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Abstract. It is established that there are supermassive black holes in centers
of galaxies. A supermassive black hole with mass around 4 x 10° M, is located
at the Galactic Center. Such an approach for the Galactic Center looks rather
natural, in spite of that consequences of model must be checked with observa-
tions. We discuss opportunities to check this with forthcoming observations of
shadows in mm band for the Galactic Center as it was done recently for M87*.
Observations of bright stars moving near the Galactic Center gives another op-
portunity to evaluate gravitational potential. We discuss opportunities to use
these observations to constrain alternative theories of gravity.
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1. Introduction

Astronomers believe that supermassive black holes are located in centers of
galaxies, including our Galaxy. However, for the Galactic Center theorists pro-
posed many different models (including exotic ones), such as a dense cluster
of stars (Reid, 2009), fermion balls (Munyaneza & Viollier, 2002), boson stars
(Jetzer, 1992; Torres, Capozziello & Lambiase, 2000), neutrino balls (De Paolis
et al., 2001). Later, some of these models have been ruled out, or the range of
parameters of these models is significantly constrained with consequent obser-
vations (Reid, 2009).
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Now it is accepted that there is a super-massive black hole at the Galactic
Center (see, e.g., recent reviews Reid 2009; Zakharov 2017, 2018a, 2019).

It is well-known that the universal gravity law was discovered with efforts of
J. Kepler, R. Hooke and I. Newton, see, for instance, a popular interesting review
on the subject by Arnold (2000). Using planet observations Kepler found three
laws of planet motions in our Solar system, Hooke understood that Kepler’s
laws could be explained if gravity force is inversely proportional to squared
distance and wrote the idea in his letter to Newton (Arnold, 2000; Taton &
Wilson, 2003). Newton proved that the Hooke’d hypothesis is correct and vice
versa Newton showed that the inverse square law follows from Kepler’s law on
ellipticity of stellar orbits. Therefore, a law for an interaction could be obtained
from an analysis of trajectories of moving objects. Similarly, later E. Rutherford
used « particles to investigate an atomic structure and A. Einstein created a
modification of Newtonian gravity and explained the Mercury anomaly with his
theoretical approach.

To evaluate its gravitational potential near a black hole, one can analyze
trajectories of test particles moving in the potential, and as a result one could
constrain the parameters of the potential. In this article we discuss opportuni-
ties to use photons or massive objects as test particles to evaluate gravitational
potential near the Galactic Center using the conventional approach of general
relativity and models obtained in the framework of alternative theories of grav-
ity. If we speak about observable quantities at the first case we consider size and
shape of shadows around supermassive black holes in Sgr A* and M87*, at the
second case, one analyzes trajectories of bright stars near the Galactic Center.

2. Shadows around black holes

As it was noted one could use photons as test particles and analyze the images
around supermassive black holes including the Galactic Center. We remind pa-
pers where the authors discussed issues connected with the subject. Assuming
that there is a luminous screen behind a black hole Bardeen considered the
apparent shape of a Kerr black hole located between a luminous screen and a
distant observer (Bardeen, 1973). Critical sets of impact parameters occupied
by plunge parabolic orbits of particles and of photons has been considered by
Young (1976) for the Kerr — Newman — de-Sitter metric (the apparent shape of
a black hole could be obtained from the region of critical photon orbits, with a
reflection in respect to the rotation axis). Later, Luminet (1979) showed a sil-
houette of a Schwarzschild black hole, and images of thin accretion disks around
a spherical symmetric black hole. However, earlier, visible shapes of circular or-
bits around Schwarzschild and Kerr black holes had been shown by Cunningham
& Bardeen (1973), see also beautiful pictures of accretion disks around a Kerr
black hole had been reproduced recently for the Interstellar movie (James et
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al., 2015), where one could recognize shadows since for rotating black holes the
authors considered truncated disks with inner radii riyner > r1sCO-

