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Abstract—The statistics of particles with half-integer spin was constructed in 1926 in the works of E. Fermi
and P. A. M. Dirac. Soon after, it was realized that these statistics are extremely important for building a the-
ory of such compact objects as white dwarfs. In this case, there is a limit to the mass of such objects, which is
called the Chandrasekhar’s limit. The neutron was discovered by Chadwick in 1932, and already in 1933
Baade and Zwicky suggested that there are neutron stars that arise as a result of supernova explosions and the
collapse of a massive core. Pulsars were discovered in 1968 and it was soon realized that pulsars are neutron
stars with giant magnetic fields. Binary neutron stars (both in the binary pulsar system and in the kilonova
explosion event GW170817) played a key role in the detection of gravitational radiation predicted by general
relativity. In 1963, quasars were discovered—fairly compact objects with a gigantic energy release and located
at a cosmological distance. It was soon realized that the most natural model of quasars involved a supermas-
sive black hole. Observations of the motions of bright stars in the vicinity of the Galactic center and recon-
struction of shadows in the center of the M87 galaxy and the center of our Galaxy based on observations of
synchrotron radiation at a wavelength of 1.3 mm provide additional confirmation of the presence of super-
massive black holes in the centers of these galaxies.
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1. COMPACT STARS 
AS THE FIRST APPLICATIONS OF QUANTUM 

THEORY FOR ASTRONOMICAL OBJECTS
An initial development of quantum mechanics was

extremely rapid. In 1925 W. Pauli introduced his
exclusion principle [1] while at the same year a spin of
electron was discovered by Uhlenbeck and Goudsmit.
A report about this result was published in one page
article [2]. An interesting history of this discovery is
given in the Goudsmit’s lecture in 1965 [4] and in
interviews of G. Uhlenbeck1 and S.A. Goudsmit2

given to T.S. Kuhn. A biography of S. Goudsmit was
extremely interesting, for instance, during WWII he
was an active member of ALSOS team which was
organized to prevent a creation of a German Atomic
bomb [5] and later he was a rather successful editor of
the Physical Reviews Journal).

Based on the Pauli’s result and Uhlenbeck–Goud-
smit achievements E. Fermi [6] and P.A.M. Dirac [7]
obtained a quantum distribution for electrons. At this
period Sir Ralph Howard Fowler was the Dirac super-

visor (between 1922 and 1939 R.H. Fowler supervised
fifteen Fellows of the Royal Society among them
G. Birkhoff, D.R. Hartree, H.J. Bhabha and three
Nobel Laureates such as P.A.M. Dirac, S. Chan-
drasekhar and N.F. Mott) and as FRS Fowler had an
opportunity to communicate the Dirac’s paper in Pro-
ceedings of the Royal Society A (as it was really done).
Actually, E. Fermi was the first author who obtained
the distribution for electrons and he wrote a letter to
P.A.M. Dirac and he recognized the Fermi’s priority3.
First applications of Fermi–Dirac statistics for a the-
ory of white dwarfs were considered in [8, 9]4. Soon
after that, E.C. Stoner [11, 12] found a maximal mass
limit for white dwarfs assuming an uniform mass dis-
tribution. Soon after that S. Chandrasekhar obtained a
maximal mass limit assuming polytropic mass distri-
bution for the relativistically degenerate electron
Fermi-gas [13, 14]. Later, he generalized his results for
stellar configurations with degenerate cores [15] (in
1930s Chandrasekhar visited the Soviet Union, he had
numerous meetings with Soviet astronomers and
during one of these conversations V.A. Ambartsumian

1 www.aip.org/history-programs/niels-bohr-library/oral-histories/
4922-2.

2 www.aip.org/history-programs/niels-bohr-library/oral-histories/
4640-1.

