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Abstract The general theory of relativity predicts the rel-
ativistic effect in the orbital motions of S-stars which are
orbiting around our Milky-way Galactic Center. The post-
Newtonian or higher-order approximated Schwarzschild
black hole models have been used by GRAVITY and UCLA
Galactic Center groups to carefully investigate the S2 star’s
periastron precession. In this paper, we investigate the scalar
field effect on the orbital dynamics of S2 star. Hence, we con-
sider a spacetime, namely Janis-Newman-Winicour (JNW)
spacetime which is seeded by a minimally coupled, mass-less
scalar field. The novel feature of this spacetime is that one
can retain the Schwarzschild spacetime from JNW space-
time considering zero scalar charge. We constrain the scalar
charge of INW spacetime by best fitting the astrometric data
of S2 star using the Monte-Carlo-Markov-Chain (MCMC)
technique assuming the charge to be positive. Our best-fitted
result implies that similar to the Schwarzschild black hole
spacetime, the JNW naked singularity spacetime with an
appropriate scalar charge also offers a satisfactory fitting to
the observed data for S2 star. Therefore, the JNW naked sin-
gularity could be a contender for explaining the nature of Sgr
A¥* through the orbital motions of the S2 star.
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1 Introduction

The idea of reconstructing the shadow of a black hole in
the Galactic Center using global interferometers operating
in the millimeter wavelength was initially suggested in [1].
Recently, the Event Horizon Telescope collaboration has
announced a major breakthrough in the imaging of an ultra-
compact object at the centre of our Galaxy [2-7]. A bright
emission ring around a core brightness depression in VLBI
horizon-scale images of Sgr A*, with the latter linked to
the shadow of black hole. The shadow boundary of the Sgr
A* marks the visual image of the photon region and differ-
entiates capture orbits from scattering orbits on the plane
of a distant observer. The radius of the bright ring can be
used as an approximation for the black hole shadow radius
under specific conditions and after proper calibration, with
little reliance on the details of the surrounding accretion flux.
While there is strong evidence that there is a high concen-
tration of mass in the center of our Milky Way Galaxy, the
question of whether or not it is a black hole is still open. They
have considered various alternatives such as naked singulari-
ties and regular black holes. They favorably acknowledge that
the naked singularity with a photon sphere Joshi-Malafarina-
Narayan (JMN-1) naked singularity could be the best black
hole mimicker [7]. The central object and its nature remain
mysterious. This is because just like a black hole case, the
JMN-1 naked singularity would create a similar shadow, and
therefore it is very difficult to distinguish between the two.
Therefore, in this paper, we study the relativistic orbits of
stars that are orbiting around our own Galactic Center.
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Near the center Sgr A* of our Milky Way Galaxy, many
stars are hovering around with very high speed. Due to
the presence of the central massive object of mass around
4 x 10°M, these stars can move at 61_0 the speed of light
and they can have highly eccentric orbits. These stars are
known as ‘S’-stars. Since they are very close to the Galac-
tic Center, there exists a possibility that they can show up
some general relativistic effects. However, it is very difficult
to follow the dynamics of those stars, since they are far away
from us (& 25, 000 light years). The highly sensitive infra-
red instruments namely GRAVITY, SINFONI, and NACO
in the European Southern Observatory (ESO) are capable of
tracking the trajectory of the ‘S’-stars. Recently, they have
released the 23 years of astrometric data of the ‘S2’ star [8—
10] which is one of the important star of the ‘S’ star family.
As it is mentioned above, general relativistic effects can be
seen in the dynamics of the ‘S2’ star, and therefore, its trajec-
tory can give us information about the spacetime around the
Sgr A*. In [11-13], authors investigate the nature of Sgr A*
with the geodesic motion of S-stars in Scalar-Tensor-Vector
Gravity, f(R ) gravity and with ultralight bosons. Additional
relevant studies has been done using S-stars orbital data in
various tests of gravity theories such as: parameters of R" the-
ory were constrained in [14]. Parameters of Yukawa gravity
were constrained in [15], later graviton mass was constrained
at a level which was comparable with LIGO — Virgo gravi-
ton bound [16,17], a tidal charge was bounded in [18], the
Yukawa gravity constraints were improved in [19], while the
graviton mass bound was improved in [20].