It is well-known that photon geodesics in a Kerr metric are characterized by
only two parameters (integrals of motion), called ¢ and n (Chandrasekhar, 1983).
One could introduce a function 7,.(€) of critical values of £ and n which corre-
spond to unstable spherical photon orbits with r = const (r is the radial Boyer —
Lindquist coordinate). This set separates plunge and scatter regions (Zakharov,
1986). In the book by Chandrasekhar (1983), a parametric representation of the
functions 7. (r) and £(r) was used. Such a representation of these functions used
by Chandrasekhar (1983) is not suitable since a topology of sets {£,n} corre-
sponding to scatter and plunge regions is not presented properly, for instance, in
Fig. 39 in book by Chandrasekhar (1983) curve 7., (r) is shown for n < 0, while
it is known that for pairs (£,1) € M = {(&,n)| —a®+2a|¢| — &2 < 1 < 0} one has
photon capture since geodesics with constants of motion correspond to vortex
motion and these photon geodesics do not cross the equatorial plane (Yakovlev,
1975), while for other pairs (£,n) with 7 < 0 photon geodesics do not exist. In
addition, in paper by Zakharov (1986) it was shown that maximum 7., (r) is
27 and it corresponds to & = —2a. This useful property of 7.,.(r) function was
not discussed by Chandrasekhar (1983). Such a property could be expressed as
a property of shadow for observers in the equatorial plane as it was done by
Zakharov et al. (2005a) and now it is widely used in the literature to evaluate
a spin from future shadow observations.

We would like to remind that in paper by Zakharov (1986), it was noted
that this function 7.,.(£) separates scatter and plunge photon orbits, namely,
photons are plunging for positive n only if (¢,7) € S, where

S={E0<n<n.(&) & &<E<& (1)

and & and & are the critical impact parameters of the retrograde and direct
unstable photon circular equatorial orbits, respectively (Zakharov, 1986); all
length quantities are expressed in M units, while 7 is expressed in M? units

2
& = —6cos (arccgosa + 37T> —a (2)
and
& = 6eos WY, 3)

Pairs (£,n) € S correspond to double roots of the polynomial R(r) governing
the radial motion of photons (Zakharov, 1986) (we would like to note that this
condition is valid for black holes but not for naked singularities). In addition, in
paper by Zakharov (1986) it was proven that the maximal value of the function
Ner (€) 18 27 and e (—2a) = 27; the radial Boyer — Lindquist coordinate value
for this orbit reads r(—2a) = 3. Therefore, one can see that the representation
of the function 7.,.(§), as it was done by Zakharov (1986), is more clear than
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the parametric representation of this function as it was done by Chandrasekhar
(1983), and one could easily recognize scatter and plunge orbits, and prove that
the maximal value of 7.,.(§) does not depend on the black hole spin a.

At the first glance, a model with a luminous screen behind a black hole, stud-
ied by Bardeen (1973); Chandrasekhar (1983), does not look realistic, because
in astronomy there is no luminous screen behind a black hole, and the sizes of
a silhouette (shadow) are too small to be detectable in seventies and eighties of
the last century for masses and distances of known black holes — for example
the super-massive black hole at the Galactic Center has the angular size of the
shadow, as observed from the Earth, around 50 pas, however, now this shadow
size is large enough to be reconstructed with advanced VLBI facilities in the
mm-band (similarly to the Event Horizon Telescope) or more precisely bright
structures with such sizes could be observed and dark shadow could be recon-
structed from observed distribution of bright structure. In this case, one could
say that it would be possible to observe unseeable (Doeleman, 2017).