3 https://museum.cref.it/en/virtual-tour-en/fermions-and-bosons/.
4 A detailed discussion of Frenkel’s contribution in theory of

white dwarfs was done in [10].
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proposed Chandrasekhar to solve this problem to con-
vince people that results about a mass limit of white
dwarfs are rather general). In 1932 L.D. Landau also
obtained a correct mass limit for white dwarfs [16],
however, at the end of this paper he noted that the
conclusion looks so strange that in stars there are
regions where laws of quantum mechanics and quan-
tum statistics should be violated. A detailed analysis of
this paper and its connection with a result on mass
limit for neutron stars were done in [17]. In 1932
J. Chadwick discovered neutron [18]. Soviet physicist
S.E. Frisch was reminding about this time (he worked
on Optical Institute of Soviet Academy of Sciences in
1930s) [19]: “I told about the last major achieve-
ment—the discovery of neutrons. This speech of mine
was then discussed not only among young people, but
also in the party committee and it was qualified as an
attempt to distract the attention of the Optical Insti-
tute researchers from the important practical tasks fac-
ing them with stories about the discovery of bourgeois
physicists having fun finding useless particles”. These
reminiscences show that in the thirties there was no
broad understanding of the importance of discoveries
in the field of fundamental physics, and especially, in
elementary particle physics. Despite this, new rapidly
developing branches of physics attracted the interest of
Soviet scientists. Currently, we know that the knowl-
edge and experience of Soviet scientists in the field of
atomic and nuclear physics were extremely in demand
during the successful implementation of the Soviet
atomic project. Soon after the neutron discovery,
W. Baade and F. Zwicky declared that neutron stars
exist and they suggested that supernovae explosions
represent the transitions of ordinary stars into neutron
stars [20, 21]. In Newtonian approximation for gravi-
tational field a mass limit for neutron stars was found
by G. Gamow in one of first monograph on nuclear
physics [22] (later it was found that the Gamow’s
expression for maximal mass of neutron stars was not
right and it was corrected in [23]). In general relativis-
tic approach a maximal mass bound for neutron stars
was obtained in [24]. Later, these results were clarified
in [25] where the authors established that the maxi-
mum mass of the equilibrium configuration of a neu-
tron star cannot be larger than  (it would be rea-
sonable to note that the authors used the Pontryagin’s
maximum principle [26] to obtain their result). How-
ever, these bounds on maximal mass of neutron stars
were obtained for spherical symmetric static configu-
rations of neutron stars while a rotation could signifi-
cantly change these conclusions on maximal masses of
neutron stars [27].

2. CRAB NEBULA 
AS A UNIQUE ASTRONOMICAL OBJECT 

TO TEST FUNDAMENTAL PHYSICS LAWS

Astronomers observed the Crab nebula which is
actually a supernova remnant. This object corresponds

3.2M�
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to the supernova explosion observed and the results
recorded by Chinese and Japanese astronomers in
1054 (the corresponding supernova is called SN 1054).
As a famous Soviet astronomer I.S. Shklovsky noted
the Crab Nebula was one of the most valuable astro-
nomical object which stimulated a development of
new ideas and methods of modern astrophysics [28]
(see also [29]). In addition, we have to note that it is a
neutron star inside the nebula but it was understood
only in 1960s. The Crab nebula was firstly observed by
J. Bevis in 1731 and later it was re-discovered by
C. Messier (initially he thought that he observed the
Halley’s comet because the object was located near an
expected position of the Halley’s comet) [30] (in this
paper C. Messier noted that this object was firstly
observed by Dr. Bevis around 1731 and it was pub-
lished in the English sky atlas where this object was
listed as M1 in the Messier catalogue). William Par-
sons, 3rd Earl of Rosse5 built two large telescopes at
his ancestrial set at Birr Castle (Ireland): a 36-inch
reflector started to operate in 1839, later a 72-inch
(180 cm) telescope popular known as the Leviathan of
Parsonstown began to work in 1845 (at this time it was
the largest telescope in the world). In 1844 W. Parsons
observed M1, drew its image and published the result
among a few other nebulae and initially he thought
that nebula image consists of a cluster of stars [32]. In
1840s the Scottish astronomer John Pringle Nichol
visited Birr and in 1846 he reproduced Rosse’s draw-
ing (looking more like a tadpole) in [33] where he cap-
tioned the picture as “Lord Rosse Crab Nebula”6.
Later, J.P. Nichol used the Crab nebula name for the
object M1 from the Messier catalogue and this name
has become generally accepted.

