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Hunting extra dimensions in the shadow of Sgr A*
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We show that the observed angular diameter of the shadow of the ultracompact object Sgr A*, favors the
existence of an extra spatial dimension. This holds irrespective of the nature of the ultracompact object, i.e.,
whether it is a wormhole or a black hole mimicker, but with the common feature that both of them have an
extra dimensional origin. This result holds true for the mass and the distance measurements of Sgr A* using
both Keck and the Gravity collaborations and whether we use the observed image or, the observed shadow
diameter. In particular, the central value of the observed shadow or the observed image diameter predicts

nonzero hairs inherited from the extra dimensions.
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I. INTRODUCTION

Knowledge about the nature of the gravitational inter-
action in the near-horizon regime is expected to lead toward
a better understanding of gravity and the nature of ultra-
compact objects at a fundamental level. We hope to achieve
this, by using the following two observations: (a) the
detection of gravitational waves from the merger of binary
compact objects [1,2] and (b) imaging the shadow of the
supermassive compact objects at the center of the neigh-
boring galaxies, e.g., the M87 and the Milky Way [3-5].
Predictions from the black hole spacetimes in general
relativity, match well with the observations related to the
gravitational waves and the shadow [6,7]. However there
are a few theoretical and observational reasons, which
compel one to look for theories beyond general relativity,
these include: (i) prediction of singularity in black hole and
cosmological spacetimes [8—10], (ii) existence of exotic
matter fields to explain the galactic rotation curves as
well as the late time acceleration of the universe [11-14],
(iii) smooth extension of the classical metric beyond the
Cauchy horizon, resulting into loss of predictability [15-17],
and finally, the appearance of inevitable divergences in the
quantum description of general relativity [18,19]. In this
context, it seems legitimate to explore various alternatives to
general relativity, and in particular the black hole paradigm
and to test them against both gravitational wave and shadow
measurements.

Implications of the gravitational wave measurements for
various alternative theories of gravity, as well as for the
nonblack hole, ultracompact objects in general relativity
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have been discussed in detail in recent literatures [20-23].
Similar extensive discussions also exist for the shadow
measurements from M87%, the supermassive ultracompact
object at the center of the M87 galaxy. In particular, the
results from our previous work [24], pointed toward a very
interesting possibility—the existence of a spatial extra
dimension seems to be more consistent with the observed
shadow of M87*—at least within the errors mentioned by
the Event Horizon collaboration [3]. As a natural extension
we further explore whether the recently observed shadow of
the supermassive ultracompact object Sgr A* also favors
the possibly of an extra spatial dimensions. In this context,
we would like to emphasize that for the existence of a
shadow, the object need not be a black hole or, an ultra
compact object, it can also be an wormhole, which is also
natural in the presence of extra spacetime dimension' and
must be considered in an equal footing. Thus in this work,
we will not only explore the signatures of extra dimensions
through the shadow of ultracompact objects, but also
through possible wormhole solutions. Of course, despite
the nature of the underlying object, the key motivation is to
probe any possible signatures of extra dimension in the
shadow of Sgr A*.

The role and possibility of existence of extra spatial
dimension has earlier been explored in the context of
electromagentism-gravity unification, naturalness problem
in standard model of particle physics, as well as in certain
models of quantum gravity, which are consistent only in the
presence of extra spatial dimension [25-27]. Our explora-
tion of extra dimensions in this work, using observable
imprints of the same on the strong field tests for

' Again, these wormhole solutions originate from the existence
of an extra spatial dimensions, but most intriguingly without the
need for any exotic matter.
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gravitational interaction will have implications on a much
broader scale. The particular model we will consider in our
work, namely the braneworld model, imprints the higher
dimensional contributions in the four dimensional gravi-
tational field equations by the higher dimensional Weyl
tensor [28-33]. As a consequence, the four dimensional
spacetime inherits a tidal charge term, which unlike the
Reissner-Nordstrom solution in general relativity, can
appear with an opposite signature [29,30,34,35]. Besides
other constraints on this tidal charge term from various
different observational avenues [20-23,36—40], our work
involving black hole shadow [24] has demonstrated that
having a tidal charge is more preferred than having none. In
this work we will assess, whether this potentially interest-
ing result also holds true in the context of the recent
observational data from the shadow measurement of Sgr
A*. For completeness, we will also explore the nature of the
object, sourcing the gravitational interaction, but hidden
beneath the shadow.