Based on ideas introduced by Chandrasekhar (1983), Zakharov (1986) and
Holz & Wheeler (2002), Zakharov et al. (2005a) reformulated results about
the properties of the 7..(§) function obtained earlier by Zakharov (1986), and
considered different types of the shadow shapes for the Kerr black holes, and dif-
ferent position angles of a distant observer. In addition, Zakharov et al. (2005a)
showed that for an equatorial plane position of a distant observer, maximal im-
pact parameter |Bmax| in the z-direction (which coincides with the black hole
rotation-axis direction) is v/27 (in GM/c? units), and Buax = V27 for a = 2a,
or |3(2a)| = v/27 (Zakharov et al., 2005a), if we consider the function () for
the critical impact parameters separating plunge and scatter regions of photons
(6(e) is expressed through function 7..(§) and a position angle of a distant
observer). It means that for an observer in the equatorial plane, |Bmax| remains
the same, the shadow is deformed in the direction which is parallel to equatorial
plane, and such a deformation depends on the black hole spin a. This theoretical
property of the black hole shadow is widely used to evaluate the black hole spin
from observations. For instance, Hioki and Maeda (2009) proposed to use such
parameters (radius and distortion parameter for shadows) to evaluate the black
hole spin from observations. Therefore, evaluations of the shadow sizes around
the black holes could help to estimate of the black hole parameters (Zakharov
et al., 2005a,b; Zakharov, 2014, 2015; Cherepashchuk, 2016, 2017; Bisnovatyi-
Kogan & Tsupko, 2017; Dokuchaev & Nazarova, 2017; Cunha & Herdeiro, 2018;
Shaikh, 2018, 2019; Dokuchaev & Nazarova, 2019). Opportunities to compare
predictions of general relativity and alternative theories of gravity with measur-
ing the shadow size for the black hole at the Galactic Center has been discussed
by Zakharov et al. (2012); Johannsen et al. (2016).

Some time ago Falcke, Melia & Agol (2000); Melia & Falcke (2001) simu-
lated the shadows for supermassive black holes and showed that the black hole
silhouette could be formed in a rather natural way (see also Falcke, Melia &
Agol (2013); Johannsen (2016) for more recent reviews). The authors used a toy
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model for their analysis, and they concluded that the strong gravitational field
bends trajectories of photons emitted by accreting particles, and an observer
could see a dark spot (shadow) around a black hole position or more precisely
one could reconstruct a shape of shadow analyzing bright structure distribu-
tions. For the black hole at the Galactic Center the size of the shadow is around
3v3Rs (where Rg ~ 10 pas), as is the angular size of the Schwarzschild radius.
Based on results of simulations, Falcke, Melia & Agol (2000); Melia & Falcke
(2001) concluded that the shadow may be detectable at mm and sub-mm wave-
lengths, however, scattering may be very significant at cm wavelengths, so there
are very small chances to observe the shadows at the cm band. The ground —
space interferometer Radioastron (which was launched in 2011 and it finished
its operation in the beginning of 2019) had the shortest wave length around
1.3 cm, therefore, it was no chance to reconstruct shadow structure in spite of
nice angular resolution around 7 pas at 1.3 cm. We should mention that the re-
sults obtained by Falcke, Melia & Agol (2000); Melia & Falcke (2001) are rather
general, in spite of their specific model. Strictly speaking, it is impossible to see
darkness (shadows) in astronomical observations and people try to investigate
structures of bright spots near shadows since shadows are formed by envelopes
of bright images — analyzing structures of images one could reconstruct shadows
(Broderick & Loeb, 2006). Further simulations and observations for M87* were
confirmed these claims.

