for AO 0234+ 164 is shown in Fig. 3.

Correlations and delays are inherently significant, since
they occur with significant harmonics. We obtained an
empirical dependence of flare delays at different frequencies,
which can be approximated by an inverse logarithmic
dependence:

AT:kO'—zsv, )

where AT is the delay, expressed in years from the flare onset
in the optical range (V-band) and 36.8 GHz, v is the
observation frequency in GHz, and k is a coefficient. This
dependence was derived empirically. For flare events, time
shifts were determined using the described cross-correlation
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Figure 3. Cross-correlation of observational data between the optical (V)
and radio (36.8 GHz) bands for AGN AO 0235+ 164. The abscissa shows
frequencies of harmonic in units of 1/7, where T'is the period expressed in
years.
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Figure 4. Dependence of flare onset delays at frequencies of 4.8 GHz,
8 GHz, 14.5 GHz, 36.8 GHz, 2.8 x 10° GHz (J), 5 x 10° GHz (R) relative
to the optical (V) 6.36 x 10° GHz for 3C 454.3.

method. This pattern of delay variation with frequency rather
suggests internal factors causing flux density variations in
AGN. The dependence of event delays on frequency in the
case of intergalactic scintillations differs from the frequency
dependence [20].

For the 2015 flare (see Fig. 1), the cross-correlation
method was used to determine the delays between the optical
wavelength range (V) and millimeter waves (36.8 GHz and
22.2 GHz). They were found to be 21 and 8.2 days,
respectively. This allowed us to determine the coefficient in
Eqn (9). The resulting value of the coefficient k is =~ 1.5. The
dependence of the flare onset delays at frequencies of
222 GHz and 36.8 GHz with respect to the optical
wavelength range (V) for 3C 454.3 is shown in Fig. 4.

After 2009, the flare activity of the source S0 528 + 134
(Fig. 1b) began to fade. A consequence of this may be a
change in the angle between the jet from the source and the
direction at the observer. This was reflected in the fact that the
delays between frequencies decreased by a factor of
2.5 compared to the flare of 2008-2009. In Ref. [5], based on
the analysis of observational data, it was suggested that the
magnitude of the delays of flare events at different frequencies
is a quadratic function of the angles between the direction of
the emissions and the line of sight of the observer. According
to observational data, these angles in AO 0235 + 164 should
be in the range of (2°-3°). According to Refs [21, 22], this
angle is 2.9°, which corresponds to a Lorentz factor of y = 20.
For small values of 0, there is a relation linking this angle with
the Lorentz factor, as mentioned above, y = 1/6. Lorentz
factors of 3040 were obtained based on the VLBI data for
components propagating along the jet [23]. This means that
the source activity may vary with time depending on its
internal properties and the orientation of the emissions
depending on their direction toward the observer.

Wavelet analysis.

To reveal possible changes in the values of the periodic
components throughout the entire monitoring period, wave-
let analysis of the data was used. It consisted of the following
steps. A 12-year observation cycle (half the original monitor-
ing time) was studied using harmonic analysis. The 12-year
duration was chosen so that the 6-year precession period fit
twice. Next, a sliding shift of the 12-year data set was
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Figure 5. Wavelet analysis data for the blazar AO 0235+ 164. The period
in years (left ordinate) versus time (abscissa) is plotted for the period 1980—
2010. The spectral flux density is on the right ordinate.

performed at 1-year intervals toward increasing the observa-
tion period. In each case, a harmonic analysis of the 12-year
data was performed. The results are presented in Fig. 5, where
the period change is plotted versus time for AO 0235 + 164 for
the time interval 1980-2010. The change in the 6-year period
over 25 years was 0.2 years, which is less than the error in
determining this period. Thus, no changes in the periods were
detected within the error limits.

2.3 Determining the parameters

of the binary supermassive black hole

Table 2 presents the results of the harmonic analysis of the
flux variations for AO 0235+ 164 at different frequencies. A
period of 6 years is reliably identified. This period may be
associated with the presence of precessional motions of the
central SMBH and accretion disk (AD), associated with it.
Shorter periods of 2.0 and 1.0 years are distinguished at all
radio frequencies. They can be associated with the period of
the companion’s orbital motion. The period of 1.0 years is
explained by the companion crossing the AD twice during a
2-year orbital period. Other intermediate periods may be
associated with the periods of nutation or combination
periods in the system, which, in addition to the central body,
also has an AD and a mass of accreting matter.

The period of 6 years may be precessional, as is the case
with other bright AGN [24]. The spread of values for this
period does not exceed the limits of statistical error.
Harmonic components of flux density variations, inferred
from the SMBH, have been used in a number of studies. Thus,
for 3C 120, the values Ty, = 12.3 years and T4 = 1.4 years
are given [25, 26]. In source 0OJ287, two periods are
distinguished (one is 11.65 years, the second is 1.1 or 1.6
years) based on optical data [27-29]. For 3C 273, precessional
and orbital periods of 12.4 and 3.0 years are distinguished [3].

The amplitudes of the periods of 6.0, 1, and 2 years (75, 12,
and 25 years in the initial coordinate system) have maximum
values compared to other periods. There is a set of inter-
mediate combination periods from 3 years to 5.5 years, with
smaller amplitudes, which, as was said, can be explained by
variations in the motions of a system consisting of more than
two bodies, to which a massive AD and an accreting medium
are added [30].

The dataset obtained in the optical range is more limited
compared to the radio range (R-band, lower panel, Fig. 1).

However, their analysis yields the same orbital and preces-
sional periods as in the radio range. This confirms our
assumptions that using only radio-frequency data allows us
to obtain the main results in determining the characteristics of
the SMBH s studied.

Roy analyzed optical (R-band) data for the blazar
A0O0235+ 164 for the period 1982-2019. As a result, a
periodicity of flux density variations of ~ 8.13 years was
discovered [31]. The difference in the two-year periods
obtained by Roy and us is possibly due to the shorter data
sample that we used in our analysis. Expressions for the
SMBH parameters, obtained based only on radio monitor-
ing, allow us to estimate the following physical character-
istics: companion masses and orbital sizes. The relations for
calculating the numerical data are obtained based on Kepler’s
laws and lead to the following results [4]:

o 16n2R37 :16n2R3(0.725Tpr—Torb). (10)
3GTor Ty 3GT2, Tpr

Here m and M are the mass of the satellite, R is the radius of
the satellite’s orbit, and T, and T,y are the precession
periods of the central body and the orbital period of the
satellite, respectively.

The data for T}, and Ty, obtained from the radio data
(Table 2, last row) can be substituted into Eqn (10). Further,
to find the period results in the coordinate system associated
with the observations, it is necessary to take into account the
influence of the relativistic y-factor.

2
T observ)

14z (11)

Tsource ~

This leads to the following period values in the source-
related coordinate system: Tource,pr =~ 75 years and
Tsource,orb = 25 years. AO 0235+ 164 is a unique system
from the point of view of the closeness of its companion
masses. According to the expression (10) for the mass ratio:
(M +m)/m =~ 0.75(Tpr/ Tory), M =~ 1.25m.

Analyzing expression (10), we can see that there is a cubic
relationship between the satellite masses and their orbital
radii. This allows establishing the possible range of satellite
orbital sizes using certain additional physical conditions.
These conditions include a limit on the mass of binary
SMBHs, which cannot exceed tens of billions of solar
masses; otherwise, the stability of the gravitational field may
be compromised. The lower mass limits are associated with
the large observed radiation powers from objects over a wide
range of wavelengths and the extremely short lifetime of the
source due to energy loss during gravitational radiation [13].
These constraints allow us to estimate the range of satellite
masses and their orbital values with permissible errors based
on Eqn (10): m =~ 6.0 x 10° Mo, M ~ 7.5 x 10° My, Reomp ~
2 x 10'7 cm. Using a precession period of § years (100 years in
the coordinate system associated with the source), we obtain,
respectively, the values m ~ 8.0x 10° Mg, m =~ 1.0x10'° M.
In this case, along with 3C454.3, the blazar AO 0235+ 164
becomes one of the most massive SMBHs.

The satellites revolve in circular orbits around a common
center of gravity. The orbital dimensions are close to each
other and are: Reomp =2x10'7 cm and Reener =1.6x 107 cm.
The satellite orbital velocities will be respectively equal to
Voomp ~ 1.7 x 10 km 71, veeneer & 1.4 x 10* km s, It
should be kept in mind that the orbital period of 25 years is
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taken in the coordinate system associated with the source.
The resulting value of the satellite’s orbital velocity even
exceeds the velocity of matter in a Type I supernova
explosion.

For example, at a satellite velocity of 1.7 x 10° cms~!, the
temperature of the medium can increase to approximately
10'° K. The isotropization of plasma particle motion occurs
behind the shock front. In this case, the directed motion of the
shock wave is transformed into chaotic particle motion,
determined by the plasma temperature mv?/2 = 3kT/2. For
hydrogen plasma, we obtain T = 10'° K. For heavier nuclei,
the temperature will be higher. In any case, the plasma
temperature is above the threshold for the formation of
electron-positron (e-n) pairs (7 ~ 5 x 10° K). Supersonic
shock waves, with the dilution factor considered, reach the
beginning of the jet and form plasma clumps with a magnetic
field. The clumps consist of nodes (irregularities) of varying
sizes. Near the beginning of the jet, electric and magnetic
fields can accelerate plasma formations almost to the speed of
light, forming, in addition to clouds of electron-proton
plasma, ‘jets’ consisting of (e—e) pairs. At this time, the
greatest activity can be observed in the gamma-ray range.
This is a possible, but not directly proven, scenario.