The organization of the paper is as follows: In Sec. II we
will summarize the spacetime geometry outside the ultra-
compact object on the brane and its nontrivial contribution
to the black hole shadow. Then in Sec. III, we present the
spacetime geometry of a braneworld wormhole, and shall
study the associated shadow structure. Finally, in Sec. IV
we will compare the various theoretical observables of the
shadow with the corresponding results from the observation
of the shadow of Sgr A*, in order to assert the consistency
of the higher dimensions with the observations. We then
conclude in Sec. V.

II. ULTRACOMPACT OBJECT ON THE
BRANE AND ITS SHADOW

In this section, we will present the vacuum spacetime
geometry outside the ultracompact object on the four
dimensional spacetime, inheriting properties from the extra
spatial dimensions. In particular, this four dimensional
spacetime is an exact solution of the effective gravitational
field equation on the brane (short form for the four-
dimensional spacetime we live in), which can be obtained
by projecting the bulk (short form for the higher dimen-
sional spacetime) Einstein’s equations on the brane. The
projection involves use of the Gauss-Codazzi equation and
its variant, such that we obtain the four dimensional
Einstein tensor, projected from the five dimensional one.
Such a projection also brings along with it the extrinsic
curvatures on the brane hypersurface, with the brane being
embedded in a bulk spacetime with a negative cosmological
constant. The brane, on the other hand, is free from this
cosmological constant, as the tensions on the brane cancels
the negative cosmological constant through junction con-
ditions, thereby fixing the extrinsic curvature terms.
Finally, the effective field equations on the vacuum brane
takes the form [28-30,41],

9G,, +E,, = 0. (1)

The right-hand side of the above equation vanishes, since
we are interested in the case of vacuum brane. Here, as

evident, (WG, is the Einstein tensor constructed out of the

nv
brane geometry alone and E,, = Wpappel nte2nB, repre-

sents the nonlocal effects of the bulk through the bulk Weyl
tensor W pcp and its appropriate projections through the
projectors ¢4 and the normalized normals to the brane n¢
[28,29,42,43]. The above equation can be solved exactly,
by noting that the tensor E,, is traceless and divergence-
free, hence behaves very much like the Maxwell stress-
tensor, such that we obtain the spacetime geometry as,

U — (A - azzsin29> g 2asin29(r22+ a’—A) drdo
p p
e
+ Kdr2 +p?d6?
203 29 2 2 _ A
+ {rz +a+ 20 (r 2+a )}sin29d¢2, (2)
p

where, p>=r>+a*cos’@ and A=r>—2Mr+a®>+
M?q [44], whose largest zero is located at r, = M+

VM? —a?> — M?*q. Here M corresponds to the mass and

J = aM is the angular momentum of the central compact
object, with ¢ being the dimensionless tidal charge para-
meter inherited from the higher dimensions. Note that, the
charge parameter g can assume both positive and negative
values and thus provides a true signature of the additional
spatial dimensions [35,44,45]. Moreover, the negative
values of ¢ actually supports the rotation parameter to
be larger than unity, since the existence of a r, demands,
(a/M)* <1+ |q| > 1, which is another tantalizing signa-
ture for the rotating braneworld black hole.

Even though the above spacetime very much looks like
that of a black hole with a horizon located at r , the largest
root of the algebraic equation A = 0, but as we have argued
in [46,47], it is better to consider this object as an ultra-
compact object without any exotic matter. The reason being
twofold, first of all the horizon at r, is not an event horizon,
rather an apparent horizon, since the above spacetime
cannot be extended fully to the global five dimensional
spacetime [48] and for an apparent horizon there can be
propagation out of the horizon as well. Secondly, these
solutions are often affected by putative quantum effects
near the apparent horizon r . This is because, the five
dimensional bulk within which the brane is embedded is
anti-de Sitter (AdS) in nature, owing to the existence of a
negative bulk cosmological constant. Thus, assuming the
AdS/CFT correspondence to be correct, it follows that
there will be a quantum conformal field theory (CFT) on
the brane. Hence the effective field equations, as in (1),
should have a nonzero right hand side, depending on the
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expectation values of the CFT stress tensor, resulting into
quantum corrections to the horizon. As a consequence of
these, the horizon of the solution on the brane is not a one-
way membrane. Thus we will interpret this solution as an
ultracompact object with radius close to that of  and with
a reflectivity, both being determined by possible quantum
effects near the horizon.