There is a tremendous progress in evaluation of minimal size of a spot de-
tectable by recent observational techniques near the Sgr A* (Shen et al., 2005;
Doeleman et al., 2008; Doeleman, 2008). For example, Doeleman et al. (2008);
Doeleman (2008) evaluated a bright spot size as small as 37115 pas for the VLBI
technique in mm-band, but a boundary of a dark spot (shadow) has to be bright,
and the related size of the bright boundary has been evaluated, and, therefore,
the theoretical estimate of the shadow size and the bright spot size obtained
from the observations should have similar values. These activities, including
design and construction of new facilities, observations, and data analysis, are
important steps to create the so-called the Event Horizon Telescope (Doeleman
et al., 2009; Doeleman, 2017), see also for a more recent information®. The idea
is to create a world-wide VLBI network to observe pictures of the supermassive
black hole at the Galactic Center and in the galaxy M87 center. As the project
authors claimed, they are developing a Earth size telescope because lengths of
arms are comparable with the Earth diameter, however, one should remind that
earlier the authors of the ground — space interferometer Radioastron declared
that they created the telescope much bigger than Earth since its longest arm
length is about 3 x 10° km (Kardashev, 1997, 2009, 2013). As it was mentioned
earlier, initially, it was expected to analyze bright accretion structures near the
black hole horizon at the Galactic Center, but consequent observations and es-
timates showed that the shortest wavelength of Radioastron is around 1.3 cm,

Lhttp://eventhorizontelescope.org/.
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and it is too long to observe a shadow at the Galactic Center since electron
scattering is blurring a shadow image. A turbulence is an important issue and
it could distort images of the bright spots near the shadows (Broderick et al.,
2016).

2.1. Shadow reconstruction for M87*

On April 10, 2019 the Event Horizon Telescope (EHT) collaboration reported
results of the shadow reconstruction for observations of M87* on four days
in April 2017 at 1.3 mm wavelength (EHT Collaboration: Akiyama et al.,
2019a,b,c,d,e,f). M8T7 is a giant elliptical galaxy with a rather massive black
hole in its center. Earlier, there were different estimates of the black hole mass
at M87*. Data analysis of EHT observations in April 2017 supported a black
hole mass estimate around 6.5 x 10° Mg, which was also discussed earlier in
the literature. Distance toward M87 is around 17 Mpc. The shadow diameter
is around (42 & 0.3)pas.? Accuracy of image reconstruction is not better than
25 pas, it means that the image reconstruction presented by EHT Collabora-
tion: Akiyama et al. (2019a) is not unique. Generally speaking, these results are
consistent with predictions in the framework of conventional black hole model in
general relativity, therefore, general relativity passed one significant test more.
However, many alternatives for this approach are not rule out yet (EHT Collab-
oration: Akiyama et al., 2019a), it is rather natural since a number of alterna-
tives (sometimes exotic ones) have very similar features observed with EHT as
it was demonstrated earlier in computer simulations, differences for alternative
approaches may be very tiny, as shown by (Vincent et al., 2016; Mizuno et al.,
2018) where the authors discussed shadow formation for the boson star and the
black hole models, see also discussion by Cunha et al. (2015, 2016).

3. Observations of bright stars near the Galactic Center as
tool to evaluate gravitational potential

The closest supermassive black hole is located in our Galactic Center and as-
tronomers observe the Galactic Center in different spectral bands. Moreover,
such an object is a natural laboratory to test general relativity and check its
possible alternatives in a weak gravitational field limit and in the future in a
strong gravitational field limit. In 2018 the GRAVITY collaboration reported
about the discovery of general relativity effects for S2 star observations near
its pericenter passage in May 2018 (GRAVITY Collaboration: Abuter et al.,
2018a). We would like to remind that British astronomers observed light deflec-
tion from foreground stars during Solar eclipse in May 1919 (Dyson, Eddington

2In spite of different distances toward Sgr A* and M87* and different black hole masses in
these objects angular sizes of Schwarzschild radii (therefore shadow diameters) have similar
sizes. This case reminds the coincidence of angular sizes for Sun and Moon.
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& Davidson, 1920) and they tested three different options, namely, a) there is
no a deflection of light by gravitating body; b) a deflection of light is describing
by a Newtonian theory; c) a deflection of light is describing by general rela-
tivity and after an analysis of their observations astronomers concluded that
general relativity is better fitting observations and we had to adopt general rel-
ativity instead of Newtonian theory as an universal gravity theory. Similarly,
the GRAVITY team showed that general relativity (or more precisely the first
post-Newtonian correction of general relativity) is much better describing rela-
tivistic redshifts for S2 star near its pericenter passage. It means that general
relativity passed one significant test more and we have an additional argument
that general relativity is an universal theory of gravity.