Presumably, the orbits of the satellites intersect their
common accretion disk (AD). In this case, its dimensions
should exceed 10! cm. The radius of AD can be estimated
based on the formula for the precession of the central body in
a SMBH binary system [32]:

" M+ m\ V2 a 3 aa -3/2
prr 100M, 10 cm 10'8 cm

{(1 +9)"?
(gcos0)

} years, (12)
where g = m/M, a = reomp + Feenter 18 the distance between
the satellites, aq is the radius of AD, 0 is the angle between the
planes of the orbits and AD. Equation (12) can be trans-
formed to a form convenient for calculating the radius of the

accretion disk:
22 M 13 T'comp +7Tcenter 1/3 2/3
ag~10 T00M 109 om (14q) "~ (Tprg cos 0)7 cm.
(13)

Substituting the data for the precession period into Eqn
(10) with T}y = 75 years (Table 2), we obtain data on the mass
of the satellites m ~ 6.0My, M ~ 7.5M, the distances
between them d(center+comp) & 3.6 x 10'7 cm, 0 = 0 (the plane
of the accretion disk and the orbit coincide), and g. The value
of ag will be: ag ~ 2.3 x 10'® cm. If we take the half-thickness
of the accretion disk equal to the standard a-disk [33], then we
have aqoy287 ~0.07a4~ 5.6 x 10'7 cm, which is comparable to
the size of the companion orbit (reomp ~ 2.0 x 10'7 cm), but
less than the distance between companions (d(center+comp) ~
3.6 x 10'7 ¢cm). Thus, in this case, the AD cannot be called a
physically thin disk.

Observations of X-ray binaries indicate a significant half-
thickness of the accretion disks up to /2 ~ 0.25a4. On the other
hand, it is known that standard accretion «-disks have a
significantly smaller half-thickness of / =~ 0.07a4. Indepen-
dent numerical methods have shown that their maximum
half-thickness cannot exceed i~ 0.1aq. The most likely
reason for the increase in the thickness of the accretion disks
in the X-ray wavelength range is the presence of matter above

the disk in the form of a hot corona, which scatters hard
radiation from the central source and the inner disk.
Observations of X-ray binaries indicate a significant half-
thickness of the accretion disks up to 4 ~ 0.25a4 [33-35]. Our
data are free from this drawback of the X-ray wavelength
range and do not contradict theoretical data on standard
accretion o-disks.

Based on an analysis of observational data, it was
suggested that the magnitude of the delays of flare events at
different frequencies is a function of the angles between the
direction of the ejections and the observer’s line of sight [36].
The magnitude of the delay is related to the gamma factor and
the angle between the ejection and the direction to the
observer: y =1/60. According to observations of the 2009
flare, these angles in the case of AO 0235+ 164 should be 2.9°,
which corresponds to a Lorentz factor of y ~ 20. After this,
the flare amplitude became progressively smaller. This could
be associated with an increase in the angle between the
ejection (the ‘jet’) and the direction to the observer.

2.4 Discussion

Over the past decades, several approaches to determining the
parameters of binary SMBHs have been developed and
successfully applied. One of the most widely used methods is
the search for quasi-periodic variations in the luminosity of
an object caused by the orbital motion of the components and
the precession of the accretion disk. A striking example is the
blazar OJ 287, in which a periodicity of flares with an interval
of ~ 12 years is observed. This periodicity can be explained by
the passage of the secondary black hole through an AD
common with the primary BH, which allows modeling the
orbit and estimating the masses of the components [37, 38].
Similar approaches were applied to the object AO 1302-102
[39], where a periodicity of about 5 years was observed
according to data from the CRTS and LINESAR optical
surveys.

In a number of cases, the observed changes in the direction
of relativistic jets can be explained by the action of preces-
sional forces arising from the interaction between two
SMBHs [40, 41]. This method requires complex modeling of
the jet structure based on VLBI observations.

Double or shifted broad emission lines have been detected
in the spectra of some AGNs. Observing the Doppler shifts of
broad emission lines in the spectra of AGNs makes it possible
to determine the orbital motion of black holes. Changes in the
profiles and positions of lines such as Hg and MglI are
interpreted as a consequence of the motion of one of the
components of the binary system [42—44]. Similar studies have
been  performed for  objects SDSSIJ1536+ 0441,
J093201.60+031858.7, and others. However, this method is
sensitive to the physical characteristics of the accretion disk,
and alternative interpretations of the observed effects are
possible.

For relatively nearby AGNs, direct observation of two
cores is possible using VLBI observations. An example is the
radio source 0402 + 379, for which a pair of active nuclei was
detected at a distance of ~ 7 pc [45—47]. Such observations
allow us to directly measure the distance between the
components and estimate their masses. This method allows
tracking the motion of individual components on subparsec
scales. However, even with the most powerful global VLBI
networks (e.g., VLBA, EHT), it is difficult to achieve the
resolution necessary for directly imaging binary SMBHs at
large cosmological distances.
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The presence of a binary SMBH can cause jet precession,
leading to its S-shaped or helical structure. Modeling such
structures makes it possible to determine the precession
period and draw conclusions about the orbital parameters.
A similar approach was applied, e.g., to the objects 3C 345
[48], S51803+ 784, and 3C273 [49]. Combining long-term
radio observations with precession models provides impor-
tant information about the dynamics of the systems.

Numerical hydrodynamic modeling of accretion in
systems with two SMBHs allows us to reproduce the
observed luminosity variations and emission morphology.
Such models take into account perturbations caused by the
secondary component, the formation of spiral waves in the
accretion disk, and modulations of the matter flow. Refer-
ences [50, 51] demonstrated that the interaction between the
components and the accretion disk shared by the SMBH leads
to characteristic periodicities in the light curve and emission
spectrum. A number of studies use modeling of accretion and
relativistic hydrodynamics in binary systems to obtain
synthetic light curves and jet maps [52]. Their comparison
with monitoring data allows us to refine the model para-
meters: mass, orbital eccentricity, orbital radius, etc.

Some studies use time delay methods between signals in
different ranges—e.g., between optical and X-ray—to
reveal orbital effects and the structure of the accretion flow.
Such methods require long, high-precision time series and
statistical analysis, but can be effective when long observation
series are available [53-56].

Summarizing the approaches, we can highlight a trend
toward interdisciplinary synthesis: combining spectroscopy,
radio interferometry, photometry, and numerical modeling.
Combining multifrequency monitoring and interferometry
methods appears particularly promising, as discussed in
several recent studies [57, 58].

Existing methods for determining the parameters of
binary SMBHs cover a wide range of observational and
theoretical approaches. Each has its own limitations related
to the distance to the object, the resolution of the observation
equipment, and data availability. The most reliable results are
obtained with an integrated approach combining several
independent methods. In this context, the technique pro-
posed in this paper — analyzing multi-frequency radio obser-
vation series using harmonic and wavelet analysis—is
particularly valuable for studying cosmologically distant
objects that cannot be directly resolved, such as 3C454.3,
S 0528 +134, and AO 0235+ 164.

According to the results obtained, the SMBH binary
AO0235+ 164 is one of the most massive and dynamic
systems. Its kinetic energy reserve is Eyin = Exinm+
Exinm ~ 1.5 x 10%" erg. This energy is expended on gravita-
tional radiation, overcoming dynamic friction in the dense
medium of the AD. The lifetime of the SMBH AO 0235+ 164
before merger [59]:

2x 1072¢5R4(1 — ¢2)"?
G3mM(m+ M) ’

(14)

T merger ~

where R = Reomp ~ 3 x 107 cm, m~6x 10°M; and
M ~ 7.5 x 10°M, are the masses of the satellites, ¢ is the
speed of light, and e = 0 is the eccentricity of the satellite’s
orbit. From this, we obtain a merger time of
Tmerger ~ 4.6 X 10° years. By cosmic standards, this is very
little. These data were obtained exclusively from radio
observations, and the described method for obtaining them

is applicable to all AGNs that have long multi-frequency
series in different radio wave ranges.

The obtained results are consistent with those of other
researchers, who also observed similar dynamics for systems
with binary supermassive black holes. For example, Ref. [60]
showed that systems such as AO 0235+ 164 can experience
significant energy losses through gravitational waves, which
accelerates their merger and changes their orbital parameters.
In addition, analysis [61] based on spectroscopic data
confirms the high kinetic activity of such systems, indicating
the possibility of detecting gravitational waves using sensitive
detectors.

We also calculated the rate of energy loss through
gravitational waves [62]:

dE\  32G*M?m*(M + m)(1 + (73¢*/24) + (37¢*/96)
dr/ 5C5a5(1—€2)7/2

(15)

For the found values of the masses of the AO 0235+ 164
companions, the values of @ = Reenter + Reomp =~ 3.6 X 10'7 cm
and the eccentricity e=0, we have (dE/df)~5.7x
107 erg s~!. The obtained value is one and a half times
smaller than that of the most powerful GW emitter 3C 454.3
[4] and is comparable to the GW power from OJ 287 [63].
Considering that AO0235+164 is located further than
0J 287, it is one of the leading candidates for detecting
GWs. Our results on the AO 0235+ 164 emission power of
~ 5.7 x 10¥7 erg s~! coincide with the data of other studies,
such as Ref. [64], where similar results for the gravitational
wave emission power were obtained for blazars such as
0J 287. This confirms that AO 0235+ 164 has a comparable
emission power to other active galactic nuclei, which are
promising candidates for detecting gravitational waves.

