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Abstract The Galactic Center (GC) black hole (Sgr A*)
shadow detected by the Event Horizon Telescope (EHT) is a
new probe for testing spacetime metric in strong field regime.
In this work, the Schwarzschild de-Sitter (SdS), Kerr (K),
Kerr de-Sitter (KdS), Reissner Nordstrom with tidal charge
(RN), scalaron and the PPN metric have been used to put
bounds on their parameters. Based on EHT’s angular size of
the Sgr A* black hole shadow, we obtain constraints for the
cosmological constant, A from the SdS and KdS metrics and
find that the bounds on the cosmological constant are well
above the cosmological bound. For the RN metric, the bounds
obtained on the tidal charge q are stringent as compared to
those reported for M87* shadow. In case of scalaron metric
of f(R) modified gravity we have been able to narrow down
the range of scalaron mass as compared to previous reports
coming from the study of the pericenter shift of the compact
stellar orbits. We find no significant deviation of the gravi-
tational constant, G as expected from the modified gravity.
For the PPN metric it has been found that it is not possible
to constrain higher order correction in PPN metric for B, y
given by present measurements of stellar orbits near Sgr A*.
However, for solar system bounds (§ —y = 0), there appears
a wide range of the third order parameter ¢. Inferences for
gravity on the basis of constrained parameters are presented.

1 Introduction

Since the first realization that supermassive black holes with
mass of the order of M = 10°~10'? M, are present in centers
of massive galaxies [1] and that they are eligible for power-
ing the Active Galactic Nuclei (AGN) [2], serious investi-
gations have been carried out to understand nature of these
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objects and their potential contribution to the evolution of
galaxies. In addition to having prospects for astrophysics of
galaxies, supermassive black holes are new laboratories for
testing gravitational physics and spacetime metric. What is
the structure of spacetime near these black holes? Can we
constrain alternative theories of gravity through black hole
observables? The scale of spacetime curvature presented by
these objects is in between the very weak field regime of
the solar system and very strong field regimes of binary pul-
sars and merging black holes observed by LIGO. This is an
opportunity to test gravity in a new regime.

The Galactic Center supermassive black hole (henceforth
GC black hole), Sgr A* has been extensively studied since
more than two decades for understanding its gravitational
environment by monitoring proper motion of bright stars.
Astronomers in Europe (Max Planck Institute of Extraterres-
trial Physics, MPE) using the NTT and VLT and astronomers
in USA (UCLA) using the Keck telescope have performed
near infrared imaging and spectroscopy of about 10,000 stars
in the nuclear star cluster near the GC black hole. Orbits of
nearly 40 stars have been determined by VLT [3] and Keck
[4] through precision astrometry. The highly eccentric orbit
(e~0.88) of the star S-2 (in MPE nomenclature)/ S0-2 (in
UCLA nomenclature) has been used to determine the mass
and distance of the GC black hole as M ~ 4 x 10°Mg
and D ~ 8kpc [5,6]. The pericenter passage of S-2 near
the GC black hole has been observed in 2002 and 2018 dur-
ing its 16 year orbital period. The pericenter distance, r, =
120au of S-2 has given enough opportunity to astronomers to
test Einstein’s GR in a relatively stronger gravitational field
(GM/c?1r,~10~* which is 100 time stronger than that we
encounter at the neighbourhood of the Sun). The first post-
Newtonian effects such as gravitational redshift of light from
S-2 and Schwarzschild precession of its orbit have already
been detected by using the GRAVITY beam combiner instru-
ment in VLT [6,7]. Tests of foundational aspects of GR such
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as Local Position Invariance (LPI), have also been performed
near the GC black hole [8]. The gravitational field of the GC
black hole is also realized as a potential laboratory to test
viable alternatives to GR. Effect of massive graviton, Yukawa
like gravity, f(R) gravity and higher dimensions of space on
pericenter shift of compact stellar orbits near the GC black
hole have been extensively studied [9-13].

Understanding gravity near black holes is facilitated by a
remarkable general relativistic prediction known as the no-
hair theorem. It asserts that the only vacuum solution of Ein-
stein’s equations which is stationary, axisymmetric, asymp-
totically flat, free from pathologies and which contains a hori-
zon is the Kerr metric [14-19] It is widely accepted that all
astrophysical black holes are described by the Kerr metric.
The metric is governed by only two parameters - mass and
spin of the black hole. The GC black hole is a novel labora-
tory to test the black hole metric through orbital dynamics
of the stars. A crucial step to test whether the black hole is
described by the Kerr metric is to measure spin of the black
hole through its effect on pericenter shift of the stars and grav-
itational redshift of light. Zhang et al. [20] extensively studied
testability of the Kerr metric through spin induced effects on
orbits of few short period stars near the GC black hole. They
reported the astronomical facilities required to measure the
black hole spin and concluded that the GRAVITY interfer-
ometer on VLT, the upcoming Thirty Meter Telescope (TMT)
and the European Extremely Large Telescope will carry suf-
ficient potential to probe compact orbits required for testing
the black hole metric.

There are additional black hole metrics which are moti-
vated by higher dimensional gravitational theories beyond
GR. One example is the Reissner—Nordstrom (RN) metric
including a tidal charge. A tidal charge can be thought of as
a projection of gravitational degree of freedom from higher
dimension to the 4 dimension where gravitational collapse
occurs. Dadhich et al. [21] proposed that RN metric with tidal
charge naturally appears in gravitational collapse of Randall—
Sundrum 5 dimensional braneworld gravity. Astrophysical
consequence of gravitational lensing near GC black hole in
presence of RN metric with tidal charge has been discussed in
earlier papers [22-24]. Zakharov [24] reported constraint on
the RN metric through estimation of the tidal charge based on
astrometric capabilities of the VLT, Keck and the upcoming
TMT to measure pericenter shift of bright stars near the GC
black hole. There are other distortions of the Schwarzschild
metric such as the one caused by weak field limit of f(R)
gravity [25] leading to Yukawa type potential. Testability
of these metrics through upcoming astrometric facilities has
been discussed in [12,26].

Discovery of the horizon scale imaging along with the
shadows of the M87* black hole and the GC black hole (Sgr
A*), reported by the Event Horizon Telescope (EHT) [27,28]
has given new gravitational environments to test spacetime

@ Springer

metric. A black hole shadow which is formed by gravita-
tional light bending and photon capture near the event hori-
zon, leading to a central brightness depression, is predomi-
nantly a metric phenomenon. However, there are alternative
sources causing brightness depression. Radiative properties
of plasma material encircling the black hole can produce flux
diminutions. These are not yet strongly tested [29]. More-
over, Proca stars and boson stars are also found to mimic a
brightness depression surrounded by photon rings [30].