In 1921 C.O. Lampland and J.C. Duncan pointed
out changes observed in the Crab nebula [34, 35]. In
1928 E. Hubble noted that the Crab nebula is very
close to an ancient SN 1054 described in Chinese
annals [36]. Analyzing velocities in the Crab Nebula it
was started to be possible to estimate an age of the
object. For instance, V. Trimble analyzed the proper
motions of 132 elements on Baade’s photographs
obtained during 1939–1966 and she concluded that
explosion date of  A. D. assuming that there
was no acceleration or/and curvature due to presence
of magnetic fields and turbulence [37]. In 1942 Dutch
sinologist J.J.L. Duyvendak translated Chinese and
Japanese ancient records on the guest star visible in
1054 (a correspondence between names of constella-
tions in Chinese and Western astronomical literatures
and a correspondence between Chinese and Western

5 William Parsons, 3rd Earl of Rosse (1800–1867) built the tele-
scopes which were greatest ones in the XIX century. He was
ready to share his a great telescope with others [31]. He was
president of the Royal Society (UK) from 1849 to 1854 and he
was elected a member of the Imperial Academy of Sciences of
St. Petersburg in 1853.

6 ianridpath.com/startales/rosse-crab.html.
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718 ZAKHAROV
calendars were established in this translation) and he
identified the Crab nebula with the SN 1054 [38].
Astronomical aspects of this identification were dis-
cussed by N.U. Mayall and J.H. Oort [39] and the
authors confirmed that the Crab Nebula may be iden-
tified with the 1054 supernova. This identification
caused an additional attention to the Crab nebula.
W. Baade got photographs of the Crab nebula and
concluded that the nebulosity consists of two distinct
parts, namely, an outer system of filaments and an
inner mass of amorphous structure [40]. He showed
that regions with  emission are localized in the
envelope of filaments, the continuum was emitted in
the amorphous mass. R. Minkowski made spectral
observations of the Crab nebula and concluded that
his observations supported the Chandrasekhar’s sug-
gestion that supernovae of type I are due to transition
of stars heavier than the limiting mass into the degen-
erate state [41]. In 1950s B. Miller and H. Abt found
petroglyphs in Arizona which represent the Crab neb-
ula and Moon in the spring 1954 according to opinions
of the authors [42, 43].

In 1948 J. Bolton discovered four new radio sources
including Taurus A, however, angular width was not
small ( ) around NGC 1952 (Messsier 1) [44]. Soon
after that, the location of the radio source was much
more significantly bounded ( ) [45].

After observations of the Crab nebula in radio and
optical bands it was started to be clear that it is very
hard to explain an emission in this object as a thermal
emission. In 1953 a famous Soviet astrophysicist
I.S. Shklovskii proposed a synchrotron emission7 as a
key mechanism to explain observational data in a wide
range of frequency band from radio to optics [50].
Later the Shklovskii’s model was confirmed with con-
sequent X-ray data. In his memoirs Shklovskii noted
the idea to use a synchrotron mechanism for the Crab
nebula was among of his brightest insights [51].

Galactic X-rays started to observe with space tele-
scopes since early 1960s and from this time the Galac-
tic X-ray f lux was associated with known sources
including the Crab nebula [52] but later during a lunar
occultation on July 7, 1964 it was found that X-ray
source at the Crab is rather compact [53].