Currently, four blazars are known, presumably with
known physical parameters. By parameters, we mean the
precessional and orbital periods of the SMBH satellites, the
orbital radius of the satellite, the masses of the satellites, and
the lifetime before merger. These blazar characteristics are
presented in Table 3.

The most massive system is the AGN 3C454.3. The
central object possibly has a mass of 24 billion solar masses.
This object is also the shortest-lived, with a lifetime before
merger of only 5.5x 10* years. These results are also
confirmed by studies [65], where similar calculations of the
lifetime before merger were performed for the 3C454.3
system, indicating its high dynamical activity.

This AGN is followed by OJ 287 in terms of the listed
characteristics. The blazar AO 0235+ 164, which we ana-
lyzed, occupies the third place. Nevertheless, we conclude
that the supermassive black hole AO 0235 + 164, as well as the
supermassive black holes 3C 454.3 and OJ 287, are promising
for detecting gravitational waves from it using the Interna-
tional Pulsar Timing Array (IPTA) gravitational wave
detector, which operates at this ultra-low frequency and has
the high sensitivity necessary to detect low power values near
the Earth’s surface [66].

One more important conclusion can be noted. For
cosmologically distant sources such as 3C454.3,
S 0528+ 134, and AO 0235+ 164, it is impossible to establish
the binarity of SMBHs using direct interferometric observa-
tions. This is confirmed by the results of Ref. [67], where it was
shown for similar systems such as OJ 287 that existing
methods do not allow resolving such components at cosmo-
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Table 3. Physical parameters of 3C454.3, S0528 + 134, AO 0235+ 164, 3C 273. All periods are in years.

Precessional period in the source
coordinate system (7;)

Orbital half-period in the source
coordinate system (7o)

Orbital half-period in the source
coordinate system (7o /2)

3C454.3

188+ 19

31.0£28

150+ 1.5

Companion
radius (cm)

Mass of the central SMBH (M)

Mass of the companions (M)

Lifetime of the companions
before merger (years)

radius (cm)

4.5 x 107 2.4 x 1010 6.8 x 10° 5.5 x 10*
Precessional period in the source Orbital half-period in the source Orbital half-period in the source
S0528 + 134 coordinate system (7;) coordinate system (7orp) coordinate system (7o /2)
100 £ 10 52+74 24+3.4
Companion Mass of the central SMBH (M) Mass of the companions (M) Lifetime of the companions

before merger (years)

radius (cm)

2.0 x 10V 5% 10° 2.5 % 10° 103
Precessional period in the source Orbital half-period in the source Orbital half-period in the source
AO0235+ 164 coordinate system (7;) coordinate system (7o) coordinate system (o1 /2)
72+£2.5 25+1.5 12+£0.7
Companion Mass of the central SMBH (M) Mass of the companions (M) Lifetime of the companions

before merger (years)

2.0 x 107 7.5 x 10° 6.0 x 10° 4.6 x 10°
Precessional period in the source Orbital half-period in the source Orbital half-period in the source
3C273 coordinate system (77;) coordinate system (7o) coordinate system (o1 /2)
287 +20 71+5 38+25
Companion Mass of the central SMBH (M) Mass of the companions (M) Lifetime of the companions

radius (cm)

before merger (years)

4.5 x 10" 1.0 x 100

0.55 x 10'0 3x10°

logical distances. Indeed, the angular separation between the
components of the SMBH source is about 107> seconds of
arc, considering the distance to the object R ~ 2 x 10?7 cm.
Global interferometers cannot provide a resolution of 1-
2 microseconds without reliable resolution of the binary
system.

Thus, new approaches may be required to establish the
binarity of such systems. One promising method is to use
combined data, such as radio observations at various
frequencies, including millimeter and optical wavelengths, to
accurately determine the orbital parameters of satellites. We
propose using our approach to analyze such objects, which
could provide greater accuracy in establishing their binarity
and understanding their internal dynamics.

Furthermore, our result regarding the blazars 3C 454.3,
S 0528 + 134, and AO 0235+ 164, which confirms their status
as promising candidates for gravitational wave detection,
opens new horizons for further observations and research.
Using modern gravitational wave detectors such as IPTA, itis
possible to detect signals from these objects, leading to new
discoveries in astrophysics and providing valuable informa-
tion about the dynamics of SMBHs.

Standard accretion of matter onto a rapidly moving
SMBH is unable to provide the observed luminosity.
According to the Schwartzman formula (1971),

dE M\ 2
— ~2 1033 1072_ 1071 -9/4 1/2 1 .
d 7 accretion X ( M, ( v)"n/ lerg s

Substituting  the values of M~2.4x10°M,,
na~3x10°cm3 and v~ 3 x 10* km s~!, we obtain a

luminosity of the order of Lacretion =~ 3.4 x 104 erg s~!.
This value is 7 orders of magnitude smaller than the total
observed luminosity of the quasar 3C454.3, ruling out
accretion as the dominant energy source.

The model proposed by us explains the energy release by
the passage of the secondary component of the binary SMBH
through the accretion disk of the primary black hole. This
interaction is accompanied by bursts of electromagnetic and
gravitational wave radiation. Thus, the energy source in the
brightest AGNss is not accretion, but the kinetic energy of the
companion and the gravitational interaction in the compact
system.

2.5 Conclusions
(1) A model for calculating the parameters of binary
SMBHSs based on multi-frequency radio monitoring data
is proposed. It has been successfully demonstrated for the
active galactic nuclei 3C273, 3C454.3, S0528+ 134, and
A0 0235+ 164.

(2) The model parameters include determining the masses
of the SMBH components, the sizes of their orbits, their
velocities, the system’s kinetic energy reserves, energy losses
due to gravitational radiation, and the system’s lifetime
before merging.

(3) Based on the obtained physical characteristics of
3C273, 3C454.3, S0528+134, and AOO0235+164, it is
shown that these active galactic nuclei may be very massive
and nearby SMBHs containing companions with virtually
equal masses.

(4) It has been shown that massive systems such as 3C 273,
3C454.3, S0528 + 134, and AO 0235+ 164 may be powerful
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emitters of gravitational waves in the range from
10783 —10~° Hz, which can be detected by the International
Pulsar Timing Array detectors.

3. Giant water vapor flares based on the data
of long-term monitoring of galactic kilomasers

3.1 Introduction

One of the central tasks of modern astrophysics, necessary for
understanding the evolution of the structure of the Universe,
is the study of the mechanisms of star formation. This process
has a fundamental impact on the formation and evolution of
galaxies, the chemical enrichment of the interstellar medium,
and the dynamical evolution of cosmic objects. In contrast to
continuous electromagnetic radiation, which is created by
thermal and synchrotron processes, spectral lines are formed
at specific frequencies due to quantum transitions in atoms
and molecules. These lines are the most important diagnostic
tools for studying the physical conditions in star-forming
zones [68].

Within the Milky Way, star formation occurs predomi-
nantly in cold and dense molecular clouds, the temperature of
which is on the order of 10-100 K. It is under such conditions
that condensation of matter is possible, leading to the
formation of protostars. These regions contain a large number
of molecules, including CO, NH3, H,O, HCN, CH;0H, etc.,
which emit in the far infrared and radio ranges. Due to this,
spectral observations in these ranges provide information
about the density, temperature, velocity of matter, and
chemical composition of stellar nurseries [69, 70].

Particular attention is paid to maser emission, which is
due to population inversion of the energy levels of molecules.
To stably maintain the population inversion, external energy
pumping, radiative or impact, is required. Masers are
observed, for example, in regions of active star formation,
the shells of stars in the late stages of evolution, and even in
galactic nuclei [71].

The history of the study of the interstellar medium dates
back to the 17th century: the term ‘interstellar medium’ was
first proposed by Francis Bacon in 1626. However, systematic
study only began in the 20th century, when molecular bands
were discovered in the spectra of cool stars, planetary
atmospheres, and comets in the 1930s [72]. A breakthrough
in molecular line radio observations occurred in 1963, when
the hydroxyl molecule (OH) line was first detected in the
spectrum of the Cassiopeia A supernova [73]. Since then,
molecular line radio astronomy has developed rapidly,
especially with the advent of high-sensitivity radio interfe-
rometers such as ALMA and NOEMA [74].

Today, more than 4500 spectral lines are known, belong-
ing to approximately 80 different molecular species, including
organic compounds and amino acid precursors [75]. These
observations allow not only refining star formation models
but also studying the processes of chemical evolution of
matter leading to the formation of planetary systems and,
possibly, to the origin of life.

Modern theoretical and numerical models of star forma-
tion consider turbulence, magnetic fields, radiative feedback,
and the influence of nearby massive stars. Combined with
observational data, this makes it possible to construct
increasingly accurate scenarios for the formation of stellar
populations in different types of galaxies and at different
stages of their evolution [76, 77].

The study of individual sources began from an intense
source of molecular lines in Orion, in the discovery of which
RT-22 in Simeiz was involved. As early as the 1960s and
1970s, the 22-meter RT-22 radio telescope, located in Simeiz
(Crimean Astrophysical Observatory), made an important
contribution to these studies. Due to its high sensitivity and
spectral resolution, RT-22 became one of the first instruments
in the USSR to record molecular spectral lines in the radio
range. Subsequently, the research expanded, and by the end
of the 1970s, it was discovered that very young stars undergo a
period of evolution, and the connection between molecular
clouds and star formation is very close.