The shape and size of the shadow are dependent largely on
the spacetime metric near the black hole. However, plasma
emission processes occurring near the event horizon get con-
volved with the uncertainties reported in the measurements
of the angular diameter of the black hole shadow. Gravita-
tional physics (spacetime metric) and emission physics lead
to degeneracy in interpreting the shadow measurements [31].
The bright ring of light surrounding the shadow can be used
to test spacetime physics if and only if the diameter of peak
brightness is close enough to the critical impact parame-
ter of photons below which they plunge into the black hole
(3\/§ m for Schwarzschild black hole, where m = GM/ c?
— half of the gravitational radius). The alpha-calibration

(x = %’, dpp and dyy, being diameter of the peak bright-
ness and the shadow respectively) is often used to correlate
the location of the bright emission ring with respect to theory
dependent location of the critical impact parameter [32]. In
this work we are concerned only with the metric effects on
the shadow and refrain ourselves from taking into account
the emission physics.

Constraints on tidal charge of the RN metric were derived
from the black hole shadow of the M87* supermassive black
hole observed by EHT during April 2017 [33]. Constraints on
the Schwarzschild-de Sitter (SdS) and Kerr-de Sitter (KdS)
metric which describe non-spinning and spinning black holes
in de Sitter background space respectively, were also derived
from the M87* shadow [34]. A novel way to test gravity
through black hole shadow is to consider parametric devi-
ation from the Kerr metric and constrain the parameters of
the metric through observed shape and size of the black hole
shadow. This method has been recently employed by the EHT
Collaboration [27] to put constraint on several alternative
spacetime metrics.

In this work we resort to several spacetime metrics, both
within and outside general relativity and try to extract allowed
ranges of the parameters of the metrics through measured
angular diameter of the GC black hole (Sgr A*) shadow. The
paper is organized as follows. In Sect. 2 we present necessary
mathematical relations and the recent EHT measurement. In
Sect. 3 parameter extraction from different spacetime metrics
through Sgr A* shadow size is presented. Section4 presents
results and discussion. Section 5 concludes.
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2 The shadow of Sgr A*

When observed from infinity, a Schwarzschild (non-spinning)
black hole has a photon capture radius of 3+/3m [27]. This
scale is larger than the size of event horizon, R, = 2m. Pho-
tons emitted by some emission region outside the horizon,
having impact parameter b < 3+/3m plunge into the black
hole. On the other hand photons with b = 3+/3m consti-
tute unstable circular orbits — the photon ring and photons
with b > 3v/3m escape to infinity. Thus there occurs a cen-
tral brightness depression whose size is 34/3m and is known
as the black hole shadow. For rotating (Kerr) black hole the
shadow size is only slightly sensitive to spin of the black hole
(change is < 4%, see for example, [35]).
For the spacetime metric,

ds* = gu (r, P)dt* + ) gij(r, P)dx'dx/, (1)
i,j=1,2,3

where P; are the parameters appearing in the theory predict-
ing the metric, the shadow radius is given by [27],
rph (Pi)
rp = e 2
it (rpns Pi)

where, 7, denotes the photon sphere which is given by solu-
tion of the implicit equation,

—1
d , P;
rph(Pi) =281 (rpn P;) ((%) ) , 3)
T'ph

which is parameterized by P;. Therefore, by solving the
implicit equation (3) for the photon sphere and then sub-
stituting it in Eq. (2), one can extract the parameters of the
metric, P; from measured angular diameter of the black hole
shadow, dg;, = 2rs;,(P;)/ D, where D is the distance to the
GC black hole for which we need prior information.

The EHT, is composed of eight very large baseline inter-
ferometric (VLBI) telescopes which are sensitive to radio
wavelength of 1.3mm at six specific locations around the
globe namely, Chile, Hawaii, Mexico, Spain, Arizona and
Antarctica. The combination is dedicated to observe the light
rays of the hot plasma coming from the Sgr A*. The eight
components of EHT combine images by interferometric tech-
nique (known as VLBI technique) and achieve desired angu-
lar resolution. Upon generating synthetic images and ana-
lyzing them [27] came to a conclusion that the calibration
ofthe synthetic images along with the EHT measurements
of the photon ring diameter describe the angular diame-
ter of the black hole shadow for the GC black hole to be
dsp, = 48.7 &£ 7.0pas. Given D = 8 kpc (prior), it corre-
sponds to a linear scale of about 0.39 au (nearly SR, ). The
dimensionless gravitational potential G M /c?r is about 1000
times larger than the one encountered at pericenter of the S-
2 star (r, = 120 au). Thus it is an opportunity to constrain

gravity/spacetime metric in a previously uncharted region of
the universe.

3 Constraints on parameters of spacetime metrics
3.1 Schwarzschild de-Sitter metric

Schwarzschild de-Sitter (SdS) solution is one of the old-
est solutions describing a static, spherically symmetric,
uncharged black hole which forms in a background space
containing a positive cosmological constant. The metric is
given by,

2GM A2
ds? = <l — — L) c2drt?

c2r 3
26M a2\
(1= _M dr?
cr 3
—r?d0® — r’sin®0de>. 4)

One interesting feature of the Schwarzschild de-Sitter black
hole as clearly seen in Eq. (4), is that it possesses two
horizons- one is the black hole horizon R, = 2GM/c* and
the other is the cosmological horizon r; = /3/A (de-Sitter
horizon). In the limit of very small (A — 0), these two hori-
zonsare infinitely separated. But for appreciable values of
the A term, the SdS spacetime has two horizons. Emission of
Hawking radiation due to temperatures of the two horizons is
discussed in [36]. SdS spacetimes in five dimensional general
relativity have been studied in [37]. For this metric,

_(,_ M w2
81 = c2r 3 )

Using Eq. (5) in Eq. (3) we calculate the photon radius of the
SdS spacetime as

&)

rpn = 3m, (6)
and by using Eq. (2) we get the shadow radius as,
3m

I'sh = .
,/% — 3am?

Thus the shadow diameter of the Schwarzschild de-Sitter
metric is given by,

(N

6
dy = ——1 (8)

,/%—3)Lm2'

To put constraint on the cosmological constant, the metric
parameter, we study the variation of the term with respect to
shadow diameter within measured bounds [28]. The variation
is shown in Fig. 1.
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Fig. 1 Constraining A by using the observed shadow diameter of the
GC black hole

The allowed range of values of A varies between 71.5687
and 71.57175 au™2. In normal unit the bound is

3.19795 x 1072 em™ < A < 3.19809 x 10" cm ™2

©)
An alternate way of applying an upper bound of the cosmo-
logical constant using the shadow of Sgr A* and the mass of
the black hole is as follows. Equation (8) can be modified as

dsh — ﬂ (]0)

V1=9m?
Clearly, the shadow diameter in Schwarzschild metric cor-
responds to A = 0 which leads to dyj, (S) = 6+/3m. Nowto
produce the upper bound on the cosmological constant, we
use the condition [34],

dsp ds (S )
Here E(dgj,) refers to the error in the measurement of
the shadow diameter. Therefore, from the observed shadow
diameter, (48.7 £ 7.0) pas, we obtain the following upper
bound on the cosmological constant,

0.235

A< .