In 1968 it was reported on a discovery of rapidly
pulsating radio source [54] (the corresponding data
were obtained in Mullard Radio Astronomy Observa-
tory in July 1967). After these observations in July 1967
rumors spread about the discovery of a new phenom-
enon basically among British and American research-

7 The synchrotron radiation was discovered by Pomeranchuk and
his co-authors in 1940s [46–48]. In 1947 I.S. Shklovsky and
V.L. Ginzburg participated in the Brazilian expedition of USSR
Academy of Sciences to observe the Solar eclipse in optics and
radio and there S.E. Khaikin and B.M. Chikhachev discovered
radio emission from Solar corona. Earlier Shklovsky predicted that
radio emission should be generated in the Solar corona [49].
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ers. For instance, J.A. Wheeler was reminded [55]: “In
the fall of 1967, Vittorio Canuto, administrative head
of NASA’s Goddard Institute for Space Studies,
invited me to a conference to consider possible inter-
pretations of the exciting new evidence just arriving
from England on pulsars. What were these pulsars?
Vibrating white dwarfs? Rotating neutron stars?” One
of the first model for pulsars was proposed by F. Pacini
[56] (the paper was submitted October 3, 1967). In this
model Pacini developed the model proposed by
Hoyle, Narlikar and Wheeler [57] where the authors
considered a neutron star as an oblique rotator with a
high magnetic field and such a star might directly emit
electromagnetic waves. These ideas were adopted
F. Pacini for the pulsar model in [58]. A similar model
was proposed by T. Gold8 [59] (this paper was submit-
ted on May 20, 1968 and it was accepted on 25 May,
1968). However, the initial reception of these ideas was
not positive. As an illustration T. Gold noted that
when he planned to participate at the The First Inter-
national Conference on Pulsars organized by the
NASA Goddard Institute for Space Studies in New
York Yeshiva University for May 20 and 21, only three
months after the first announcement of the discovery.
T. Gold reminded on these times [60]: “I had sent my
paper to the organizers, prior to its publication in
Nature, with the request for a brief time slot at the
conference to present these considerations. Their
response was, “Your suggestion is so outlandish that if
we admit this for presentation to the conference, there
would be no end to the number of other equally crazy
suggestions that we would have to admit”. I was not
allowed to speak formally, though I got in a few words
from the f loor”. Initially, models of radially pulsating
white dwarf stars were the most popular theoretical
models for pulsars [60]. In spite of that Pacini and
Gold developed their models of rotating neutron stars
with very high magnetic fields around  G
[58, 61] (and so huge magnetic fields do not look real-
istic at this time).

Soon after the discovery of the first pulsar two
other pulsars (NP 0527 and NP 0532) were discovered
near the Crab nebula using 91-m Green Bank antenna
[62], later it was established that the pulsar the NP
0532 is located in the Crab nebula [63]. Using
1000 foot antenna at the Arecibo the heliocentric
period determined from data taken on November 15,
1968 is  ms [64]9. In 1969 it was
established that there is an X-ray pulsar in the Crab
Nebula with interpulses separated by about 12 ms [66].

8 Both researchers (F. Pacini and T. Gold) worked at the Center
for Radiophysics and Space Research in Cornell University at
the end of 1960s when the first their papers on pulsar models
were published.

9 The discovery of the Crab Nebula Pulsar was described in [65].
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Considering the Crab nebula case we should note
that great efforts of many experts in different fields
(including ancient astronomers and historians, lin-
guists and sinologists, physicists (experimentalists and
theorists), astrophysicists gave an opportunity to verify
the Baade–Zwicky hypothesis that neutron stars were
born in supernova explosions. Therefore, contribu-
tions of all these people were extremely valuable for
our current understanding the processes where
nuclear matter could be formed in nature. Ancient
astronomers did not know that they participated in
investigations of a fundamental physical problem they
simply honestly observed sky and recorded results,
archivists carefully kept these records, sinologists
established correspondences between Eastern and
Western chronologies and astronomical terminolo-
gies. Only at the instant when the tiling puzzle was
solved experts could be confirmed that they really
contributed in a solution of a fundamental problem of
nature. A confirmation that ancient Eastern astrono-
mers contributed in fundamental physical problem
solution came after several hundred years as in the case
of the Crab nebula. Generally, if at least one action in
our movement to solve the problem is missed, the
solution of the puzzle may be unattainable.