A landmark event in the development of Russian radio
astronomy was the world’s first intercontinental very long
baseline radio interferometry (VLBI) observations of mole-
cular lines in 1971. The system, which included the RT-22 in
Simeiz and the 37-meter radio telescope in Haystack
Observatory (USA), recorded emission in the water vapor
line at a frequency of 22.235 GHz (the 6,6— 5,3 transition)
[78]. This allowed achieving the angular resolution of
~ 0.1 mas, record-breaking for that time, making it possible
to reveal the smallest spatial structures of maser sources in
our Galaxy. One of the most important results of these
observations was the discovery of a high-power flare in the
W 49 complex, a region of intense star formation in the
Perseus arm of the Galaxy. Rapid variations in the radiation
flux indicated extremely small sizes of the maser zones, which
was confirmed by high-resolution VLBI observations [78, 79].
It was also established that the sources of H,O masers often
form compact clusters structurally associated with young
stars and their accretion flows [80, 81].

Today, the RT-22 radio telescope continues to play an
important role in studies of star formation and molecular
astrophysics. Up-to-date technical modernization has made it
possible to observe virtually all the main classes of cosmic
masers, including OH, H,O, CH3;O0H, and SiO masers [79,
82]. In addition, RT-22 enables spectral observations in the
millimeter frequency range from 85 to 115 GHz, which covers
the lines of many molecules, including high-energy and
organic compounds [83, 84].

Programs of this kind are implemented only on a limited
number of radio telescopes in the world, as they require a
complex technical infrastructure: precision receivers, cryo-
genic cooling systems, highly stable heterodynes, and power-
ful software packages for spectral analysis and data correla-
tion [85, 86]. Thanks to these capabilities, RT-22 remains a
valuable tool in studies of the early stages of star formation,
the physics of the interstellar medium, and the evolution of
molecular clouds [79, 84, 87].

3.2 Observation and data processing methodology

Existing receiving devices on RT-22 were upgraded to
increase their sensitivity and reliability. New receiving
systems were created in new frequency ranges. The choice of
new frequency ranges was dictated by both the objectives of
observing the least studied maser sources and the importance
of the astrophysical problems being solved. Both cryogenic
and uncooled receivers with amplifiers on HEM transistors
were used, which ensured the intrinsic noise temperature of
the receiving systems 7, of about 30 K at a frequency of
1.6 GHz when operating in uncooled mode and T, of about
10 K at a frequency of 4.8 GHz in the cryogenic mode. The
noise temperature of the system at a frequency of 22 GHz in
the cooled mode was 7,, = 22 K. Continuing with traditional



258 A.E. Volvach, L.N. Volvach, M.G. Larionov

Physics— Uspekhi 69 (3)

observations, in which the radiation of the ground state *IT, /2
of the OH molecule was studied (frequencies 1.612 GHz;
1.665 GHz; 1.667 GHz; 1.720 GHz), a receiver for 4.8 GHz
was created, which made it possible to study the radiation on
transitions of the 2FI3/2 state. Until the turn of the last
millennium, observations of maser sources in the 1.35-cm
water vapor line were conducted using equipment for very-
long-baseline interferometry.

In 2000, a new 1.35-cm receiver, manufactured at the
Crimean Astronomical Observatory, was installed on the
22-meter RT-22 radio telescope. Beginning in 2002, a
cryoelectronic radiometer cooled to hydrogen temperature
(15 K) operating at 22 GHz and a parallel-type Fourier
spectrum analyzer were developed and commissioned. The
introduction of the parallel-type Fourier spectrum analyzer
significantly increased the frequency resolution and made it
possible to conduct systematic and comprehensive studies of
star-forming regions. Further developments in 2009 included
the introduction of a receiver with a frequency resolution of
0.5 kHz based on a parallel-type Fourier spectrum analyzer
for spectral-polarimetric observations of maser sources in the
water vapor line.

Measurements of the radio telescope-radiometer system
parameters were conducted using the Mark-5B + recording
system and software developed in the Crimean Radio
Astronomy Laboratory [88-91]. The system noise tempera-
ture was determined using sources with known fluxes in this
range: DR 21, Vir-A, Cyg-A, and Tau-A. The influence of the
source angular size on the main lobe width of the directional
pattern was also considered. Before each measurement of the
system’s noise temperature, the accuracy of pointing to the
source was determined by scanning in two directions (alpha
and delta). The radio telescope was then alternately posi-
tioned on the radio source and on a point located away from it
(source — background).

3.3 The most powerful galactic kilomaser

G25.65+1.05 (IRAS 18316-0602)

The source IBA8 18316-0602 was not outstanding in the
IRAS catalog, so it initially did not attract much attention
from researchers. The super powerful flares that occurred in
IRAS 18316-0602 at the end of 2016 and from September
2017 to February 2018 (Fig. 6) forced the researchers to
change their attitude toward it and consider how such an
ordinary source could increase the flux in the water vapor line
to almost 1.3 x 10° Jy, i.e., almost thousandfold.

The water vapor maser (transition 6;4— 5,3) in the infrared
galactic source IRAS 18316-0602 was discovered in March
1989 during a survey of a sample of objects from the IRAS
Point Source Catalog (PSC), selected according to certain
criteria. The work was carried out at the 32-m radio telescope
in Medicina (Italy) by a group of researchers who observed
260 infrared sources and detected H,O masers in 17% of
them. Most of the masers were new, including the maser
IRAS 18316-0602 [92]. At the time of discovery of IRAS
18316-0602, its integrated flux in the H,O line was
F, = 1000 Jy.

At RT-22, the source was observed sporadically since
2000, but more regular observations began in early 2017.
No significant increases in the radiation flux density were
recorded in the object. Figure 6 shows the flux density in
the water vapor line depending on the observation epoch.
Most of the plotted data is published in Refs [92, 93]
(marked with crosses), while the data of our observations
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Figure 6. Long-term monitoring of IRAS 18316-0602 in the water vapor
line.

are marked with circles. Figure 6 shows that three isolated
large flares with increasing amplitude occurred during the
period from 2000 to August 2017. Although the maximum
of the 2002 flare could not be fully recorded, it is clear that
it was smaller than the subsequent maximum of 2010-2011.
The flares of late 2016 were larger in amplitude than the
two preceding ones [93].

Along with the increase in flare amplitude over time, a
reverse trend in flare duration is observed. The duration of the
2002 flare was approximately 2 years. The duration of the
2010-2011 process has halved to one year. The flux surge at
the end of 2016 has shrunk to one month. It cannot be ruled
out that we are dealing with different objects, flaring in 2002,
2010-2011, and 2016.

If we assume the existence of a quasi-period based on
observational data from long-term monitoring of the H,O
maser amplitude, it will be T}, = 7—8 years. However, the
amplitude of the superflares that outline this period varies by
an order of magnitude, increasing over time. It is not easy to
identify a physical process, separated in time by 15 years (the
time between the first and third superflares), that would
explain the presence of such a dependence of the amplitude
on time:

A
1 — | ~ klog AT
o () wtgar

(16)

where A,/ A, is the ratio of the amplitudes of the subsequent
and previous flares, AT 'is the time between flares in years, and
k =~ 0.5 is a constant.

Since the beginning of the last flare of the water maser in
IRAS 18316-0602 in September 2017, we have monitored the
object, in most cases, daily (Fig. 7) [94, 95]. The spectral flux
density variation curve is double — humped. This shape may
indicate abrupt changes in the physical characteristics of the
water vapor maser emission regions, including those asso-
ciated with a sudden energy injection. The shape of the flux
density variation curve with time (exponential increase and
decrease in flux, as well as binarity) rules out the explanation
of the flare phenomenon by the radiation pattern effect.
Therefore, this hypothesis explaining the variability of the
water vapor maser flux density should be abandoned.

A distinctive feature of the recent giant flares in
TRAS 18316-0602 is also their durations, which are notice-
ably shorter than the duration of the first two flares (Fig. 6).
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Figure 7. Double flare of maser emission in IRAS 18316-0602. Circles
represent data from RT-22 Simeiz, squares represent data from HartRAO,
and diamonds represent data from Torun.

The total duration of the 2017-2018 double flare and the flare
of late 2016 (15 months) is comparable with the duration of
the 2010-2011 flare. If the source of the flares is the same, this
may be due to the fact that the data collection rate in the first
two superflares was extremely low. The 2010-2011 flare is
indicated by seven points, and the 2002 flare by only three.
With such a duty cycle of observations, when data collection
was carried out at intervals of 2-3 months, visually one may
get the impression that we are dealing with several flares that
have merged, when the processes of maser deactivation gave
way to processes of its activation between data collections (see
Fig. 6). However, it is possible that powerful bursts of the
water vapor maser in IRAS 18316-0602 have been occurring
since 2002 with increasing amplitude in accordance with
relation (16) and were activated by different sources.

The giant flare of the water vapor maser in G 25.65+1.05
(IRAS 18316-0602), which occurred in September 2017—
February 2018, was the fourth and most powerful in the
history of observations of the source. Detailed temporal
monitoring of the flux density during a flare allows impor-
tant conclusions to be drawn regarding the analysis of the
flare shape.