~ 9m?
We observe that black hole mass has potential role to play
in putting constraint on the metric parameter, here the cos-
mological constant. We take two black hole masses as priors
given by the Very Large Telescope (VLT)and the Keck and
also consider one estimation of the black hole mass coming
from the shadow size measurement for Sgr A*.
VLT: M = (4.297 £ 0.013) x 10° M, [38]
Keck: M = (3.951 # 0.047) x 10° M, [39]
EHT shadow: M = (4.0"} ) x 10° Mg, [28]

We consider end-to-end masses in the errors to obtain the
upper bounds on A. These bounds are as follows.

12)

@ Springer

VLT mass: A(+) = 6.468 x 10~ 26 cm
10~26cm 2
Keck mass: A(+) = 7.517 x 10~%cm~2;1(-) =
7.884 x 10~ 20 cm 2
EHT mass: A(+) = 4.6197 x 10~ 2°cm~2; A(—) =
1.0394 x 10~ cm~?2

Therefore, a stringent bound, 10725 cm™2 has been
achieved through the SdS metric. In [34] another strin-
gent bound on the cosmological constant, 10732 cm~2 has
been reported by using SdS metric for the M87* black
hole shadow. Thus the bound on the cosmological constant
derived from Sgr A * shadow is 7 orders of magnitude larger
than the one realized for M87* black hole.

—2. (=) = 6.547 x

3.2 Reissner—Nordstrom metric

In modern tests of gravity a Reissner—Nordstrom (RN) met-
ric refers to a black hole with tidal charge. According to [21],
such a black hole appears in higher dimensional cosmology
such as the Randall-Sundrum model. In this model gravita-
tional effect of a 5 dimensional universe gets projected onto
the 4 dimensional brane where matter is confined and col-
lapses to form a black hole. This projection of gravitational
effect from higher dimension to 4th dimension appears as
a charge in the metric known as the Reissner—Nordstrom
(RN) metric. Zakharov [24] forecasted the constraints on
tidal charge against the capabilities of GRAVITY interfer-
ometer in VLT, the Keck telescope and upcoming TMT in
measuring pericenter shift of compact stellar orbits around
the GC black hole, which gets affected by tidal charge. Con-
straints on tidal charge of the supermassive black hole M87*
were reported in [33] on the basis of the shadow of the M87*
black hole detected by the EHT Collaboration in 2017.
The Reissner—Nordstrom (RN) metric is given by:

2GM 2
ds* = <1 - + Q—2) cdr’
r

c2r
-1
2GM  Q? )
()
—r2d0® — r’sin®0de>. (13)
Here,
2GM  Q?
gn=\1-——+—=]- (14)
cr r

We use Eq. (14) in (3) to obtain the photon radius of the RN
metric as

3m 4+ m+/9m? — 802

2 (15)

Fph =
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Fig. 2 Constraining q by using the observed shadow diameter of the
GC black hole

Now, using Eq. (2), we obtain the shadow radius as:

Gm £my9—3q)°
I'sh = .
2\/(3m +m9 — 8q)2 —4m (3m £ m/9 = 8q) + 4gm?

(16)
Here q = Q?/m>.
Thus the shadow diameter of the RN metric is given as,
Bm £ m4/9 — 8q)2

\/(3m +mI=89)" — 4m (3m + m/I —8q) + 4qm? ‘
(17)

dgp =

We thus put constraint on q the tidal charge by studying the
variation of q with the shadow diameter within measured
bounds. The pattern of variation is shown in Fig. 2. The
allowed values of q are found as,

—0.57934 < g < 0.86525. (18)

Constraints on tidal charge of the RN metric were derived
from the shadow of the M87* supermassive black hole
observed by EHT during April 2017 [33]. The range of q
predicted in [33] for the M87* is —1.22 < ¢ < 0.814.

Thus we have obtained a relatively stringent constraint
on tidal charge q of Sgr A* relative to the one derived from
M87* shadow.

3.3 Kerr metric

The Kerr metric is described as a stationary, axisymmetric
and asymptotically flat exterior metric which is pathology
free. The metric is governed by two parameters, its mass and
spin. The Kerr metric is a rotating metric, thus not invariant
under the transformation t — —t [40]. Therefore, it is not

static, but is stationary as the metric components are indepen-
dent of time. However, perfectly stationary black holes and
perfect vacuum conditions do not usually exist because for
the presence of other objects or fields such as stars, accretion
discs or dark matter, which can alter the nature of the Kerr
black hole. But in this case, since we are testing the shadow,
the conditions remain preserved as there in no perturbation
close enough to the black hole shadow.

The Kerr (K) metric is described as:

2 4 in’6
ds® = <l — g) cdi® + %cdﬂhﬁ

®
— = dr* — 2do?
A

;
2ma’rsin?6
_ <r2 va?+ %) 5in20de?, (19)

where, m = GC—ZM, Y =r2 4 d?cos®0, A, = r* —2mr + a®
and a = J/Mc where a is the Kerr parameter.
The horizon of a Kerr black hole is expressed as:

ry (£) =m £ vVm? —a?. (20)

From the above equation, we observe the existence of a hori-

zon requires @ < m The limiting value of ¢ = m is called

extreme Kerr black hole. If @ > m then there is an occurrence

of a naked singularity, which has not been observed till date.
Now,

2mr
81 = (1 - ?> . 21

We now use Eq. (21) in Eq. (3) to obtain the implicit equation
of the photon radius. It is as follows:

r4h —3mr;h +2r§hazcos29 —mr,,hazcos29 +a*cos*0 =0.

p
(22)

Now since we obtained an implicit equation of the photon
radius, we vary x from 0.1 to 0.99 [41] and calculate the
photon radius, by substituting m = 0.04 au for Sgr A*.

In terms of the spin parameter x, Eq. (22) becomes

r;}h — 3mr§,h + 2r§h(xm)2cos29

—mr pj (Xm)zcos29 + (Xm)4cos40 =0. (23)

The 4th order polynomial equation is solved and only the real
root is considered. The shadow diameter is then calculated
numerically for specific values of x with inclination angles
as (0°, 5°, 10°, 15°, 20°, 30°, 45°, 60°, 80°). The variation
is shown in Fig. 3.