The details regarding the black hole shadow associated
with the above spacetime can be found in [24], here we
simply quote some of the results for completeness. The
starting point of the computation regarding black hole
shadow starts from the geodesic equations of a photon,
which are separable in the above spacetime, due to the
presence of a Killing tensor. From the three constants of
motion, the energy E, angular momentum L and the Carter
constant K [49], one may introduce two impact parameters
é=(L/E) and n = (K/E?), these denote the distance of
the photon from the axis of rotation and the equatorial
plane, respectively. Finally, the construction of the shadow
in the observer’s sky, with the observer located at a large
distance ry from the ultracompact object, with an inclina-
tion angle 6, from the rotation axis, requires defining two
celestial coordinates @ and S, such that [50-52],

d
a= lim (—rg sin 6 d—¢) = —&cosecty; 3)
r

Fp—00

deo
f = lim (r% E) = :I:\/n + a®cos? Oy — E2 cot?* 0. (4)

From which one obtains the contour of the shadow in
the observer’s sky, dependent on the inclination angle 6.
The shape and size of the shadow depends primarily on
the geometry of the background spacetime and in this
case on the tidal charge parameter g. In particular, as Fig. 1
demonstrates, the presence of a negative tidal charge
parameter enhances the size of the shadow and that of a
positive tidal charge parameter decreases the size of the
shadow, when compared to general relativity. To illustrate
the dependence of the black hole shadow on the black hole
hairs, we present in Fig. 1 the variation of the shadow with
tidal charge ¢ and the inclination angle 6,. We will use
these features to compute the observables which in turn will
be compared with the observed shadow of Sgr A*.

III. WORMHOLE ON THE
BRANE AND ITS SHADOW

In an identical setup, one can arrive at another class of
compact object on the brane, namely the wormhole. Even
though wormholes, connecting two different universes,
generically require an exotic matter field at the throat in
order for it to be traversable [53-57], that is not the case in
the braneworld scenario [58—61]. In particular, the con-
tribution from the extra spatial dimension actually behaves
as an exotic matter field, so that the traversable nature of the

.

of

. N T
a
(a) The shadow for the ultra-compact object on
the brane has been presented with (a/M) = 0.7
and with an inclination angle 30°, for various
choices of the tidal charge parameter q.

W,

(b) The above figure demonstrates the shadow
for both positive and negative values of the tidal
charge parameter for an ultra-compact object in

the braneworld, with (a/M) = 0.7 and
inclination angle 75°.

FIG. 1. Shadow structures for an ultracompact object on the
brane have been plotted in the plane of celestial coordinates (a, f3)
for various choices of the black hole hairs and inclination angle.

wormhole spacetime is preserved, even when matter field
on the brane satisfies all the energy conditions. In this case,
rather than solving for the bulk spacetime, an expression for
E,, can be obtained by expanding the same in the ratio of
the (bulk/brane) curvature length scale. Such an expansion
in a two brane system, located at y = 0 (Planck brane) and
at y = [ (visible brane), respectively, yields the following
effective gravitational field equation on the visible
brane [58],

,2.2 Vis ’_<2(1+q)) 1 a
G, = ETW‘ + TT,E’L + o (V,V,®-g,VV,0)
3 1
- (V,eV,&-—g, VIOV ® ).
ot (e Teve). (9

Here, g,, is the metric on the visible brane and the
covariant differentiation is defined with respect to the same
metric. Moreover, & is the five dimensional gravitational
coupling constant, T} and T}, are the stress-energy tensors

on the Planck brane and the visible brane, respectively. The
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scalar field ® is known as the radion field and it measures
the interbrane separation and satisfies the following evo-
lution equation [58],

2TV + TV 1 do
Vv, o = — - — (Ve@)(V, @), (6
* [ 20+3 2a)—|—3d(I)( JVe®). - (6)

with TV, T being the traces of energy momentum tensors
on the Planck and the visible branes, respectively. The
coupling function w(®), appearing in the above field
equation resembles the above set of equations to be that
of Brans-Dicke gravity, and can be written in terms of @ as,

30

(D) = —m.

(7)

Therefore, even though both T};* and T}, can satisfy energy
conditions, violation of the same for the part arising from
the radion field @ can lead to an overall violation of the
energy conditions. This is what will lead to the wormhole
without exotic matter.