Itis a general belief that the spacetime of the central super-
massive object (Sgr A*) is a vacuum solution of Einstein field
equations (e.g., Schwarzschild solution, Kerr solution, etc.).
However, from the observational results, it can be understood
that the center of a Galaxy is surrounded by highly concen-
trated matter. Therefore, a vacuum solution is more unlikely
to be present around a Galactic Center. Therefore, one could
consider a matter distribution near the central region and
investigate the corresponding physical signature. There are
several papers where non-vacuum spacetimes are considered
and the different physical signatures (e.g. shadow, timelike
orbits, accretion disk, energy extraction etc.) of the same are
investigated [21-32]. In literature, Ruffini, Argiielles, and
Rueda (RAR) proposed a self-gravitating dark matter core-
halo distribution, and this model has been used extensively
in subsequent research [33]. Specifically, it has been argued
recently that compared to the traditional model with a super-
massive black hole, the RAR-model fits bright star orbits
more accurately. The RAR-model suggests that the distribu-
tion of dark matter has a dense core with a constant den-
sity, which results in elliptical star paths similar to Kepler’s
two-body problem. However, Zakharov showed in his paper
[34] that in the case of the RAR model, the orbital periods
are independent of the semi-major axes, and the foci of the
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ellipses do not coincide with the Galactic Center but rather
their centers. These characteristics are inconsistent with the
data from observations of bright star trajectories.

In this paper, we investigate the scalar field effect on the
orbital dynamics of the ‘S2’ star. A scalar field is the sim-
plest constitute of matter and at the beginning, one may model
the matter distribution around the Galactic Center using the
scalar field. Here, we do not discuss anything about the parti-
cle physics model of the scalar field. It may be interpreted by
some beyond the standard model (BSM) of particle physics
which is not the scope of the present paper. Here, we are
interested in constraining the scalar charge by best-fitting the
astrometric data of ‘S2’ with the theoretical prediction using
the MCMC technique. In order to do that, we consider INW
spacetime which is the minimally coupled, mass-less scalar
field solution of Einstein equations. The JNW spacetime pos-
sesses a naked singularity at the center. One can retain the
Schwarzschild spacetime from the JNW spacetime by con-
sidering zero scalar charge. However, a small but non-zero
scalar field charge can drastically change the causal structure
of the Schwarzschild spacetime. The best-fitted value of the
scalar charge comes out to be non-zero which may be inter-
preted as the existence of non-vacuum spacetime seeded by
a scalar field around the Galactic Center.

We organize this paper as follows: In Sect. 2, we discuss
the properties of timelike geodesics in JNW spacetime. In
Sect. 3, we discuss the orbital parameters of the real and
apparent orbits. In Sect. 4, we constrain the orbital parame-
ters’ space of JNW spacetime by best-fitting the astrometric
data of the ‘S2’ star with the theoretical prediction using the
MCMC technique. In Sect. 5, we discuss our results with
concluding remarks.

2 Timelike geodesics in JNW spacetime

The JNW spacetime is a mass-less, minimally coupled scalar
field solution of Einstein field equations, which is spherically
symmetric and static spacetime and it is given by [35,36]

b\" b\ ™"
ds* = — <1 — —) ccde* + (l - —) dr?
r r

5 b 1—n 5
2 (1-2) 402, (1)

r

2
where dQ% = (d6? + sin? 0d¢?), b =2 (i—ZM) + ¢2 and

n= ZCGTZI, here G and M are the gravitational constant and
ADM mass of the spacetime and ¢ is the charge of the mass-
less scalar field. It can be seen from the above equation that
the INW spacetime becomes Schwarzschild spacetime for
zero scalar charge (g). As the JNW is a spherically sym-
metric, static spacetime, the conserved energy and angular
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z aY Table 1 Estimated best-fit values of the parameters for the INW metric
7 /O/'\\ Parameter INW (95% limits)
N ! o’
Sky Plane S : L% (pc(km/s)?) 4.44216* (00072
log E, (km/s)> 10.954223917+-00000034
. Y ;
Real Orbit fini (years) 1 1994:8838
logM (M©®) 6~666t8:8%g
Apparent Orbit = logg (M©) _7'46t8:§§
% \ Oinc (radian) 23167092