With higher values of black hole spin, the shadow diameter
increases with increase in inclination angle. This sensitivity
to inclination angle dies out for very low value of spin. For
example, for spin near 0.1 derived from orbital orientation of
S-stars [41], the shadow diameter is around 52 . as for var-
ious inclination angles. It has also been observed that for all

@ Springer
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Fig. 3 Variation of shadow diameter with black hole spin for various
inclination angles

spin in the range x = 0.1—0.99, the shadow size falls within
the measured bounds. It is also found that for inclination of
0 degree it is difficult to reproduce the shadow size which
satisfies the measured bounds.

3.4 Kerr de-Sitter metric

It is the generalization of the Schwarzschild de-Sitter solu-
tion and it describes a rotating black hole in de-Sitter space
(A > 0). In cosmology, the evidence of cosmic accelera-
tion is established [42—44]. This is caused by some form of
dark energy. The naive candidate of dark energy is a positive
cosmological constant which accounts for a large scale cos-
mic repulsion leading to runaway expansion of the universe.
It is also generally accepted that astrophysical black holes
are described by the Kerr solution. Thus a true spacetime
description of black holes is the Kerr de-Sitter (KdS) solu-
tion — the Kerr black hole embedded in de-Sitter background.
This solution was discovered by Carter in 1973 [45].
The metric is given by,

ds® = {(1 _ )BLZ) (V2 tar- 2m’”)} (cdt — asin29d¢2)

x12
b3 b
——dr* — —dp?
Ay AV
Agsin?0 2
—%(acdt - <r2 + az) dé) 24)

where, ¥ = r2 + a’cos?0

A, = (r2 — 2mr +a2) (1 — %”2>

ra*cos?o
Ag =1+ T

@ Springer

L= (142
- 3

Again following the same procedure as above, we use Eq.
(24) in Eq. (3) and obtain the photon radius. In the case of
Kerr de-Sitter metric, we have fixed the inclination angle at
0 = m/2 (equatorial plane of the black hole is perpendicular
to the line of sight). The implicit equation for the photon
radius has been obtained as

2mr, + 2 (3 - )\aZ) —18m = 0. (25)

We now solve for the shadow radius numerically by vary-
ing values of A from 2.24 x 1073%au=2 to 30 au~2. The
lower limit is justified as below. The cosmological con-
stant is a satisfactory candidate of dark energy which causes
accelerated expansion of the universe. The density parame-
ter of dark energy is given by, 2, = 0.6889 £ 0.0056 [46]
and the Hubble constant Hy = 67.4 & 0.5km/s/Mpc =
(2.1927664 £ 0.0136) x 1071851 [47).

Now, by definition, A = 3(Hp/c)’Q; = 1.1056 x
1072 m~2 = 2.24 x 10730 au=2. The upper bound 30 au™>
(1.34 x 1072 ¢cm~2) has been chosen to match the bound
obtained from the SdS case. We obtain the shadow diame-
ter for the KdS metric numerically for two values of spin
(x = 0.1, 0.5) and sketch the variation of shadow diameter
with the cosmological constant to select its allowed range.
Whereas the spin value 0.1 is given by measurements of
orbital orientation of the S-stars [41] the value 0.5 has been
recently realized by EHT measurements [28]. The bounds on
the A term are found as,

1538 x 107%0em™2 <1 <1.239 x 1072 cm ™2 (x = 0.1),
(26)

1.655 x 10740 cm™2 <1 < 1.026 x 1072 ecm™2 (x = 0.5).
(27)

3.5 Scalaron metric of f(R) gravity

Scalarons are scalar gravitational degrees of freedom in f(R)
modified theories of gravity. f(R) gravity theories emerge
from modified Einstein—Hilbert action,

o4
A0 = 1656
Here f(R) represents a function of the Ricci scalar curvature.
f(R) gravity has been extensively studied as viable alterna-
tives to general relativity to explain primordial cosmic infla-
tion [48-50], late cosmic acceleration and flat rotation curve
of galaxies without invoking particle candidates of dark mat-
ter [47,48,51,52]. Effect of f(R) gravity near the GC black
hole has been studied earlier in the context of light bending
[25], testability of modified gravity in a model independent
way through upcoming Extremely Large Telescope facilities

d*Xx \/1glf(R). (28)



Eur. Phys. J. C (2023) 83:120

Page 7of 11 120

by considering pericenter shift of compact stellar orbits near
the GC black hole as a probe [12,24,26,53,54]. Lalremruati
and Kalita [13] reported breaking points of general relativity
through f(R) gravity and higher dimensional gravity near the
GC black hole. For f(R) gravity it was reported that at least
near the orbit of the S-2 star there is no breaking point of
general relativity brought by f(R) gravity. However, it was
noted that the scalarons might be lurking deep inside the
gravitational potential well of the black hole.

Kalita [25] derived the static spherically symmetric met-
ric of f(R) scalaron gravity which appears as distortion of
the Schwarzschild metric. The theory involves a scalar field
Y= (R) = UG with mass My = [(3) (% - R,)
where, ¥, and ', are f'(R,) and f”(R,) respectively, eval-
uated at the background curvature R,,. This is known as the
scalaron field. Kalita [12,26] studied deviation of the pericen-
ter shift of stellar orbits near the GC black hole from general
relativistic values with the help of scalarons with masses in
the range My, = 10722—1071%¢V. These are the massive
gravitational degrees of freedom relative to graviton whose
mass is bounded above by the observation of gravitational
waves emitted by black hole binaries [55]. The upper bound
10716 eV corresponds to scalarons resulting from quantum
gravitational corrections to vacuum fluctuations near the GC
black hole [12]. In earlier studies of pericenter shift of com-
pact stellar orbits near the GC black hole, scalarons with mass
10722-10~ 16 eV were considered [12,13,26]. Development
of scalar field quasi bound state through superradiance insta-
bility is well known [56]. These bound states can exist near
spinning black holes. In [26] it was shown that scalarons of
almost all masses in the above range are consistent with black
hole spin in the range, x = 0.1—0.9. Scalar particles act as
scalar hair for the black hole. In [57], effect of scalar hair with
mass below 1072 eV which can act as scalar dark matter has
been studied in relation to the shadow of the M87* black hole.
In [58], it was shown that scalar fields with mass 1022 eV are
eligible to explain M — o relation for galaxies. In [59] it has
been shown that scalar fields with masses 10729-10718 eV
can be probed by orbital dynamics of the S-2 star neat the GC
black hole. Here we consider scalarons with masses 10~22—
10716 ¢V and try to reproduce the observed shadow size of
the GC black hole, thereby extracting the allowed ranges of
the scalaron mass. The scalaron metric is expressed as,

ds2=<1— 2m B 2m
Yor 3Yor

—1
_ (1 _am Z_me—Mw> ar
Yor 3or

—r?d0® — r’sin®0de?, (29)

e_M\”’> cdt?