The field equations, presented in (5) can be solved by
assuming, Th, = 0 and choosing T}y to represent aniso-
tropic perfect fluid, such that the trace T'* vanishes
identically. This leads to the metric of the braneworld
wormhole as,

2M\? 2M\ -1
dSZ:—(K%—M/l——) dt2—|—<1——> dr* +r*dQ3.
r r

(8)

It is clear that there are no curvature singularities in this line
element and also the null surface at r = 2M (where, g
vanishes) does not coincide with the infinite redshift
surface (as gy, does not vanish at r = 2M), as long as
the parameters x and A are both positive (negative) and
nonzero, with || > |4|. Therefore, r =2M is not the
Killing horizon, rather represents the location of the
wormhole throat. The radion field, on the other hand,
has the following solution,
N Cl 2q r / + M

1+q)(r)_M/11n{2r’+M]+C4’ ©)
where, ' denotes the isotropic coordinate, related to the
spherically symmetric coordinate r, through the relation,
r=7r[1+ (M/2r)* and g = [(k + 1)/ (k — 2)]. Note that
for k =0 and A =1, the scalar field becomes a simple
constant and the spacetime metric reduces to that of the
Schwarzschild spacetime. Thus the presence of « is
essential for the wormhole nature of the spacetime, having
its origin in the higher dimensional physics, namely the
radion field. In this work, we will look for possible

signatures of nonzero values of x in the shadow measure-
ments of the Sgr A*.

It is to be emphasized that the wormhole solution
considered here has not been explored earlier in the context
of wormhole physics. In particular, this differs considerably
from the wormhole solutions considered in [62] and also
from those in [7]. For example, in [62], the Damour-
Solodukhin wormhole solution is considered, which is very
different from the solution considered here, in their origin
and also the basic physical properties, see [57]. The same
being true for the wormhole model considered in [7] as
well. Thus, here we present the first attempt to describe the
shadow of Sgr A* using the braneworld wormhole con-
sidered here.

In the case of braneworld wormhole, the photon trajec-
tories can be derived using identical procedures and there
will be conserved energy E as well as angular momentum
L. Since the geometry is static and spherically symmetric,
the Carter constant can be set to zero and hence, from (3)
and (4), it follows that, a®> + > = (L/E)?, i.e., the shadow
in the Celestial coordinates will be a circle. However, the
values of L and E depends on the details of the background
geometry through the photon sphere and hence in this case
depends on the ratio p = (x/A). Following which, we have
plotted the shadow for various choices of the parameter p.
As evident from Fig. 2, as p increases, the shadow radius
decreases. This can be compared to the case of the
ultracompact object on the brane, considered in the
previous section, for which as the parameter ¢ becomes
more and more positive, the shadow radius decreases. Thus
larger values of p for a braneworld wormhole is in direct
correspondence with positive tidal charge parameter g for
the ultracompact object on the brane, as long as the shadow
structure of these black hole alternatives are considered.
This completes the theoretical study of the wormhole
shadow, following which we now consider implications
of the same from the observation of Sgr A*.

2 - =0
- p=0.1
@ 0
—  p=03
27 1 —  p=05
4L i

-4 )

Qo

FIG. 2. Shadow structure for the braneworld wormhole has
been plotted in the plane of the celestial coordinates (a, ) for
various choices of the ratio p = (x/A). The wormhole spacetime
being static and spherically symmetric, the shadow is circular,
irrespective of the choice of the inclination angle.
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IV. OBSERVABLES AND IMPLICATIONS
FROM THE SHADOW OF Sgr A*

With all the theoretical tools at hand, in this section, we
compare the theoretically derived properties of the shadow
in the higher dimensional scenario, with the observed
image of the Sgr A*. This enables us in establishing
possible constraints on the nature and properties of the
extra dimension, in particular, whether one can assess if the
presence of such an extra dimension is even consistent. For
this purpose, we use the observables defined in [24] and
reexpressed below for clarity. First of all, we have the
angular diameter ® of the shadow, which is the primary
observable, with the definition,

0= G—é” (%), (10)