The shape of the flares is not symmetrical. The slopes of
the double flare can be approximated by an exponential
dependence (Fig. 7). The exponential shape of the maser
flux density curve serves as a key indicator of the maser state
during the flare —it operates in an unsaturated mode, when
the maser gain increases exponentially with increasing pump
rate [96].

The shape of the central part of the maser line near the
maximum phase (decreasing to 50 kHz) suggests a single-
component source responsible for the most part of the flux
density increase. Samples of water vapor line recordings in
IRAS 18316-0602 near the maxima of the first and second
flares of 2017-2018 are shown in Fig. 8.

At flare slopes below 20,000 Jy, it becomes clear that the
object emitting the water vapor line is not single-component,
but rather consists of at least two components, one of which is
activated to a lesser degree. An example of a line recorded in
flares up to 20 kJy is shown in Fig. 9.

Figure 7 (constructed, like all subsequent figures, based
on the flux density maxima in the line) clearly shows the
second component of the flare, which is bell-shaped. The total
duration of this component is 4 months. Its onset was in early
September 2017. The end of this flare component was the end
of 2017. The amplitude of the flare component (20 kly)
exceeds the amplitude of the flares of 2002 and 2010-2011 in
accordance with expression (1). Therefore, it can be con-
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Figure 8. Example record of the water vapor line in G25.65+ 1.05 (IRAS 18316-0602) at the maximum: (a) of the first flare, (b) of the second flare (2017—

2018).
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Figure 9. Example record of the water vapor line in G25.65 + 1.05 (IRAS 18316-0602) up to 20 kJy at the maximum: (a) of the first flare, (b) of the second

flare (2017-2018).
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Figure 10. Dependence of the water vapor maser line width on the flux
during the flare in G25.65+ 1.05 (IRAS 18316-0602) in September 2017—
February 2018.

cluded that the bell-shaped source of the 2017-2018 flare in
IRAS 18316-0602 is identical to the one that was in the flares
0f2002 and 2010-2011, but the flare amplitude (20 kJy) is one
and a half to two times greater than the amplitude of the
20102011 flare.

It is also clear that the narrow double exponential maser
flare of 20172018, like the flare of late 2016, has a different
nature from the flares of 2002 and 2010-2011. This is clearly
visible in our double flare, which combined both sources of all
previous flares. An additional distinctive feature of the 2017—
2018 flare is its dual nature.

As in the case of the 2016 flare [Lekht E.E., Pashchen-
ko M.I., Rudnitskii G.M., Tolmachev A.M. Astron. Rep. 62
213 (2018); https://doi.org/10.1134/S1063772918030071], in
the flare of 2017-2018 under consideration, a dependence of
the line width on the amplitude of the flare phenomenon is
observed.

In coordinates (In F, AV ~2), this dependence is presented
in Fig. 10, where F is the flux density at the line maximum in
jansky units, and AV is the line width at half-maximum level
in km s~!. The experimental data are plotted as dots. The plot
is approximated by a straight line. At the activity maximum,
the line is strictly symmetrical and is perfectly described by a
Gaussian.

This also indicates that the maser is in an unsaturated
state. The data, however, are not clearly expressed. Similar
results were obtained for the giant flare in Orion KL [97, 98],
where it was concluded that the maser is in an unsaturated
state up to nearly the maximum flare amplitude.

It should also be noted that the maser line radial velocity
for the two considered different components of the 2017-2018
flare is practically the same and equals about 42.8 km s~!.
This means that the emission zones must be located at a close
distance. Nearby maser globules emit a maser line at close
radial velocities, but the characteristics of the line amplitude
change are different. It is not entirely clear how a single
external maser pump source can operate in such different
ways. Apparently, the explanation should be sought in the
differences in the characteristics of the maser globules, which
emit in different ways, creating a difference in the amplitude
and duration of the flare.

The gigantic amplitude of the flare (approximately
130 kJy) and the distance to the source (12.5 kpc) make
kilomaser TRAS 18316-0602 the most powerful in our
Galaxy. As with W49, a single star of at least class O5, and

possibly O4, is required as the primary energy source to
provide the observed infrared luminosity. Multiple stars at
the center of the nebula could also provide the observed
infrared luminosity, with the class of the most massive star
being O5. These are among the most massive stars in the
Galaxy.

Linear polarization measurement in IRAS 18316-0602.

In accordance with the adopted observation methodol-
ogy, on September 17, 2017, during the first maximum phase
of the binary flare of IRAS 18316-0602, its linear polarization
in the water vapor line was measured. For each rotation of the
polarizer polarization plane by a fixed angle, the radiometer
output signal was integrated for 3 min using a spectrum
analyzer. Observations were made in the meridian, so the
resulting position angle of the amplitude maximum corre-
sponds to the position angle of linear polarization in the
source, which is —22°.

The linear polarization value was calculated using the
formula:

o/ _ Pmax - Pmin
P Pmax"’Pmin ’ (17)
where Ppax, Pmin are the maximum and minimum flux density
in linear polarization, respectively.

The maximum linear polarization value was approxi-
mately 30%, which is almost half the maximum linearly
polarized radiation flux during powerful flares in such well-
known kilomasers as W49 and Orion KL. Thus, at the Orion
KL during the giant flare of the water vapor maser in 1980,
the percentage of linear polarization reached almost 60% [99,
100]. The linear increase in the percentage of polarization
with increasing flux density of the H,O maser by hundreds of
times to the level in the 1980 flare is an indicator of an
unsaturated maser operating at the Orion KL, in which
stimulation of the emission velocity predominates, and the
maser gain increases exponentially with the pumping rate
[96]. With increasing flux density in the 1980 flare from 10° Jy
to a maximum value of 2.2x10% Jy, the percentage of
polarization remains unchanged. In this case, the maser gain
increases linearly with the pumping rate, and the maser
becomes saturated.

In the case of the source IRAS 18316-0602 during the
2017-2018 flare, the percentage of linear polarization is half
that in Orion KL during the 1980 superflare. Therefore, it is
natural to assume that the maser in the source IRAS 18316-
0602 was in an unsaturated state during the flare of
September 2017-February 2018. This is an additional
argument in favor of the unsaturated state of the water
vapor maser in IRAS 18316-0602, in addition to the expo-
nential shape of the flux density variation curve.

In addition, evidence in favor of the unsaturated state of
maser amplification is provided by the behavior of the line
width of the water vapor maser. According to the maser line
profile model [101], in the case of an unsaturated maser, the
line width decreases with increasing flux density according to
the law:

logP = A+ BAv™2, (18)
where Py 1s the flare flux density, Av is the linewidth of the
water vapor maser during the flare. Observational data do
not contradict this relation, but the accuracy does not allow
for unambiguous conclusions.
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Thus, during the double hyperflare of the water vapor
maser in IRAS 18316-0602 in 2017-2018, we have the basic
conditions for the existence of an unsaturated maser. As the
flux density increases, its exponential growth is observed [102,
103]. This occurs for both the first and second flares. Then, an
exponential decrease in the flux occurs, also in both flares. A
moderate percentage of linear polarization was measured at
the maximum of the flare flux density.

Interferometric observations.

Interferometric experiments to observe IRAS 18316-0602
were performed in September 2017 as a series of six
consecutive daily sessions on the interferometer, which
included three 32-m radio telescopes of the Kvazar-KVO
VLBI complex and a 22-m radio telescope — the Simeiz VLBI
station [103]. In the VLBI observations, the start of the band
was set at a frequency of 22229 GHz, and the duration of
scans of the source under study was 20 minutes. The source
3C454.3 was chosen as the calibrator, which was observed
with scans of 5 or 20 minutes at the beginning, middle, and
end of the session. Correlation processing of the VLBI
observation data was performed using the DiFX2.4.1 soft-
ware correlator at the IAA RAS on a hybrid blade server
cluster. Figure 11 shows a map obtained on September 27,
2017, when the source was in the phase after passing the first
of the double flux density maxima.

In the map shown, 1 mas corresponds to a linear scale of
approximately 20 au. This scale was obtained assuming a
distance to the source of 12.5 kpc. At this resolution, it is
difficult to distinguish individual globules, but the overall
pattern of the radiation distribution in this region is quite
clear. A bright central feature is visible, which is naturally
associated with the globule (or compact globules) in which a
uniquely powerful water vapor maser flare occurred. All
other features are significantly smaller in amplitude.

The achieved resolution does not allow us to distinguish
two components of the emission associated with two flares of
different shapes: one of which is the central feature in Fig. 7,
and the other is bell-shaped and has a smaller amplitude.
Nevertheless, the interferometric data confirm our conclu-
sions that the different globules responsible for different parts
of the flare shape are close to each other and are located in a
compact region. The obtained data do not contradict the
results of observations of other outstanding galactic sources
of maser emission, according to which the compact HII
regions have dimensions of /yj ~ 10'® cm [103]. Conse-
quently, the molecular disks where maser globules may be
located have dimensions of the order of /g ~ 10'7 cm
(~ 10* au) and more.

It can be concluded that the interferometric data
obtained during the flare of the water vapor maser in
IRAS 18316-0602 confirm the presence of compact globules
responsible for the powerful increase in the radiation flux
density in this source.

Submillimeter data obtained in connection with the observa-
tion of the water vapor maser in IRAS 18316-0602.

Observations of the galactic source G25.65+1.05
(IRAS 18316-0602) were carried out at a wavelength of
870 um near the maximum of the first flare of the water
vapor maser on September 15-16, 2017, under favorable
weather conditions, using the large bolometric camera
‘APEX’ [103].