e*er
7

where is the Yukawa correction term. Here,

_(; 2GM
s = c21//0r

Since we are concerned with testing the metric at the shadow
of Sgr A*, we fix a scale r, = Sf—ZM, the typical shadow
radius of an astrophysical black hole. Thus we have,

2GM
e
32y r

—MW> ) (30)

2GM | 1 1
8t =

v 3y,

We define an effective gravitational constant as:

eMW} . (31)

czro

G —G[i+ ! e_M‘/’r":| (32)
="y, " 3y, ‘

Now, we define a parameter, s = [va + ﬁe‘MWO ].There—

fore g;; can be written as:

2GeorrM 2GM
gtt:l_%ZI_ czrs' 33)
o

Now we are in a position to calculate the photon radius and
thus the shadow diameter. We use Eq. (33) in Eq. (3) and
obtain the photon radius as r,; = 3 ms and substituting
this in Eq. (2) we obtain the shadow radius as rg; = 343 ms.
Clearly, in general relativity f(R) = Rand ¢, = ¢ = 1. Also
general relativity emerges as approximation of f(R) gravity
with infinite scalaron mass limit, My — oo. Therefore, from
the above expression, s = 1 in general relativity and ry, =
3\/§m, the standard result for a Schwarzschild metric.

We now fix the scalaron field { at 1 and vary My from
1.2225 x 102 au~! (10722 eV) to 12.225 au~! (1071©
eV) and numerically obtain the shadow diameters for each
scalaron mass.

From the above figures, we observe that the allowed range
of My falls in the range,

6.658 x 1077eV < My < 1071%eV. (34)

On the other hand, the allowed range of the parameters is
found as:

1 <s < 1.06129. (35)

This result is consistent with the earlier reports [13] that some
massive scalarons are deeply hidden very close to the black
hole. As the value of s close to 1, there is no appreciable shift
in the gravitational constant from the Newtonian one.

3.6 Extended parameterized post-Newtonian (EPPN)
metric

In this section, we explore the correlation between black hole
shadows, i.e., strong field regime with an extension of the
PPN metric which is otherwise useful for weak field test.
This extension is expressed as the g;; component in powers

@ Springer
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of r=2 [60]

2GM 2B —vy)
c2r cr?

20 (GM)?

2
(GM)? — =

g =1- (36)

Here g and y are the PPN parameters and we have added a
third order PPN term ¢{. We consider two cases, one where
we set (8 — y) = 0, which is allowed by various weak field
tests within the solar system such as, light deflection which
predicts the value of y = 1.000 = 0.002 [61] and time delay,
which predicts y = 1+(2.1£2.3) x 1073 [62]. The value of
B can be predicted from precession of perihelion of Mercury
(with known bounds on y). The bound is f = 1.000 £ 0.003
[63].

The other case we consider is (8 — y) # 0 with y =
1.18+0.34 and B = 1.05+0.11 as produced by observations
of stellar orbits near Sgr A* [6].

For 8 — y = 0, the second term in Eq. (36) vanishes and
the implicit equation for the photon radius is found to be:

roy = 3mry, —5tm’ = 0. (37)

In [34] ¢ was constrained as 4.47 x 1072° on the basis of
measured shadow of M87* black hole. We numerically solve
the cubic equation by varying ¢ from 107° to 1 and obtain
the shadow diameter. We plot the shadow diameter vs ¢ and
constrain this parameter as (see Fig. 8):

—0.00376 < ¢ <0.75. (38)

We observe that the width of ¢ is wide. Thus the present
shadow measurement may not produce a very stringent con-
straint on the parameter .

In the second case, 8 — y # 0. We split both § and y into
their positive and negative extrema and obtain two values
for B — y, which are, —0.36 [(B —y), ] and 0.1 [(B — y)_].
For the second value we obtain imaginary roots of the cubic
equation for the photon radius and hence, we drop this option.
For B—y = —0.36, the implicit equation of the photon radius
is as follows:

ron — 3mro, — L4dmr p, — 5¢m® = 0. (39)

On numerically solving for the shadow diameter using the
same range of values for ¢ ( 10739—1), we observe that the
values of the shadow diameter do not fall in the range as
observed by the EHT. Thus we conclude that for non zero
values of B — y we cannot reproduce the present shadow
measurements.

4 Results and discussion
In this work we have used the angular size of the galactic
center black hole shadow to estimate allowed ranges of the

parameters appearing in various spacetime metrics of general
relativity and alternative theories of gravity in the form of

@ Springer

f(R) scalaron metric. The results of the metrics are discussed
below.

Schwarzschild de-Sitter metric: The SdS metric was
used to put bounds on the cosmological constant X, which
appears in the metric. The bounds are found in the range
(3.19795—3.19809) x 10~2% cm~2, which can be observed
in Fig. 1. We also considered prior masses provided by
the two telescopes VLT and Keck to give bounds on the
cosmological constant. For the VLT prior the bound is
obtained as (6.468 x 10720 cm™ — 6.547 x 10726 cm™2).
On the other hand for Keck prior the bound is (7.517 x
10720 cm=2-7.884 x 10720 cm—2 ) For the mass estimation
of the EHT shadow measurements this bound is (4.6197 x
10726 cm=2-1.0394 x 1072° cm_z). In an earlier work, by
considering SdS metric, the bound on the cosmological con-
stant was given on the basis of M87* black hole shadow [34].
This bound is (1.542—2.214) x 10732 cm~2. In our case, the
SdS metric has produced the bound on the cosmological con-
stant as (3.19795 — 3.19809) x 1072 cm~2. Therefore, the
bounds for the shadow of Sgr A* are elevated with respect
to those realized for M87* black hole. However, for KdS
metric the bounds are much below (see below) the bounds
of M87* black hole. Thus spin of a black hole improves the
upper bound of the cosmological constant. Still these bounds
are far above the cosmological bound, 10750 cm—2,

Reissner-Nordstrom metric: For the RN metric, we have
obtained a relatively stringent constrain on tidal charge q of
Sgr A* relative to the one derived from M87* shadow. It has
been found from Fig. 2 that shadow size is highly sensitive
to the value of tidal charge. The possibility of negative tidal
charge has been pointed out earlier by [21] and [24]. It has
been observed that shadow size becomes large for sufficiently
large negative value of the tidal charge and becomes smaller
than the minimum bound of the shadow size of Sgr A* for
q >> 1. The allowed range of q is found as [— 0.579, 0.865].

Kerr metric: From Fig. 3 we observe that for the Kerr
metric, with higher values of black hole spin, the shadow
diameter increases with increase in inclination angle. Up to
spin around x_ = 0.3 the shadow diameter is not very sensitive
to spin. The sensitivity to inclination angle dies out for very
low value of spin. For example, for spin near 0.1 derived
from orbital orientation of S-stars [41], the shadow diameter
is around 52 as for various inclination angles. It has also
been observed that for all spin in the range x = 0.1 — 0.99,
the shadow size falls within the measured bounds. It is noted
that for inclination of 0 degree it is difficult to reproduce the
shadow size which satisfies the measured bounds.