There is a very interesting and challenging opportunity to monitor bright IR
stars moving around the Galactic Center. Two groups of astronomers use such an
opportunity and observe these stars with largest telescopes which are equipped
with adaptive optics facilities. American group led by A. Ghez uses the twin
Keck 10 m telescopes and this group participates in a development of the Thirty
Meter Telescope at Hawaii. Another European group uses four VLT telescopes
which have four 8 m telescopes and four 1.8 m telescopes and these telescopes
joined in the GRAVITY interferometer facilities. Later, European astronomers
will use the European Extremely Large Telescope (E-ELT) to improve an accu-
racy of bright star orbit reconstruction. Observations of bright stars showed that
these stars move along elliptical orbits and therefore, one could conclude that a
gravitational potential of point like mass around Mgspg = 4 x 10¢ Mg, could be
adopted as the first approximation. After than one could try to find deviations
from elliptical orbits which could represent the relativistic effect which is similar
to Mercury anomaly discovered by U. Le Verrier in 1859 and explained by A.
FEinstein in 1915. S2 star is one of the most interesting object to test a gravi-
tational potential at the Galactic Center. This star has eccentricity e = 0.88,
period T' = 16 yr and an expected visible relativistic precession of its orbit is
around As =~ 0.83 mas (Gillessen et al., 2017; Chu et al., 2017) if we assume
that extended mass distributions inside its orbit do not have a significant im-
pact on relativistic precession. Currently the Keck uncertainty in the S2 star
orbit reconstruction is around ogecr &~ 0.16 mas (Hees et al., 2017), while for
Thirty Meter Telescope(TMT) which will be constructed within a several years
OTMT ~ 0.015 mas.

4. First discoveries with GRAVITY

4.1. Gravitational redshift of S2 star near its pericenter passage

There is a rapid improvement of accuracy of S2 star orbit reconstruction, for
example for the European team, since in 1990s a precision of SHARP facilities
were around 4 mas, in 2000s NACO had a precision around 0.5 mas, but in
2018 GRAVITY reached a precision around 30 pas (GRAVITY Collaboration:
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Abuter et al., 2018a). It is well-known that measurement of gravitational redshift
is one of the classical tests of general relativity. The GRAVITY collaboration es-
timated gravitational redshift in the orbit of S2 star near its pericenter passage
in May 2018 and showed that observational data are much better fitted with
GR model in the first PN approximation in comparison with Newtonian one.
Therefore, general relativity successfully passed its test for the Galactic Center.
It means that almost after 100 years since the confirmation of the GR predic-
tion about a deflection of light during Solar eclipse in 1919 Dyson, Eddington
& Davidson (1920), astronomers checked GR prediction at high distances from
our Solar system. A theoretical background for gravitational redshift evaluation
if sources are moving in binary system was developed by Kopeikin & Ozernoy
(1999); Alexander (2005); Zuker et al. (2006). S2 star passed pericenter in May
2018 and after analysis of these observational data it was clear that relativistic
corrections for gravitational redshift have to be taken into account near this
passage. At the pericenter S2 moves with a total space velocity Vperi /= 7650
km/s therefore Bperi = Vperi/c = 2.55 x 1072 (GRAVITY Collaboration: Abuter
et al., 2018a). Considering the first post-Newtonian correction for a total grav-
itational redshift could expressed in the following form (Kopeikin & Ozernoy,
1999; Alexander, 2005; Zuker et al., 2006; GRAVITY Collaboration: Abuter et
al., 2018a)3

T/\ = By + Bosf + B15* + 0O(3%), (4)

where By = By p + Bi,grav, B1,tb = Bi,grav = 0.5, Bip is the special rela-
tivistic transverse Doppler effect, By grqv is the general relativistic gravitational
redshift, By 5 = cos®, where 6 is the angle between the velocity vector and line
of sight (Alexander, 2005), the redshift By is independent on a star velocity 3
and