One of the main aim of mega-science project
NICA is the study of nuclear matter in a high baryonic
density. Such a matter exists in interiors of neutron
stars. Therefore, observations of neutron stars and
analysis of observational data are complimentary to
accelerator experiments in laboratory and astrophysi-
cal data could significantly constrain models for equa-
tion of state for nuclear matter. A topical issue on
exotic matter in neutron stars was published in the
European Physical Journal A [67], in particular, astro-
physical constraints for dense matter phases were con-
sidered in the collected papers.

A more detailed information on equation of state
for neutron stars and on their structure could be found
in [68], astrophysics of neutron stars was presented
in [69].

3. NEUTRON STARS 
AND GRAVITATIONAL WAVES

Neutron stars played exclusively important role in
discoveries of gravitational radiation. In July 1974
59-ms pulsar, PSR 1913 + 16 was detected at the Are-
cibo Observatory in Puerto Rico [70]. Orbital period
of binary system is  s, eccentricity is

, the mass function is
,  is the the inclination

between the orbit and the plane of the sky,  and 
are masses of the components in the binary system. The
discovery of the close binary system gave an opportunity
to investigate special and general relativistic effects. Later,

= ±b (27 908 7)P
= ±0.615 0.010e

= +3 2
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parameters of the binary were clarified, in particular, the
pulsar mass is , the companion
mass is , the total mass was eval-
uated with a better accuracy 

 the inclination is determined
from the relation  [71]. Since the
close binary system emits gravitational radiation the
orbit is shrinking while the orbital period is decreasing
and in this case we could use the simplest expression for
the orbital period changes derived in [72]. For binary sys-
tem PSR 1913 + 16 the theoretical estimate or the orbital
period derivative is  (this
quantity is dimensionless). Observations yielded the
measured value  [71]. This
nice agreement provided an evidence of the existence
of gravitational radiation. Therefore, it was obtained a
confirmation of general relativity predictions.

It was known that gravitational waves were firstly
detected from the binary black hole merger
(GW150914) and signals were obtained from two
LIGO detectors located at Hanford (Washington) and
Livingston (Louisiana) [73]. In this paper the authors
reported that they discovered gravitational waves,
binary black holes and in addition, they constrained
graviton mass. Moreover, GR predictions in strong
gravitational field approximation were confirmed in
coincidence of detected gravitational wave signal and
theoretically calculated one. In spite of a beautiful
coincidence of theoretical simulations and observa-
tions at a significance level greater than  a solid
confirmation that LIGO–Virgo collaborations indeed
detected GW signal but not noise with unknown origin
was found in the detection of binary neutron star
merger GW170817 [74]. Observations of electromag-
netic counterpart with ground and space-based facili-
ties strongly supported these conclusions [75, 76].
These achievements launched a new stage of astro-
nomical observations with multi-messenger facilities.

Pulsars represent ideal natural clocks in space since
an observer detects times of arrival (TOA) of electro-
magnetic pulses. In 1978 M.V. Sazhin proposed a way
to detect ultra long gravitational waves generated by
binary supermassive black holes analyzing perturba-
tions for TOA [77]. Soon after that this idea was pol-
ished and promoted in [78]. Constraints of stochastic
gravitational wave background were discussed in [79].
In Arecibo Observatory a pulsar timing array started in
1980s [80]. A physical sense of Hellings–Downs curve
was explained in [81]. The NANOGrav collaboration
monitored 67 pulsars for around 15 yr using Arecibo
Observatory Telescope, Green Bank Telescope (GBT)
and Very Large Array (VLA) and the collaboration
declared that they found stochastic gravitational-wave
background since correlations follow the Hellings–
Downs pattern with probability  ( ) [82].
According to estimates of these authors a typical

= ± �P (1.42 0.06)m M
= ± �c (1.41 0.06)m M

= + =P cM m m
± �(2.8275 0.007)M

= ±sin 0.72 0.03i

−= − ± ×�
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amplitude for gravitational-wave background (GWB)
at reference frequency  is 
and it corresponds to integrated energy of

 (in critical density units).