Kerr de-Sitter metric: For KdS metric, we put bounds on
cosmological constant A for spin values of x = 0.1 and 0.5.
The range is 1.538 x 107*0 cm=2—1.239 x 10~ cm~2 for
x = 0.1 and 1.655 x 10749 cm2—1.026 x 102 cm 2 for
x = 0.5 (see Figs. 4 and 5). It has been found that the allowed
range of the cosmological constant is stable against variation
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Fig. 5 Constraining A by using the observed shadow diameter for spin
x = 0.5 of the GC black hole

of the black hole spin. The allowed range of the A term is
wider than the one obtained for the SdS case. However, the
bounds are still larger than the cosmological bound.

Scalaron metric of f(R) gravity: From the scalaron met-
ric we extract the bounds on scalaron mass My, and the
parameter s for yro = 1. We observe that the bounds on My,
lie between 8.62403 to 12.225 au™! (6.658 x 10717—10716)
eV and that on s lies between 1 and 1.06129 (see Figs. 6 and
7). This result of scalaron mass is consistent with the ear-
lier reports [12,13] that some massive scalarons are deeply
hidden very close to the black hole.

PPN metric: With the PPN metric, we test the third order
parameter ¢. We observe that the width of ¢ is wide as shown
in Fig. 8. Thus the present shadow measurement may not
be producing a very robust bound, or a stringent constraint
on the parameter ¢. This is for the case of § —y = 0. For

8.62403

12.225

dsh(scalaron) (“as)

Fig. 6 Variation of shadow diameter of GC black hole with My,

1.06129

dsh(scalaron) (nas)

s(y=1)

Fig. 7 Variation of shadow diameter of GC black hole with s parameter

B—7vy # 0, we observe that, the shadow diameter does not
fall in the range as observed by the EHT. Thus we infer that
for non zero values of p — y (Galactic Center constraints),
we cannot reproduce the present shadow measurements.

We would like to emphasize that these bounds are not yet
“clean” as the radiative processes operating in conjunction
with the geometry of spacetime will affect these bounds. The
present bounds are the best cases when one considers the
metrical properties of spacetime alone.

5 Conclusion
The parameters of black hole metrics within and outside GR

are constrained on the basis of angular diameter of the GC
(Sgr A¥*) black hole shadow. We conclude in the following

@ Springer
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Fig. 8 Constraining ¢ by using the observed shadow diameter of the
GC black hole

lines. The shadow measurements indicate interesting aspects
related to the cosmological constant, extra dimensions of
space, the f(R) gravity scalarons and the PPN metric param-
eter ¢.

From the effect of SdS and KdS metric on the shadow, we
find that the bounds on cosmological constant are well above
the cosmological bound (10~ S6ecm—2), In SdS case the
bounds are seven order magnitude larger than those realised
for M87* shadow. The spin of the black hole improves the
upper bound of the cosmological constant when compared
with SdS case. At present we refrain ourselves from pre-
senting a deep physical implication of a possible connection
between black hole mass and spin with the cosmological con-
stant, if there is any. But we wish to infer that cosmological
constant of the dark energy phenomenon is not necessarily
the same as the one we realise near black holes.

For RN metric we have been able to put narrow bounds
on the tidal charge of the black hole relative to those realised
for M87* shadow. It has been found that significant nega-
tive charge is ruled out. But the present shadow size mea-
surements cannot rule out the existence of tidal charge and
hence presence of extra dimensions of space advocated by
the Randall-Sundrum model.

The range of scalaron mass derived from the Sgr A*
shadow is quite narrow (10 =17 =10~ 16 eV). This is a sig-
nificant improvement of the earlier consideration of scalaron
mass in the study of pericenter shift of compact stellar orbits
near Sgr A*[12,13]. The scalaron mass, 10~ 16 oV extracted
in this work is consistent with the prediction of quantum grav-
itational origin of f(R) gravity near the black hole [12]. The
estimation of the parameter s shows that there is no significant
deviation of the gravitational constant from the Newtonian
value.

@ Springer

From the PPN metric it has been found that it is not possi-
ble to constrain higher order correction in PPN metric for g, y
given by present measurements of stellar orbits near Sgr A*.
However for solar system bounds (B — y = 0) there appears
a wide range of the third order parameter ¢. Therefore, it has
been realised that the GC black hole shadow carries sufficient
potential to constrain GR metrics and alternatives.

Data Availability Statement This manuscript has associated data in a
data repository. [Authors’ comment: All the sources from which data
were used for this study are already referred with DOI links in this
published article].

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3. SCOAP? supports the goals of the International
Year of Basic Sciences for Sustainable Development.

References

1. D. Lynden-Bell, M.J. Rees, MNRAS 152, 461 (1971). https://doi.
org/10.1093/mnras/152.4.461
2. D. Lynden-Bell, Nature 223, 690 (1969). https://doi.org/10.1038/
22369020
3. Gravity Collaboration, R. Abuter, A. Amorim et al., Astron.
Astrophys. 625, L10 (2019). https://doi.org/10.1051/0004-6361/
201935656
4. S. Jia, R. Jessica, S. Lu et al. https://doi.org/10.3847/1538-4357/
abOlde. arXiv:1902.02491
5. S.Gillessen, F. Eisenhauer, S. Trippe et al., Astrophys. J. 692, 1075
(2009). https://doi.org/10.1088/0004-637X/692/2/1075
6. Gravity Collaboration, R. Abuter, A. Amorim et al., Astron.
Astrophys. 636, L5 (2020). https://doi.org/10.1051/0004-6361/
202037813
7. Gravity Collaboration, R. Abuter, A. Amorim et al., Astron.
Astrophys. 615, L15 (2018). https://doi.org/10.1051/0004-6361/
201833718
8. A. Amorim, M. Baubock, J.P. Berger et al., Phys. Rev. Lett. 122,
101102 (2019). https://doi.org/10.1103/PhysRevLett.122.101102
9. A.F. Zakharov, Int. J. Mod. Phys. D 27, 1841009 (2018). https://
doi.org/10.1142/S0218271818410092
10. A.F. Zakharov, P. Jovanovié, D. Borka et al., J. Cosmol. Astropart.
Phys. 04, 050 (2018). https://doi.org/10.1088/1475-7516/2018/
04/050
11. A. Hees, T. Do, A.M. Ghez et al., Phys. Rev. Lett. 118, 211101
(2017). https://doi.org/10.1103/PhysRevLett.118.211101
12. S. Kalita, Astrophys. J. 893, 31 (2020). https://doi.org/10.3847/
1538-4357/ab7at7
13. P.C. Lalremruati, S. Kalita, Astrophys. J. 925, 126 (2022). https://
doi.org/10.3847/1538-4357/ac3af0