2GR =

1
By = Zo + Zgal + Zstar + §T07 (5)

therefore, the redshift By consists of four terms, the first term zg is due a total
motion of the Sun and the Earth in respect to Galactic Center and blue shift due
to potential of the Sun and the Earth, 2z, is redshift due to Galaxy potential,
1 GM
Zstar 1S redshift due to the star’s potential, the redshift §T0 = <. due to
a
the location of star in the SMBH potential (Alexander, 2005). The GRAVITY
collaboration evaluated the total redshift from spectroscopical observations z &
200 k
200 km/s (GRAVITY Collaboration: Abuter et al., 2018a). One could represent

c
the total redshift obtained from spectroscopical observations in the following
form (GRAVITY Collaboration: Abuter et al., 2018a)

zot = 2K + f(2aR — 2K), (6)

3Results of precise measurements of gravitational redshift with Galileo satellites on elliptical
orbits have been published recently (Delva et al., 2018; Herrmann et al., 2018).
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where zx = By+ By 50 is the Keplerian redshift, f = 0 corresponds to Keplerian
(Newtonian) fit, while f =1 corresponds to PPN(1) fit. The GRAVITY collab-
oration found that f = 0.90£0.09|stat £0.15/sys and the authors also concluded
that S2 data are inconsistent with a pure Newtonian dynamics with a very high
confidence level. Later, the estimate for redshift parameter has been corrected
f =1.04+0.05 with a significance level around 200 (GRAVITY Collaboration:
Abuter et al., 2019). Similarly, the GRAVITY collaboration evaluated f-value
from observational data comparing Schwarzschild precession and Newtonian fit
for a point like mass (without any precession) and they concluded that the f-
value is much closer to GR quantity (f = 0.9440.09). The Keck team obtained
similar results (Do et al., 2019), namely, the authors found that f = 0.87+0.17
and the Newtonian model f = 0 has to rejected with 50 confidence level.

A comprehensive review on constraints of alternative theory parameters from
observations of bright stars around the Galactic Center is given by GRAVITY
Collaboration: Amorim et al. (2019).

4.2. Observations of motions of hot spots near the innermost stable
circular orbit (ISCO)

The GRAVITY collaboration reported about observations of two bright flares
near the Galactic Center on July 22 and July 28, 2018, as well as a fainter flare
on May 27, 2018 (GRAVITY Collaboration: Abuter et al., 2018b). The authors
noted that the position centroids exhibited clockwise looped motion on the sky,
on scales of typically 150 pas over a few tens of minutes, corresponding to about
30% the speed of light. Meanwhile, the flares exhibited continuous rotation
of the polarization angle, with about the same 45(£15) min period as that
of the centroid motions. These observations are very important to reconstruct
magnetic field distribution near the Galactic Center. Typical radius of spot
orbits are around 7 Mgpy (in mass units), while the ISCO radius is 6 Mspy
for a Schwarzschild black hole. It means the motions of these flares is very close
to boundary of stability for bounded orbits.

4.3. Spacially resolved rotation of broad line region for 3C273

The GRAVITY collaboration observed not only the Galactic Center but also
bright quasars including 3C273. Recently the authors reported observations of a
spatial offset (with a spatial resolution of 10~° arcseconds, or about 0.03 parsecs
for a distance of 550 million parsecs) between the red and blue photo-centres of
the broad Paschen-« line of the quasar 3C 273* perpendicular to the direction