Fig. 1 Real orbit projection into the sky plane [42]. The axes begin
at Sgr A* (the focus of the ellipse). The following diagram depicts the
orbital parameters: 5 = ¢ — m/2, where ¢ is the azimuth angle of
the spherical coordinate system associated with the x, y, z Cartesian
coordinates, i.e. the true anomaly for an elliptic motion in the x — y
plane, i is the angle of inclination between the real orbit and the sky
plane, €2 is the ascending node angle, and w is the pericenter argument.
It is worth mentioning that the vector going from the solar system to
the galactic centre defines the coordinate system’s Z-axis

momentum per unit rest mass can be written as,
e I b\" [ dt @)
2 r dt )’
b\'"" (d
=(-0)" (%)
r dr

using these conserved quantities in Eq. (1), we can define the
total relativistic energy as,

62
a -1 1 l dr
2 2| 2 \dr

2
E, = == —) + Verr(r) |, “4)

where, V,rr(r) is the effective potential of the JNW naked
singularity spacetime. One can derive the following timelike
orbit equation for the INW spacetime,

d*u 3bu?  e*b 2
W—i—u— T-{-CzT(l—n)(l—bu)
b _
—ﬁ(z—ma—bu)l "=0, Q)

where u = %

In [21,22], the properties of timelike orbits in the INW
spacetime are elaborately discussed and also compared with
the timelike orbits in Schwarzschild spacetime. The impor-
tant difference which is coming out from the analysis is
that the perihelion precession of bound timelike orbits in the
JNW spacetime, can be negative, i.e., the direction of particle
motion is opposite to the direction of precession. This unique
characteristic of timelike orbit is forbidden in Schwarzschild
spacetime. In [37,38], it is shown that the presence of matter
may be responsible for the negative precession. A substan-

Q (radian) 4.01719033
 (radian) 1.19910029
Distance (parsec), rq 81 69J_r§‘91
Time period (years), T’ 16.1379
Minimal x?2 471

tial Newtonian periastron rotation can already be expected if
only a few percent of the central mass are extended. The pro-
grade (positive) and retrograde (negative) Newtonian perias-
tron shift of star’s orbits are discussed earlier in [39]. Apoas-
tron shift constraints on dark matter distribution at the Galac-
tic Center discussed in [40], Stellar cluster parameters are
constrained around the black hole in [41]. Therefore, nega-
tive precession is very much important in the context of the
trajectories of ‘S’ stars around the Sgr A*. In the next section,
we use the above orbit equation to predict the possible trajec-
tory of ‘S2’ star, and using the astrometric data of that star,
we constrain the parameters’ space of the JNW spacetime.

3 Orbital parameters of the real and apparent orbits

It is necessary to transform the real orbit into the apparent
orbit, since the observed astrometric data given onto the plane
of the sky. We define the position and velocity components of
the real orbit in Cartesian coordinates as x, y, z and vy, vy, v;
respectively. As in our case, 8 = /2, we can obtain posi-
tion and velocity of the real orbit by the transformation from
spherical coordinates to Cartesian coordinates as

x=rcos¢, y=rsing, z=0, (6)

and the corresponding three velocities transform as,

Uy = U COS@ — rvg sin g,

vy = vy sing +rvgcosp, v, =0, )

where, v, = dr/dt and vy = d¢/dt are three velocity com-
ponents and the corresponding four velocity can be written
asu” = v,uo and u?® = v¢u0. Now, to fit the real orbit with
the astrometric observational data, we must project the real
orbit on the apparent plane of the sky as shown in Fig. 1.
The observed astrometric positions X,ps and Y, of the star
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Orbit of the S2 star (1995 - 2018)
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Fig. 2 Left: Best fitting orbit of the JINW model (black) along with the observed astrometric position (Blue) of the S2 star from 1995 to 2018. The
red dot shows the position of the Sgr A* at (0,0). Right: R.A. (right ascension « on top) and Dec. (declination § on bottom) offset of S2 star with

the orbital period

in Cartesian coordinates are defined by the observed angu-
lar positions, right ascension (o) and declination (§) [42]
(Table 1).