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/mnras/152.4.461
https://doi.org/10.1093/mnras/152.4.461
https://doi.org/10.1038/223690a0
https://doi.org/10.1038/223690a0
https://doi.org/10.1051/0004-6361/201935656
https://doi.org/10.1051/0004-6361/201935656
https://doi.org/10.3847/1538-4357/ab01de
https://doi.org/10.3847/1538-4357/ab01de
http://arxiv.org/abs/1902.02491
https://doi.org/10.1088/0004-637X/692/2/1075
https://doi.org/10.1051/0004-6361/202037813
https://doi.org/10.1051/0004-6361/202037813
https://doi.org/10.1051/0004-6361/201833718
https://doi.org/10.1051/0004-6361/201833718
https://doi.org/10.1103/PhysRevLett.122.101102
https://doi.org/10.1142/S0218271818410092
https://doi.org/10.1142/S0218271818410092
https://doi.org/10.1088/1475-7516/2018/04/050
https://doi.org/10.1088/1475-7516/2018/04/050
https://doi.org/10.1103/PhysRevLett.118.211101
https://doi.org/10.3847/1538-4357/ab7af7
https://doi.org/10.3847/1538-4357/ab7af7
https://doi.org/10.3847/1538-4357/ac3af0
https://doi.org/10.3847/1538-4357/ac3af0

Eur. Phys. J. C (2023) 83:120

Page 11 of 11 120

14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

R.P. Kerr, Phys. Rev. Lett. 11, 237 (1963). https://doi.org/10.1103/
PhysRevLett.11.237

. W. Israel, Phys. Rev. 164, 1776 (1967). https://doi.org/10.1103/

PhysRev.164.1776

W. Israel, Commun. Math. Phys. 8, 245 (1968). https://doi.org/10.
1007/BF01645859

B. Carter, Phys. Rev. 174, 1559 (1968). https://doi.org/10.1103/
PhysRev.174.1559

B. Carter, Phys. Rev. Lett. 26, 331 (1971). https://doi.org/10.1103/
PhysRevLett.26.331

S.W. Hawking, Commun. Math. Phys. 25, 152 (1972). https://doi.
org/10.1007/BF01877517

F. Zhang, Y. Lu, Q. Yu, Astrophys. J. 809, 127 (2015). https://doi.
org/10.1088/0004-637x/809/2/127

N. Dadhich, R. Maartens, P. Papadopoulos et al., Phys. Lett. B 487,
1 (2000). https://doi.org/10.1016/S0370-2693(00)00798-X

Y. Bin-Nun, Phys. Rev. D 81, 123011 (2010). https://doi.org/10.
1103/PhysRevD.81.123011

A.Y. Bin-Nun, Class. Quantum Gravity 28, 114003 (2011). https://
doi.org/10.1088/0264-9381/28/11/114003

A. Zakharov, in European Physical Journal Web of Conferences,
vol. 191. European Physical Journal Web of Conferences, p. 01010
(2018). https://doi.org/10.1051/epjconf/201819101010

S. Kalita, Astrophys. J. 855, 70 (2018). https://doi.org/10.3847/
15384357/aaadbb

S. Kalita, Astrophys. J. 909, 189 (2021). https://doi.org/10.3847/
1538-4357/abded5

EHT Collaboration, K. Akiyama, A. Alberdi et al., Astrophys. J.
Lett. 930, L17 (2022). https://doi.org/10.3847/2041-8213/ac6756
K. Akiyama, A. Alberdi, W. Alef et al., Astrophys. J. Lett. 930,
L12 (2022). https://doi.org/10.3847/2041-8213/ac6674

S.E. Gralla, Phys. Rev. D 103, 024023 (2021). https://doi.org/10.
1103/PhysRevD.103.024023

C.A.R. Herdeiro, A.M. Pombo, E. Radu et al., J. Cosmol. Astropart.
Phys. 04, 051 (2021). https://doi.org/10.1088/1475-7516/2021/
04/051

P. Kocherlakota, L. Rezzolla, MNRAS 513, 1229 (2022). https://
doi.org/10.1093/mnras/stac891

7. Younsi, D. Psaltis, F. Ozel. arXiv:2111.01752

A.F. Zakharov, Universe 8, 141 (2022). https://doi.org/10.3390/
universe8030141

A. Stepanian, S. Khlghatyan, V.G. Gurzadyan, EuropeanPhys-
icalJournalPlus 136, 127 (2021). https://doi.org/10.1140/epjp/
s13360-021-01119-2

T. Johannsen, D. Psaltis, Astrophys. J. 718, 446 (2010). https://doi.
org/10.1088/0004-637X/718/1/446

T. Pappas, P. Kanti, Phys. Lett. B 775, 140 (2017). https://doi.org/
10.1016/j.physletb.2017.10.058

J.B. Fonseca-Neto, C. Romero, Class. Quantum Gravity 24, 3515
(2007). https://doi.org/10.1088/0264-9381/24/13/N0O1

Gravity Collaboration, R. Abuter, N. Aimar et al., Astron.
Astrophys. 657, L12 (2022). https://doi.org/10.1051/0004-6361/
202142465

T. Do, A. Hees, A. Ghez et al., Science 365, 664 (2019). https://
doi.org/10.1126/science.aav8137

T. Johannsen, Class. Quantum Gravity 33, 113001 (2016). https://
doi.org/10.1088/0264-9381/33/11/113001

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

. G. Fragione, A. Loeb, Astrophys. J. Lett. 932, L17 (2022). https://
doi.org/10.3847/2041-8213/ac76ca

A.G. Riess, A.V. Filippenko, P. Challis et al., Astrophys. J. 116,
1009 (1998). https://doi.org/10.1086/300499

S. Perlmutter, G. Aldering, G. Goldhaber et al., Astrophys. J. 517,
565 (1999). https://doi.org/10.1086/307221

L. Amendola, S. Tsujikawa, Dark Energy—Theory and Observa-
tions (Cambridge University Press, Cambridge, 2010), pp.285—
295. https://doi.org/10.1017/CB0O9780511750823.011

B. Carter, in Les Astres Occlus, ed. by B. DeWitt, C.M. DeWitt
(Gordon and Breach, New York, 1973)

Planck Collaboration, N. Aghanim, Y. Akrami et al., Astron.
Astrophys. 641, A6 (2020). https://doi.org/10.1051/0004-6361/
201833910

A.G. Reiss, Nat. Rev. Phys. 2, 10 (2020). https://doi.org/10.1038/
$42254-019-0137-0