The telescope focus was optimized using the planet
Saturn, and pointing corrections were determined using the
nearby point source J 1743-038. Saturn, the hot molecular
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Figure 12. Long-term changes in the radiant flux density from
G 25.65+1.05 (IRAS 18316-0602) at a wavelength of 870 pum, obtained
using the large bolometric camera ‘APEX.’

nucleus G34.26+0.15, and 10.62-0.38 were used as flux
calibrators. Two of these galactic sources were observed on
both days before and after G25.65 +1.05.

Long-term variations in the flux density of G25.65+ 1.05
at a wavelength of 870 um are shown in Fig. 12. During
observations of this source, from 2008 to 2018, the spectral
flux density increased by 40%, from 7 Jy to 10 Jy. Half of this
increase occurred by the time of the 2010 flare (up to 8.5 Jy),
the other half (up to 19 Jy) was recorded during the first
(double) flare of 2017 (September 15-16, 2017).

The source submillimeter flux, which is an extension of the
infrared emission, changed by tens of percent during the
water vapor maser flares. This observational fact may
indicate that the primary source of the activity may be a
central massive star, hidden from our view by gigantic
absorption in the optical wavelength range, which can
amount to even hundreds of stellar magnitudes.
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Figure 13. Image of G25.65+1.05 (IRAS18316-0602) obtained at a
wavelength of 870 pm with the large APEX bolometric camera.

An important question is whether the increase in the
submillimeter flux preceded the onset of the water vapor
maser flares. Judging by the plotin Fig. 12, it did. We see that
by the beginning of 2010, the flux had already increased to
8.5 Jy and reached a local maximum. This was the beginning
of the 2010-2011 water vapor maser flare. Unfortunately,
submillimeter observations are not available until September
2017, when a very powerful flare occurred, at the maximum of
which the spectral density of the submillimeter flux was
already 10 Jy.

Thus, we can summarize that the increase in the sub-
millimeter flux, and possibly the IR flux with it, is associated
with maser flares, accompanying them, or even preceding
them.

Figure 13 shows a map of the source G25.65+1.05
(IRAS 18316-0602), obtained with a large bolometer camera
in September 2017 during a maser flare.

Figure 14 shows a map of G25.65+1.05 (IRAS 18316-
0602) obtained as a fragment of the ATLAS-GAL catalog.
The map resolution is given by the red circle in the lower left
corner of the figure. The size of the source and its orientation
are determined by the blue ellipse. The localization of other
sources found in the survey of the galactic plane is shown in
green. The image size is 5 x 5 arcminutes. The accuracy of the
coordinates in the catalog does not allow comparing the
coordinates of the source with the interferometric positions.
The coincidence of the coordinates can be stated at the level of
several arcseconds. This corresponds to tens of thousands of
au taking into account the distance to G25.65+1.05
(IRAS 18316-0602).

Figure 15 shows an image of G25.65+ 1.05 (IRAS 18316-
0602) obtained in the mid-infrared range using IRAC
bandpass filters (3.5, 4.6, 5.8, 8.0 um). The data are taken
from the GLIMPSE Legacy Project. The image resolution is
shown by the red circle in the lower left corner of the figure.
The source is located in the center of the map. Within the
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Figure 14. Image of G25.65+ 1.05 (IRAS 18316-0602) from the ATLAS-
GAL catalogue.
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Figure 15. Image of G25.65+ 1.05 (IRAS 18316-0602) in the middle part of
the infrared range (3.5, 4.6, 5.8, 8.0 pm).

coordinate errors, the positions of the submillimeter and IR
sources coincide, which does not contradict the physical
conditions that are realized in young galactic objects.

Figure 16 shows an image of G25.65+ 1.05 (IRAS 18316-
0602) obtained in the mid-infrared range using IRAC
bandpass filters (3.4, 4.6, 12, 22 um). The data were obtained
from the GLIMPSE Legacy Project. The image resolution is
shown by the red circle in the lower left corner of the figure.
The source is located in the center of the map. The maps
obtained in the IR range correspond to each other.

3.4 Kilomaser in W51M

W51 is located in the Giant Molecular Cloud (GMC) of the
Sagittarius spiral arm of the Milky Way [104]. Among giant
molecular clouds, this is one of the few with a mass greater
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Figure 16. Image of G25.65+ 1.05 (IRAS 18316-0602) in the middle part of
the infrared range (3.4, 4.6, 12, 22 um).
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Figure 17. A powerful water maser flare event near 60 km s~!. Individual
flares are numbered.

than 10/, [105]. When mapped in the continuous spectrum,
W51 has a complex structure. High-resolution observations
within a second of arc revealed three separate components:
W51 IRSI, W51 Main, and W51 IRS2. The location of these
structures with their parts in different wavelength ranges is
shown in Ref. [106]. Observations revealed the presence of a
number of formed O stars and massive protostars associated
with these components of W51 [107, 108]. Based on trigono-
metric measurements of W51 Main/South parallax, its
association with a giant H II region was established, and the
distance to the object was about 5 kpc [109].

The results of long-term monitoring of a water maser at a
feature near 60 km s! in the direction of W51 Main are
presented in Fig. 17. Data collection intervals were typically
1-2 days over the entire observation period from January 1,
2020, to June 7, 2022 [110]. The flare event was the most
powerful in the entire history of source observations, both in
terms of duration and flux density values. In terms of
radiation power, this source is on a par with the galactic
kilomaser W49N, given the amplitude of the event, equal to
140 kJy, and the distance to W51. Thus, it can be assumed
that a new kilomaser has been discovered in the Galaxy.

The complex flare event consisted of many individual
short flares, partially overlapping each other in time. The
main flare activity lasted for a year and a half, from

September 2021 to February 2023. The numerous flares that
form the overall picture of the phenomenon apparently
originated in a maser cluster, the size and density of maser
spots in which are quite impressive. According to a pre-
liminary conservative estimate, the cluster size is approxi-
mately 10-20 au. This is based on the assumption that maser
spots are 0.5-1 au in size, leading to the conclusion that the
cluster contains hundreds of maser spots.

By monitoring water maser observations with a single
radio telescope, we can only record time-varying flux densities
and radial velocities of spectral lines. In other words, we are
capturing a dynamic picture of the source spectrum. There-
fore, an optimal study requires the use of a comprehensive
spectral-temporal method. We need to simultaneously ana-
lyze flux density monitoring data and spectral data. Then it
becomes possible to understand the dynamics of the processes
occurring in the active centers of maser formation.

The powerful flare event began with a sharp increase in
the water maser flux density. This was associated with the
appearance of a very short Flare 1, lasting only a few days
and with an amplitude of about 25 kly. Flares 1-5, each
successively increased exponentially in amplitude, reached
the maximum of the flare event. All flares 1-9 likely arose
from maser spots located in a very compact region, since
they were simultaneously close to the observer’s line of
sight. It seemed that the agent that initiated the appearance
of water masers successively passed through maser spots
densely ‘packed’ into a small cluster. Knowing the propaga-
tion velocity of this agent and the duration of the flare, we
can determine the sizes of the cluster and individual maser
spots independently. Below, in the discussion section, we
will attempt to make approximate estimates of these
quantities.

Having reached its maximum, the flux density of the flare
phenomenon drops exponentially with each subsequent
Flare 6-9 to a level of about 15 kJy [110]. The flare
phenomenon then continues with the appearance of indivi-
dual short flares until February 2023, when it ends with a
drop in flux density to a background value of a few kJy. In the
subsequent period of the flare phenomenon (September
2022—-February 2023), the most significant were Flare 10
with an amplitude of about 35 kJy and Flare 11, which
reached an amplitude of 30 kJy and consisted of several
individual flares of smaller amplitude and duration (see
Fig. 17).

Including spectral consideration in the analysis allows us
to advance our understanding of the physical picture of maser
emission generation [111]. For a maser in an unsaturated
state, an exponential increase and decrease in the flux density
during a flare, as well as a decrease in the line width with
increasing flux density, are predicted [112]. Such a depen-
dence for Flares 1-5 is shown in Fig. 18. The dependence is
linear if it is represented as the ratio of the reciprocal of the
square of the half-width of the spectral line to the logarithm of
the flux density [113]. Its shape and slope indicate that short
Flares 1-9 most likely belong to a water maser in an
unsaturated state. The obtained slopes are close to each
other and the dependence is practically a single whole with
the possible exception of Flare 1. In this case, the range of flux
density variation is about 120 kJy — from 20 to 140 kJy. The
line widths varied from 0.4 to 0.6 km s~!. Confirmation of the
unsaturated state of water masers for Flares 1-9 can be seen
from the flux density monitoring, plotted in natural loga-
rithms of the flux densities (Fig. 18b).
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Figure 18. (a) Relationship between the spectral line width to the power of
minus two (Av)™> km s~! and the natural logarithm of the flux density
In (S) kJy for Flares 1-5. (b) A powerful water maser flare event near
60 km s~!. The flux densities of Flares 1-9 are plotted on a scale of natural
logarithms.