®)

where ry is the distance between the Sgr A* and the earth.
Note that the center of the co-ordinate system represent the

Xobs = ra(o — O[SgrA*)» Yobs = ra(8 — 8SgrA*)’

Table 2 Details of the Gaussian priors of different parameters

Parameter Mean l-o
L% (pc*(km/s)?) 4.44 0.04
log E, 10.90 0.01
tini (years) 1.22 0.01
log M 6.56 0.05
logg —8.00 0.005
Oinc (radian) 2.30 0.02
Q2 (radian) 4.00 0.04
w (radian) 1.20 0.01
Distance, ry (parsec) 8200 10

@ Springer

position of Sgr A*. The positions X, Y, Z of the apparent
orbit can be obtained from the real orbit positions x and y by
using classic Thiele-Innes constants with the same notation
given in [42] as

X=xB+yG, Y=xA+yF, Z=xC+yH, C)

and the corresponding velocity components of the apparent
orbit are,

Vx =B +v,G, Vy=v:A+uv,F,

Vz = v:C + vy H, (10)
where,
A = cos Qcosw — sin 2 sin w cos i, (11
B = sin 2 cos w + cos 2 sin w cos i, (12)
C =sinwsini, (13)
F = — cos Q2 sinw — sin 2 cos w cos i, (14)
G = —sin 2sinw + cos 2 cos w cos i, (15)
H = coswsini, (16)
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Fig. 3 1-0 and 2-0 bestfit regions and the posterior distributions of the parameters for the INW metric and Sgr A* derived using MCMC. Lowest

%2 value obtained is 4.71

where the osculating orbital elements €2, i, and w are the
ascending node angle, inclination angle, and the argument
of pericenter, respectively. Now, the fully general relativistic
solution of the above Eq. (5) gives the r(¢), which we have
to transform into Cartesian coordinates using the relation
given in (6). The apparent orbital coordinates X, Y can be
obtained from the real orbital positions x, y by using the
transformation (9). Now, we can fit the observed apparent
orbital data with the apparent orbital plane, which will give
us the actual nature of the orbital shape.

4 MCMC analysis

The MCMC analysis performed in the paper for the astro-
metric data of S2 star is based upon the Metropolis-Hastings

algorithm [43]. The likelihood function used in the analysis
for symmetric error is as follows,

— 2 -\ 2
X; — X; Y, — Y,
—log Loy < < )+( 7 ) . (17)

Here X; and Y; represent the observed co-ordinates of the
S2 star in its orbit and X; and Y; are theoretically calcu-
lated values. The errors of the observation in the X and Y
direction are 0¥ and 0¥ correspondingly. To implement the
MCMC analysis, the value of g is always put within the open
bounded interval (0, gg), where g is taken to some large pos-
itive value. This means that the present analysis excludes the
possibility of ¢ = 0, i.e., the Schwarzschild spacetime, all
along.

@ Springer
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Details about the data set: 46 number of data points are
considered here from the astrometric positions of the S2 star.
Source of the orbital data is adopted from the supplement
material of the paper [8]. For the MCMC analysis we used
Gaussian priors. The details of the priors are given in the
Table 2.

5 Conclusion

In this paper, we have derived the fully relativistic orbit equa-
tion for the INW spacetime, which is a second-order non-
linear differential equation. We solve this equation numeri-
cally since it is difficult to solve analytically. To obtain the
best fitting orbital parameters of the JNW model, we use
the astrometric data of S2 star from [8]. We estimate the best
fitting parameters for the JNW metric using the MCMC tech-
nique under the assumption of the positive scalar charge and
obtain the lowest x2 value is 4.71 (see the Figs. 2 and 3).
Here, we predict the nature of the Sgr A* using the available
observed astrometric data of the S2 star. Our results show
that like Schwarzschild black hole, the JNW naked singu-
larity could be a possible candidate for the compact object
Sgr A* at our Milky Way Galaxy center. However, we note
that the natural generalization of the model, considerations
of black hole rotation, extended mass due to a presence of
stellar cluster, interstellar gas and perhaps dark matter near
the Galactic Center could change conclusions.
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