43C 273 is the first quasar ever been identified. Initially it was observed with Parkes Radio
Telescope by Lunar occultation method. M. Schmidt found its redshift z &~ 0.158 with Palomar
200-in telescope (Schmidt, 1963). 3C273 is the closest and brightest quasar. Analyzing old
photo plates where there were 3 C273 images, Soviet astronomers and Sharov and Efremov
found variabilities with time scale Tyqr around a few days (Sharov & Efremov, 1963). It means
that a size 3 C273 is less than ¢Tyar (Where c is a speed of light) or less than the Solar system
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of its radio jet (GRAVITY Collaboration: Sturm et al., 2018). The data are
fitted by a conventional broad-line-region model of a thick disk of gravitationally
bound material orbiting a black hole of 3 x 108Mg. The authors concluded
that disk radius is around 150 light days and since earlier a radius of 100 —
400 light days was evaluated previously using reverberation mapping, therefore,
these estimates obtained with data analysis if new GRAVITY observations are
consistent with previous ones.

5. Constraints on alternative theories of gravity with ob-
servations of bright stars near the Galactic Center

5.1. Graviton mass constraints

A theory of massive gravity was introduced by Fierz & Pauli (1939). Later,
a number of pathologies such as Zakharov — Veltman — Van Dam — Iwasaki
discontinuity, presence of ghosts were found etc. However, in last years theorists
created theories of massive gravity without such defects, see recent review on
the subject by de Rham et al. (2017). Different ways to evaluate graviton mass
were discussed by Goldhaber and Nieto (2010). The LIGO collaboration treated
a theory with massive graviton as a feasible alternative theory of gravity and
in the first paper where they reported about the first detection of gravitational
waves from a merger of two black holes (it was detected on September 14, 2015
and it is called GW150914), about the discovery (Abbott et al., 2016) the team
constrained the graviton Compton wavelength A, > 10'® km which could be
interpreted as a constraint for a graviton mass m, < 1.2 x 1072 eV . Later,
this constraint was improved by Abbott et al. (2017a) where the authors found
mg < 7.7 % 10723 eV from analysis of the GW170104 event signal

From observations of GW signal and corresponding electromagnetic coun-
terparts in different spectral bands from binary neutron star merger GW170817
which represent a kilonova explosion discussed earlier in the literature con-
straints on speed of gravitational waves from binary neutron star merger have
been found —3 x 107'° < (v, — ¢)/e < 7 x 107!® (Abbott et al., 2017b). Since
graviton energy is £ = hf, therefore, assuming a typical LIGO frequency range
f € (10,100), from the dispersion relation one could obtain a graviton mass es-
timate m, < 3 x (107! —1072%) eV which slightly a more worse estimate than
previous ones obtained from binary black hole signals detected by the LIGO
team (Zakharov et al., 2018a). Assuming Yukawa gravitational potential of a
form

Dy (r) = __GM

T+or 1+ de )\], (7)

size. A very challenging task was arisen to propose a theoretical model for a huge energy
release from a very small space region.
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and § = 1 for massive graviton case. Therefore, this representation for gravita-
tional potential can be used to find the lower bound for Compton wavelength
Ag for graviton, i.e. the upper bound for its mass

mg(uppc,,) = h C/)\g. (8)

In paper by Borka et al. (2013) we found constraints on Yukawa gravity pa-
rameters (), d) from observational data on S2 star orbit. Later, we obtained
constraints on graviton mass m, < 2.9 x 1072! eV from available observational
data for S2 star trajectory (Zakharov et al., 2016a) (see also papers by Za-
kharov et al. (2016b, 2017a,b) for more details). In these considerations we
used available data for S2 star trajectory constrain graviton mass. Later, Keck
group followed our ideas to improve our estimates with new observational data
my < 1.6 x 1072 eV Hees et al. (2017). In paper Zakharov et al. (2018b) we
evaluated discovery potential to improve a graviton mass estimate with future
observational data for S2 and other bright stars observed with VLT and Keck
telescopes, in particular, we evaluated orbital precession for Yukawa potential
and obtained an upper limit for a graviton mass assuming that GR predictions
about orbital precessions for bright stars moving around the Galactic Center
will be confirmed with future observations.