4. TESTS OF GENERAL RELATIVITY
General relativity (GR) was created more than a

century ago and since these times it successfully
passed all experimental tests and it was confirmed in
numerous observations. In one of the first works on
GR, A. Einstein successfully solved the problem of
explaining the anomaly of Mercury’s motion (now this
anomaly is called the Schwarzschild precession) and
calculated the angle of deflection of the light near the
gravitating body. This prediction was confirmed by
observations during Solar eclipse in 1919 and this test
concerning deflection of light during solar eclipse was
very impressive because GR better explained observa-
tional data visible displacements of foreground stars
than Newtonian theory of gravity. However, it is nec-
essary to note that a majority of these tests were real-
ized for weak gravitational field cases.

Recently, gravity laws were checked for antimatter
in CERN. Namely, the ALPHA-g collaboration tested
relativistic prediction for antihydrogen and the
authors claimed that within the stated errors the
detected value is consistent with downward accelera-
tion of  for antihydrogen and this result is in corre-
spondence with GR expectations.

Currently, there are two opportunities to test grav-
ity laws in a strong gravitational field where we really
have to solve Einstein equations. The first case is the
early Universe and we do not discuss the case in the
paper. Astrophysical black holes represent another
case and we will discuss the case briefly in the next
section.

5. ASTROPHYSICAL BLACK HOLES
As it was noted earlier, the LIGO collaboration dis-

covered gravitational waves from binary black hole
merger (gravitational wave event GW150914). After
data analysis for the first three LIGO–Virgo observing
runs between September 15 and March 2020 [84]. The
Gravitational-Wave Transient Catalog (GWTC-3)
consists of 90 mergers binaries comprised of black
holes (BHs) and neutron stars (NSs). Majority of
these events are binary black hole mergers, however,
there are two binary neutron star mergers (GW170817
and GW190425) but electromagnetic counterpart was
found only for GW170817. It was found four NSBH
binary systems (GW200105, GW200115, GW190426,
GW190917) and for them electromagnetic counter-
parts were not found as well. We also should note that
theoretically and numerically calculated templates of
gravitational waves are in remarkable accordance with
observational data. It means that we have an addi-

−11 yr + −
−= ×0.7 15

GWB 0.62.4 10A

+ −
−Ω = ×5.8 9

gw 4.09.3 10
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tional GR test in a strong gravitational field approxi-
mation.

In order to find a suitable model of the gravitational
potential for an astronomical object, it is reasonable to
analyze motions of test particles in the vicinity of the
object. In recent years, there has been tremendous
progress in the observational capabilities of modern
large telescopes. One of the features of a number of
large telescopes is the adaptive optics system. Equip-
ping telescopes with adaptive optics systems can sig-
nificantly improve the resolution of ground-based
telescopes, since it can significantly reduce the influ-
ence of atmospheric turbulence which usually spoils
images of astronomical objects. Two groups of astron-
omers monitored a vicinity of the Galactic Center
(GC) for decades. In particular, they observed trajec-
tories of bright stars near GC. One group led by
Andrea Ghez uses the 10-m Keck twin telescope in
Hawaii, another group led by Reinhard Genzel uses
four VLT telescopes in Chili. Now four VLTs could act
as an interferometer, which is called GRAVITY, per-
spectives of current and future interferometric obser-
vations in optical and infrared bands are discussed
in [85]. These telescopes were equipped with adaptive
optics facilities. Analyzing the trajectories of bright
stars astronomers from both groups concluded that
the gravitational field at GC is basically determined by
supermassive black hole with mass around 
while extended mass component inside the S2 star
orbit must be less than  at  level [86]. In
May 2018 the S2 star was passing the pericenter of its
orbit and analyzing results of spectral observations
GRAVITY and Keck collaborations declared that
observational data for gravitational redshifts are in
concordance with theoretical estimates [87–89]. The
GRAVITY collaboration analyzed hot spot motions
near the event horizon of the supermassive black hole
at the GC [90, 91] and compared these data with the-
oretical fits based on calculations of geodesics in Kerr
metric, therefore, we have an opportunity to investi-
gate GR predictions in a strong gravitational field
limit. Recently, the GRAVITY collaboration found
that the Schwarzschild precession (relativistic
advance) corresponds to its estimate done in the first
post-Newtonian approximation [92]. Based on obser-
vational data concerning the Schwarzschild precession
constraints on Yukawa gravity and graviton mass were
found [93, 94].