A. Starobinsky, Phys. Lett. B 91, 99 (1980). https://doi.org/10.
1016/0370-2693(80)90670-X

S. Capozziello, M. Francaviglia, Gen. Relat. Gravit. 40,357 (2007).
https://doi.org/10.1007/s10714-007-0551-y

S. Nojiri, S.D. Odintsov, Int. J. Geom. Methods Mod. Phys. 04,
115 (2007). https://doi.org/10.1142/S0219887807001928

F. Shojai, A. Shojai, Gen. Relat. Gravit. 46, 1704 (2014). https://
doi.org/10.1007/s10714-014-1704-4

A.P. Naik, E. Puchwein, A.C. Davis et al., MNRAS 480, 5211
(2018). https://doi.org/10.1093/mnras/sty2199

D. Borka, A. Zakharov, V. Borka Jovanovic et al., 39th COSPAR
Scientific Assembly, vol. 39, p. 2244 (2012)

D. Borka, P. Jovanovic, V.B. Jovanovic et al., in Advances in Gen-
eral Relativity Research, ed. by C. Williams (Nova Science Pub-
lishers, 2015). ISBN 978-1-63483-120-8

C. de Rham, J.T. Deskins, A.J. Tolley et al., Rev. Mod. Phys. 89,
025004 (2017). https://doi.org/10.1103/RevModPhys.89.025004
R. Brito, V. Cardoso, P. Pani, Class. Quantum Gravity 32, 134001
(2015). https://doi.org/10.1088/0264-9381/32/13/134001

L. Hui, D. Kabat, X. Li et al., J. Cosmol. Astropart. Phys. 06, 038
(2019). https://doi.org/10.1088/1475-7516/2019/06/038
J.W.Lee, H.C. Kim, J. Lee, Mod. Phys. Lett. A 35,2050155 (2020).
https://doi.org/10.1142/S0217732320501552

Gravity Collaboration, A. Amorim, M. Baubock et al., MNRAS
489, 4606 (2019). https://doi.org/10.1093/mnras/stz2300

D. Psaltis, L. Medeiros, P. Christian et al., Phys. Rev. Lett. 125,
141104 (2020). https://doi.org/10.1103/PhysRevLett.125.141104
R.D. Reasenberg, I.I. Shapiro, PE. Mac Neil et al., Astrophys. J.
Lett 234, L.219 (1979). https://doi.org/10.1086/183144

B. Bertotti, L. Iess, P. Tortora, Nature 425, 374 (2003). https://doi.
org/10.1038/nature01997

L.I. Shapiro, General Relativity and Gravitation (Cambridge Uni-
versity Press, Cambridge, 1990), p.313

@ Springer


https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRev.164.1776
https://doi.org/10.1103/PhysRev.164.1776
https://doi.org/10.1007/BF01645859
https://doi.org/10.1007/BF01645859
https://doi.org/10.1103/PhysRev.174.1559
https://doi.org/10.1103/PhysRev.174.1559
https://doi.org/10.1103/PhysRevLett.26.331
https://doi.org/10.1103/PhysRevLett.26.331
https://doi.org/10.1007/BF01877517
https://doi.org/10.1007/BF01877517
https://doi.org/10.1088/0004-637x/809/2/127
https://doi.org/10.1088/0004-637x/809/2/127
https://doi.org/10.1016/S0370-2693(00)00798-X
https://doi.org/10.1103/PhysRevD.81.123011
https://doi.org/10.1103/PhysRevD.81.123011
https://doi.org/10.1088/0264-9381/28/11/114003
https://doi.org/10.1088/0264-9381/28/11/114003
https://doi.org/10.1051/epjconf/201819101010
https://doi.org/10.3847/15384357/aaadbb
https://doi.org/10.3847/15384357/aaadbb
https://doi.org/10.3847/1538-4357/abded5
https://doi.org/10.3847/1538-4357/abded5
https://doi.org/10.3847/2041-8213/ac6756
https://doi.org/10.3847/2041-8213/ac6674
https://doi.org/10.1103/PhysRevD.103.024023
https://doi.org/10.1103/PhysRevD.103.024023
https://doi.org/10.1088/1475-7516/2021/04/051
https://doi.org/10.1088/1475-7516/2021/04/051
https://doi.org/10.1093/mnras/stac891
https://doi.org/10.1093/mnras/stac891
http://arxiv.org/abs/2111.01752
https://doi.org/10.3390/universe8030141
https://doi.org/10.3390/universe8030141
https://doi.org/10.1140/epjp/s13360-021-01119-2
https://doi.org/10.1140/epjp/s13360-021-01119-2
https://doi.org/10.1088/0004-637X/718/1/446
https://doi.org/10.1088/0004-637X/718/1/446
https://doi.org/10.1016/j.physletb.2017.10.058
https://doi.org/10.1016/j.physletb.2017.10.058
https://doi.org/10.1088/0264-9381/24/13/N01
https://doi.org/10.1051/0004-6361/202142465
https://doi.org/10.1051/0004-6361/202142465
https://doi.org/10.1126/science.aav8137
https://doi.org/10.1126/science.aav8137
https://doi.org/10.1088/0264-9381/33/11/113001
https://doi.org/10.1088/0264-9381/33/11/113001
https://doi.org/10.3847/2041-8213/ac76ca
https://doi.org/10.3847/2041-8213/ac76ca
https://doi.org/10.1086/300499
https://doi.org/10.1086/307221
https://doi.org/10.1017/CBO9780511750823.011
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1038/s42254-019-0137-0
https://doi.org/10.1038/s42254-019-0137-0
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1007/s10714-007-0551-y
https://doi.org/10.1142/S0219887807001928
https://doi.org/10.1007/s10714-014-1704-4
https://doi.org/10.1007/s10714-014-1704-4
https://doi.org/10.1093/mnras/sty2199
https://doi.org/10.1103/RevModPhys.89.025004
https://doi.org/10.1088/0264-9381/32/13/134001
https://doi.org/10.1088/1475-7516/2019/06/038
https://doi.org/10.1142/S0217732320501552
https://doi.org/10.1093/mnras/stz2300
https://doi.org/10.1103/PhysRevLett.125.141104
https://doi.org/10.1086/183144
https://doi.org/10.1038/nature01997
https://doi.org/10.1038/nature01997

	Constraining spacetime metrics within and outside general relativity through the Galactic Center black hole (SgrA*) shadow
	Abstract 
	1 Introduction
	2 The shadow of Sgr A*
	3 Constraints on parameters of spacetime metrics
	3.1 Schwarzschild de-Sitter metric
	3.2 Reissner–Nordstrom metric
	3.3 Kerr metric
	3.4 Kerr de-Sitter metric
	3.5 Scalaron metric of f(R) gravity
	3.6 Extended parameterized post-Newtonian (EPPN) metric

	4 Results and discussion
	5 Conclusion
	References