As it was shown by Zakharov et al. (2018b) the longest Compton wavelength
could be expressed as

Azc\/(a\/l—eQ)?’%\/(a\/l—eQ)3

2 3GM 6Rg ’ )

or therefore, after observations of bright stars for several decades an upper bound
for a graviton mass could reach around 5 x 10723 eV.
5.2. Tidal charge constraints

The line element of the spherically symmetric Reissner — Nordstrém — de-Sitter
metric is

ds® = —f(r)dt* + f(r)~'dr? + r?d6> + r* sin® 6d¢>, (10)
where function f(r) is defined as
_ 2M  Q* 1,

M is a black hole mass, @ is its charge and A is cosmological constant. In the
case of a tidal charge as it was considered by Dadhich et al. (2001), Q2 could
be negative and in this case Q? term reflects a presence of an extra dimension.
In paper by Zakharov (2018b) it was shown that a total relativistic advance for
metric (10) in in the first post-Newtonian approximation is

6rM  7wQ*>  wAa®V1 —e?

Ab(total) := T ML + i

(12)
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and apocenter shift dependences on eccentricity and semi-major axis are the

same for Schwarzschild and Reissner — Nordstrom cases while corresponding
2

factors (67 M and fﬂ—) are different, therefore, it is very hard to separate
an impact of a tidal charge and black hole mass evaluation uncertainties. For
Q? > 0, there is an apocenter shift due to a presence of the corresponding term in
the opposite direction in respect to GR advance. In paper by Zakharov (2018b)
bounds in Q% and A are presented for current and future accuracies for Keck and
Thirty Meter telescopes which were discussed by Hees et al. (2017). Similarly
to Zakharov (2018b,c) if we adopt uncertainty ocgraviTy = 0.030 mas for the
GRAVITY facilities as it was used by GRAVITY Collaboration: Abuter et al.
(2018&) (6GRAVITY = QUGRAVITY) or in this case AH(GR)SQ = 13~846GRAVITY

for S2 star and assuming again that GR predictions about orbital precession of
2

S2 star will be confirmed with dgraviTy accuracy (or < dgrAvITY ), One

s
ML

could conclude that
|Q% < 0.432M72, (13)

or based on results of future observations one could expect to reduce essentially
a possible range of Q2 parameter in comparison with a possible hypothetical
range of Q2 parameter in comparison with current and future Keck data.

6. Conclusions

The Particle Data Group (PDG) which is an international consortium of scien-
tists and it collects and reanalyzes results related to the properties of particles,
fundamental interaction, astrophysics and cosmology. The PDG issues the Re-
views which summarize properties of elementary particles and describe the cur-
rent status of elementary particle physics, general relativity and cosmology. Our
estimate of graviton mass was included in PDG Review update 2019 together
with a few other papers where graviton mass constraints are given®.

As it was shown that precise observations of bright stars is very efficient
tool to check alternative theories of gravity and to investigate a presence of an
extended mass distribution near the Galactic Center as it was investigated ear-
lier by Zakharov et al. (2007). We obtained the graviton mass constraints from
an analysis of S2 star trajectory and the bounds are consistent and comparable
with the constraints presented recently by the LIGO-Virgo collaboration. In our
current studies we discuss an opportunities to evaluate parameters of supermas-
sive black hole, stellar cluster and dark matter cloud near the Galactic Center
or evaluate parameters of alternative gravity model analyzing apocenter (peri-
center) advance after at least one star revolution. However, in the future when
astrometric accuracy will be significantly improved one will have a possibility
to evaluate a static gravitational potential at the Galactic Center analyzing

Shttp://pdg.lbl.gov/2019/listings/rpp2019-list-graviton.pdf.
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only small part of stellar orbit similarly to consideration by Kosmo ONeil et al.
(2019), where it was shown that around 40% (or even smaller) of stellar phase
coverage is enough for an orbit reconstruction. However, if a contribution of
time-dependent component of gravitational potential caused by stellar encoun-
ters is significant an orbit reconstruction problem may be more complicated.
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