About 100 yr ago, when quantum mechanics and
the theory of relativity were created, thought experi-
ments were quite popular when discussing various
problems. At the same time, the possibility of imple-
menting these experiments was not usually discussed.
However, as new technologies and experimental tech-
niques develop, it becomes possible to realize thought
experiments in practice. In the case of astronomical
observations, in order to implement thought experi-
ments (observations) into real ones, it is necessary to

× 64 10 M�
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answer three questions: which object needs to be
observed, which observational instruments need to be
used, and what needs to be discovered as a result of
such observations. Thus, the concept of the shadow of
a black hole has evolved from a theoretical category into
a quantity that can be obtained from observations. The
shadow concept was proposed by J.M. Bardeen [95].
He assume that there is a bright screen behind a Kerr
black hole and photons are freely propagate near this
black hole. In this case an observer can see a dark spot
(a shadow) on the background of a bright screen, but
Bardeen did not discuss an opportunity to observe a
shadow since first there is no bright screen behind
black holes, second, for known distances and masses
angular sizes of shadows are too small to be detected.
However, observational facilities are improving in par-
ticular, interferomeric systems are developing not only
in radio band, but also for shorter waves including
optical and X-ray bands. In the 1980s, L.I. Matveenko
proposed launching a space radio telescope, but the
implementation of this project was delayed for eco-
nomic reasons. An active work on the project, which
was called Radioastron, was resumed in the 2000s (the
interferometer was in operation from 2011 to 2019).
The angular resolution of the interferometer with a
ground-based space base was 8  at the shortest
wavelength of 1.3 cm. The black hole in the Galactic
Center has a mass of , it is located at a dis-
tance of about 8 kpc, thus the angular size of the
Schwarzschild radius is comparable to the angular res-
olution of the interferometer. Therefore, it makes
sense to consider relativistic effects in the vicinity of a
black hole in the Galactic Center. Falcke et al. consid-
ered a numerical model do observe the black hole
shadow at the Galactic Center [96] where it was also
noted that a shadow could be detected in mm band
while in cm band a scatter of photons by electrons is
smearing shadows. In [97] it was discussed an oppor-
tunity to detect a shadow around the black hole at GC
with ground (or space—ground) VLBI acting in mm
and sub-mm bands since the shadow size is around

. This prediction was remarkably confirmed
when the Event Horizon Telescope (EHT) Collabora-
tion reconstructed the shadow at GC [98] (earlier the
EHT Collaboration reconstructed the shadow for the
black hole at M87* [99]). In [100] it was shown that in
the case of Reissner–Nordström metric there is an
analytical expression for shadow size as a function of
electric charge. Later, this relation the relations were
generalized for a tidal charge case (in this case  may
be negative where  is a charge) [101, 102]. Since the
EHT collaboration constrained shadow sizes for M87*
and Sgr A*, in [103–106] it was shown an opportunity
to constrain a tidal charge (or a corresponding param-
eter of scalar-tensor Horndeski theories).

μas
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6. CONCLUSIONS

Investigating different aspects of neutron star
astrophysics a number of remarkable discoveries have
been done. Studies of nuclear matter is among the
most interesting problems of fundamental physics for
more than 90 yr. Observations of bright stars near the
Galactic center and their theoretical analysis give an
opportunity to check GR predictions and constrain
alternative theories of gravity. Due to enormous prog-
ress of observational facilities some theoretical con-
cepts transform to observational quantity which may
be obtained from astronomical observations. For
instance, now the shadow is not only theoretical con-
cept since currently it may be obtained from shadow
reconstructions for M87* and Sgr A* [107].
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