Another important conclusion is that each previous flare
creates an input flux density for the subsequent one, in
addition to the flux density generated by Flare 0 for all
Flares 1-9 (Fig. 19). Flare 0 is overlapped by Flare 5, so we
will not see the shape of Flare 0 inside Flare 5. The visible
wings of Flare 0 allow us to construct a Gaussian approxima-
tion of it, and nothing more. All this suggests that the
appearance of super-powerful water maser flares requires
very large input flux densities into the maser condensations in
which these flares occur. This means that the input flux
densities to each maser condensation are formed not only by
the long Flare 0, but also by all previous flares for all
subsequent flares, which partially overlap each other. More-
over, since Flare 0 alone has a flux density of about 15 kJy,
even this is a very high flux density. We have not yet seen such
large input fluxes in any maser source.

The long Flare 11, which lasted from August 2022 to
January 2023, was a set of several (3—4) subflares, the first of
which had an amplitude of more than 30 kJy. After the end of
Flare 9, a substantial level of maser activity of at least 13 kJy
was observed, below which the flux densities of Flares 1-10
did not fall [110].

The half-width of the spectral line of the Flare 0 is
approximately 3.0 0.2 km s~!. The formula for expressing
the kinetic temperature is given in Ref. [112]:
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Figure 19. Spectra of features near 60 km s~! for Flare 5 (a) and Flare 0
together with Flare 5 (b). Gaussian fit of Flare 0 ((b), red line). The
amplitude of Flare 5 in Fig. b is limited by the flux density level of 20 kJy,
at which Flare 0 is more clearly visible.

here Av}  is expressed in (km s!)?, mp,o is the mass of a
water molecule, ¢ is the speed of light, and k is the Boltzmann
constant. From Eqn (19) it follows that Ty y,0~
3100 £+ 200 K. The uncertainty in the Gaussian approxima-
tion is included in the error. Thus, an unprecedentedly high
value of Ty u,0 was obtained for maser flares over the entire
observation period of the source.

Before and after the flare event, its spectral characteristics
changed mainly due to a decrease in the flux densities of the
radial velocity components of individual flares (Fig. 20).
Flare 0 has a significantly smaller amplitude than at the
maximum. The drop in flare amplitude may be associated
with a decrease in the density of the medium and/or the degree
of ionization. This can occur at the edge of maser condensa-
tion, where the density of the medium is lower. The
preservation of a high value of Ty ny,0 during Flare 0 (for
more than a year) is a very important result.

It will be useful to analyze the dynamics of changes in
the radial velocities of the flares involved in the creation
and development of the flare event. Examining Fig. 19b and
comparing it with Fig. 20, one can see that individual flares
in Fig. 19 are also present in Fig. 20. This also applies to
weak flares near radial velocities of 56, 60, and 64 km s~! in
Fig. 17. Moreover, the amplitudes of these flares did not
even significantly decrease by the end of the flare event. To
summarize, it can be noted that by the end of the flare
event, Flare 0 had decreased in amplitude by approximately
a factor of three. This can be explained by the fact that the
agent initiating Flare 0 was located at that time at the
boundary of the maser spot in which this flare occurred.
When passing into a lower density medium, the velocity of
the shock waves increases, which leads to an increase in the
temperature of the medium (v~ TV2). Therefore, some
broadening of the saturated maser characteristic may
become apparent.
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Figure 20. Spectra of features near 60 km s~' for Flare 0 and background
flares ((a) before the flare event and (b) after the flare event).

Two years passed between the spectra of Flare 0 before
and after the flare event. The similarity of the parameters of
Flare 0 in these two cases may indicate that the region of
origin of Flare 0 may be located outside the maser cluster,
where the maser spots responsible for the occurrence of
Flares 1-9 are located. This region may be a halo of gas and
dust in which a disk containing a maser cluster is immersed. If
the agent responsible for the occurrence of shock waves is the
same, then with a lower density of the medium and its larger
dimensions, the temperature and saturation of the maser will
be higher. Considering that Flare 0 is present during the entire
period of increased activity, which is about three years, the
size of the gas and dust disk in which the maser condensations
are located can be estimated, responsible for Flares 1-9. With
the velocity of the agent initiating water masers being
102 km s~!, we obtain a lower limit for the disk size of
diisc =~ 101 cm. The lower limit is due to the fact that our
monitoring did not begin with the onset of increased water
maser activity. An important feature of Flare 0 is also that its
velocity did not change over the entire observation period.
This indirectly confirms our assumption that the source of
this feature is an extended halo around the gas-dust disk.

Figure 21 shows the drift in the frequency of the maxima
of Flares 1-9. The errors in the values of the flare frequency
maxima were determined mainly by the accuracy of fitting the
Gaussian curves to the radial spectral lines and amounted to
about 0.01 km s~! (one-third of the velocity resolution). The
obtained dependence does not contradict the physical picture
in which the source initiating the maser emission reaches
successively maser concentrations located in a rotating gas-
dust disk. The changes in the frequencies of the flare maxima
occur sequentially, without sharp deviations. This can also be
explained by the fact that the broad front of the shock waves
propagates at a small angle to the line along which the water
masers are located. Therefore, the partial overlap of maser
spots with each other finds a natural explanation (see Fig. 17).

W51 Main, which is a very dense cloud of gas and dust,
including a massive (30 M, or more) young O-class star with a
rotating and simultaneously expanding disk of gas and dust
with a diameter of 5 x 10" —3 x 10'® ¢cm [116]. This physical
picture of W51 Main may correspond to the structure and
emission of a water maser near the singularity of the radial
velocity 60 km s~! that we discovered in our study of the giant
flare phenomenon.

Our studies of W51 Main have established that, consider-
ing the duration of short powerful flares of 7 days at the half-
flux density level, all 9 flares exist for about half a year [110].
With the propagation speed of shock waves initiating water
masers of 102 km s~! and the Flares 1-9 duration of 250 days
each, we have linear dimensions of the maser cluster of about
10 au. Moreover, the volume of the maser cluster can
accommodate a much greater number of condensations. In
this case, we always assume that the source of the primary
energy release is the partially ejected envelopes of binary
supermassive stars rotating around a common center of
gravity and experiencing powerful tidal gravitational interac-
tions with each other.

If the masers are located in the outer parts of the gas-dust
disk, we can determine a minimum disk size for features of
about 60 km s~!, assuming a central star mass of 30M,,. We
obtain a disk size of 3.4 x 10" cm. This is 1.5 times smaller
than the value obtained from interferometric observations for
W51 Main by Genzel et al. [116]. This suggests that the central
star mass may exceed 30M,.

3.5 Model of the primary energy release

and estimate of the gravitational wave flux level

Giant flares of a water vapor maser must be provided by
powerful sources of primary energy release, leading to an
increase in the line flux density by hundreds of times. Such
water vapor maser initiators include infrared emission from a
molecular gas-dust cloud in which maser condensations are
embedded, and/or a system of powerful shock waves
propagating from a central stellar object. Bipolar ejections
that excite maser sources may also serve as pumping sources.
However, it remains unclear what exactly initiates the activity
of central stellar objects, which may include both late-type
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T-Taurus stars and massive early-type stars located near the
main sequence.

There are a number of hypotheses regarding the mechan-
isms for initiating water vapor emission in galactic sources,
which are associated with both changes in dust temperature
and the photon flux density emanating from the central source.

Giant flares of water vapor masers in galactic kilomasers
Orion KL, W49, W51, IRAS 18316-0602 occur rarely, no
more than once every 5-10 years [102, 103, 110, 111]. What
physical processes initiate these flares, during which the
radiation flux densities in the lines can increase hundreds of
times? There is no doubt that the main energy release in the
system is provided by massive stars of early spectral classes,
which are at the stage preceding the main sequence. The
process of formation and evolution of such stars, as a rule, is
hidden from our eyes due to giant absorption in the optical
range in the direction of such stellar complexes. The emission
spectra in the IR range have maxima in the far infrared
region, which indicates noticeable absorption in this wave-
length range. Only the radio range allows us to discern
compact H II regions, indicating the presence of massive
stars of early spectral types, ionizing the surrounding space
out to distances of 10'® cm from the central, very massive
star. However, the question remains as to whether a single
star is ionizing the surrounding space, or several stars.

It is known that about half of the stars in galaxies are
binary or multiple systems. They most likely formed during
the evolution of a gas-dust cloud by fragmenting it into its
component parts. A key aspect of this situation is the
interaction of these multiple systems in terms of the
possibility of initiating sources of primary energy release in
gas-dust clouds. How do such sources lead to giant flares in
kilomasers of water vapor?

Among the main mechanisms for excitation of H,O
masers, radiation and impact mechanisms are noted. The
former is achieved through the transformation of quanta
from the central star into an infrared source in the nebula, and
the latter through a system of shock waves passing through
the medium in which the maser globules are located.
However, the question remains: what are the sources of
giant energy release that explosively provide such powerful
flares of water vapor masers?

Looking at the double flare of the H,O maser in
IRAS 18316-0602 and the flare event in W51 M, during
which the maser was in an unsaturated state, one comes to
the conclusion that this maser activation process took place
over the course of a month, after which an exponential decline
in the radiation flux density occurred [102, 110]. What process
could have caused such pumping of H,O molecules in an
isolated maser globule? The presence of a narrow emission
line at a fixed frequency indicates that the globule was unique.
Such emission parameters in the line should be ensured by the
globule’s high density, its significant mass, and a large
temperature difference persisting for a noticeable period of
time, on the order of a month. Identifying a physical process
that changes the characteristics of a maser globule, maintain-
ing the maser unsaturated state for tens of days and ending as
suddenly as it began, is apparently not so simple.

A powerful stellar wind most likely cannot be the source
of such a primary energy release due to its low energy
characteristics. Partial, multiple ejections of the star envel-
opes could, in principle, provide the energy for the process.
Thus, with a velocity of the ejected envelope of v = 5x
107 cm s~! (500 km s~1), in a month it will move a distance

of [~ 1.5 x 10" c¢m (10 au), which significantly exceeds the
size of the maser globules. Consequently, for a maser globule
to be in an activated state, the ejected envelope must have
dimensions of approximately 10 au. The envelope ejection
velocity may be even lower. Note that during supernova
explosions, the velocity of matter movement can reach values
of v &~ 10° cm s~!. Thus, the considered mechanism of maser
emission activation is quite probable.

The accretion mechanism is not very suitable because the
latest flares of late 2016 and 2017-2018 in IRAS 18316-0602
are similar in duration, and it is simply illogical to imagine
such regular accretion.

Models of hot, dense material in a rotating accretion disk
[117] or pulsation-unstable massive stars [118] have also been
proposed. In this case, the colliding stellar winds of binary
stars [119] may be responsible for the proposed periodicity.

The source we observed does indeed exhibit a quasi-
regular process, both in the duration of the flare and in the
intervals between flares. The flares in IRAS 18316-0602 that
occurred in 2002-2003, 2010, and at the end of 2016 — (2017—
2018) do not exclude the presence of a quasi-period of
explosive activity of approximately 7 years.

In addition, there is a possibility of the existence of binary
flares. In addition to the binary flare in IRAS 18316-0602
(2017-2018), a binary flare was possibly observed in Orion
KL in 1979-1980 [120], and a cascade of flares was observed
in W51IM [110].

These considerations lead to the idea that the source of
such quasi-periodic activity may be compact multiple massive
stellar systems. In particular, these may be triple stars. The
quasiperiod is determined by the temporal stability of the
system, in which the third body and the accretion disk itself
violate the condition of harmonicity and, consequently, the
stability of the flare period.

Let us estimate the orbital parameters of the system
companions to achieve the observed characteristics of the
water vapor maser flares in IRAS 18316-0602 [102, 103].
Using the laws of celestial mechanics, we can show that for a
massive central star with a mass of 30M paired with a less
massive object in an elliptical orbit with a semiaxis of 25 au, the
orbital period around the common center of gravity will be
approximately 8 years. This is precisely the quasiperiod
observed between the water vapor maser hyperflares in the
IRAS 18316-0602 system. At the periastron of the system, a
powerful gravitational perturbation of the very massive
central star occurs, leading to a partial ejection of its envelope.

The ejected envelope, reaching the accretion disk where
the maser globules are located, creates a powerful shock wave
system, leading to an explosive increase in the temperature
and density of the maser globule. This leads to an exponential
increase in maser pumping during the entire passage of the
envelope. After the end of maser activation, an exponential
decrease in the radiation flux density occurs due to a decrease
in the H,O vapor density and the temperature and density of
the maser globule material.

The question of the possibility of gravitational wave (GW)
emission from close binary star systems (CBSs) has been posed
for the first time and is based on new experimental data and
detailed information obtained regarding maser emission
arising in dense, massive gas-dust complexes [110, 121].

One of effective mechanisms for increasing the density of
the medium is the influence of stellar wind. In this case, the
H,O maser sources are sites of interaction between the stellar
wind of the forming star and gas clumps in its envelope. In any
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case, the primary source of energy release in the system is a
close massive binary star whose components are moving in
elliptical orbits around a common center of gravity. During
the periastron of the system, increasing gravitational-tidal
interactions between the stars can lead to the ejection of
portions of their envelopes into space. This can lead to a
powerful stellar wind, leading to flares of water masers
located in the gas and dust disk around the binary system.

The central star (= 30M) may have a companion with a
mass equal to tens of solar masses. During gravitational-tidal
interactions with each other during the periastron of the
system, the envelopes of one or the other star can be ejected
into the surrounding space [122]. A supersonic shock wave
propagates through a gas-dust disk containing maser con-
densations. In this case, massive CBSs may be responsible for
giant water maser flares in galactic kilomasers such as W49N
and W51 Main.

If CBSs are located in a zone of active star formation, the
strength of gravitational waves emanating from them can be
estimated by assuming that they are in a phase close to
merging. These systems can emit gravitational waves [123].
The GW power from these objects and the flux density Sgarh
at the Earth’s surface are

dE 32G4*m?m3 143.5¢241.4e*
—:L:{ mims (my+ma)( +1/2 e +1.4e )}erg -
dr 5¢3a3(1—e?)
(20)
L
SEarth = H R2 . (21)

Here, L is the luminosity (radiation power), Sgan 1S the
flux density at the Earth’s surface, 1, is the mass of the central
star, m; is the mass of the satellite, e is the eccentricity, a is the
major semiaxis of the orbit, ¢ is the speed of light, and R is the
distance from the source to the Earth.

To obtain specific numerical values, we can take Rys; =
5 kpk, m; = my = 30Mg, e =0.7,a =5 x 10! cm. Then we
have dE/dtws; = 2.2 x 10% erg s~!. This gives the flux
density at the Earth’s surface Swsi gartn =~ 0.9 X
10-% erg cm™2 s~!. This is quite comparable with the
calculated value of the GW flux density at the Earth’s surface
from such a well-known source as OJ 287. It is necessary to
consider the difference in distances between W51 Main and
0OJ287: Rojg7 =~ 3.3 x 107 cm, m; ~101°M, my ~ 103M,,
e~ 0.7, a~ 10* au. We obtain a value for the GW flux
density from OJ287 at the Earth’s surface of S~ 0.7 x
107° ergem =2 s~ [124].

Consequently, to have comparable flux densities near the
Earth from W51 Main and OJ 287, the companions in W51
must be very close to each other and separated by about ten
stellar radii. Such binary massive stellar systems are indeed at
a stage of evolution close to their merger. The energy loss for
the G 25.65+1.05 kilomaser due to GW emission will be
/2.3 x 10* erg ~!, and thus, on the Earth’s surface, the GW
flux density from the object willbe =~ 0.5x 107! ergem™=2 s~!
[121]. This is two orders of magnitude lower than the GW
level from the brightest AGN [124-129]. However, there are
regions of active star formation in the Galaxy closer to the
Earth than W51 Main, for example, W3 and many others
[130-132]. Therefore, the detection of GW from CBSs is an
urgent task.

An important conclusion was obtained that galactic
massive CBSs, along with supermassive black holes such as

0J 287, are promising for detecting gravitational waves from
them in the range of ~ 107°-10~7 Hz using IPTA (Interna-
tional Pulsar Timing Array)—a gravitational wave detector
operating at this low frequency and possessing the high
sensitivity necessary to register such low flux densities [133].
This opens new broad potential for further research of
gravitational waves with the aim of their experimental
detection.

3.6 Conclusions

(1) Using the RT-22 radio telescope, the phenomenon of
giant maser flares of water vapor in galactic sources was
discovered. Two kilomasers were detected: IRAS 18316-0602
and W51 Main, one of which, IRAS 18316-0602, is recog-
nized as the most powerful in the Galaxy. This discovery was
included in the annual report of the Russian Academy of
Sciences to the President of the Russian Federation as one of
the most significant results in astrophysics for 2019. Such
results were obtained for the first time in the world.

(2) Long-term monitoring of the galactic kilomasers
IRAS 18316-0602 (G 25.65+ 1.05) and W51 M in the water
vapor line (6;6—5;3 transition, line frequency f=
22.235 GHz) was carried out using the RT-22 radio telescope
of the Crimean Astrophysical Observatory. The unique
double flare of 2017-2018 in the IRAS 18316-0602 source
demonstrated an exponential increase in the radiation flux
density, which indicates an unsaturated state of the masers
during the entire flare. This is also confirmed by the relatively
low degree of linear polarization (~ 30%).

(3) In the source W51 Main, a flare phenomenon
unprecedented in amplitude and duration was observed,
caused by the superposition of several powerful short Flares 1—
9 on a longer, but less powerful Flare 0. The latter had a broad
spectral line, characteristic of a saturated maser, while the
short flares were caused by unsaturated masers with narrow
lines. New important physical parameters of the flares of the
water maser W51 Main were obtained: the states of the water
maser during the flares, their amplitudes, the widths of the
maser lines, the kinetic temperatures of H,O, and the presence
of cascade amplification of the water maser, necessary for the
occurrence of high-power short flares.

(4) Observational data have established that the most
powerful water masers are created by the combined emission
of several unsaturated maser spots along the observer’s line of
sight, each of which successively amplifies the maser emission,
transferring it to the next maser condensation, resulting in
ultra-high-power emission. Powerful short flares are located
above less powerful but longer-lasting ones. The broad
Doppler spectral lines of less powerful flares indicate that
their masers are likely in a saturated state, while the masers of
more powerful flares with narrow lines are in an unsaturated
state. The resulting pattern of cascade amplification is new
and fundamental for explaining the physical nature of maser
amplification and emission.

(5) It was found that the generation of high-power water
masers requires input flux densities exceeding several kJy,
which may indicate a high density of maser spots (up to
hundreds of units) in compact clusters.

(6) A model for the energy release is proposed according to
which maser flares are associated with gravitational perturba-
tions in close binary star systems, especially during their merger
phase. In this context, powerful maser flares can be considered
as potential electromagnetic indicators of gravitational wave
generation in the vicinity of massive binary systems.
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