C
where, M is the mass of the object, D is the distance of Sgr
A* from Earth and A corresponds to the maximum length
of the shadow along the /3 direction in the («, ) plane, in a
direction orthogonal to a. As evident, through Ap, the
angular diameter depends on (M, a, g), in the case of the
ultra compact object on the brane, and on (M, p = «/A) for
the wormhole on the brane. Alike the angular diameter, we
can define another observable, namely, the axis ratio, which
is given by,

_A

AA = .
Aa

(11)
where, alike Af, Aa corresponds to the maximum sepa-
ration between two points on the shadow boundary along
the a direction on the (a, ) plane, in a direction orthogonal
to f. Finally, for the rotating case, one can define the
deviation of the shadow from its distinct circular appear-
ance for static and spherically symmetric spacetime as
another observable, taking the form [63],

1
R,

AC =

1 27 5
¢EA A(F@P) ~Rugl (12

where, the average radius R,,, is defined as,

Vg

Rug =[5 [ a629) (13)

T Jo

and Z(¢)* = {a(¢) — a;}*> + f*(¢) being the distance
between the geometrical center (@;, ;) of the shadow
and any point (a, /) on the shadow surface. The geometrical
center is simply obtained by averaging a and f over the
area. Since both the observables presented in (11) and (12)
depends on details of the shadow structure, they inevitably
depend on the hairs of the metric and hence on the extra
dimension. For the rotating ultracompact object on the

brane all of these observables are nontrivial, however, for
the wormhole configuration on the brane we have, AA =1
and AC = 0, respectively. Thus presence of a nonzero AC,
as well as nonzero values of (AA — 1) would signal the
existence of a rotating central object. However, for Sgr A*,
there are several estimates of the rotation parameter from
various different avenues and they predict (a/M) values as
large as 0.95 to very small, or, zero rotation. For example,
the motion of S2 stars near the Sgr A*, determines the spin
of Sgr A* to be a < 0.1 [64], while the study of its radio
spectrum [65-67] yields a ~0.9 [66] and a ~ 0.5 [67].
Further, investigation of the x-ray light curve of Sgr A*
reveals that the object has a = 0.9959 £ 0.0005 [68]. Thus
in accordance with the numerical simulations [5,7] and the
previous spin estimates by other methods, we therefore use
la| =0, |a| = 0.5 and |a| = 0.94, throughout this discus-
sion. Moreover, the Event Horizon Telescope collaboration
also provides no data for the observables AA and AC for
the shadow of Sgr A* and hence the zero rotation case must
also be studied.

A. Implication from the observation
of the shadow of Sgr A*

Having detailed the observables, let us delve into the
implications arising out of the results of the shadow
measurements of Sgr A*. To start with, we note from (10)
that in order to obtain the theoretical angular diameter
of the shadow, one needs to provide the mass M and the
distance D of the Sgr A* from the Earth. According to the
recent results of the Event Horizon Telescope collaboration
[5,7,69-72], the emission ring of Sgr A* has an angular
diameter of 51.8 £2.3 pas [69], however, the angular
diameter of the shadow itself turns out to be 48.7 &
7 pas [69]. In order to be conservative, we consider both
the angular diameters and try to see the consistency of these
results with the presence of extra spatial dimension. The
mass and the distance of the source, on the other hand,
have been estimated by several groups. According to the
results of the Gravity collaboration, the mass and the
distance of Sgr A* are M=(4.261+0.012)x10°M and
D = 8246.7 £ 9.3 pc, respectively [73,74]. When system-
atics due to optical aberrations are taken into account,
the revised mass and distance turn out to be 4.297+0.012+
0.040x10°M, and 8277 4 9 & 33 pc, respectively.
The Keck collaboration, on the other hand, reports
M = (3.975 +0.058 + 0.026) x 10° M and D = 7959+
59 + 32 pc which are derived from fits that do not fix the
redshift parameter at all [75]. Fixing, the redshift parameter
to unity, the mass and the distance, as measured by the
Keck team turn out to be, M = (3.951 £ 0.047) x 10° M,
and D = 7935 £ 50 pc, respectively [75]. The only other
information required for the Sgr A* is its inclination angle,
and from models derived using extensive numerical sim-
ulation, reveals that the inclination angle of the source is
constrained by i < 50° [69].
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(a) The above figure shows the variation of
the angular diameter in the ¢ — a plane
assuming M = 4.261 x 106Mg and
D = 8.2467 kpc.

LOF P~
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a

(¢) The dependence of the angular
diameter on g and a is shown in the figure
above. Here we assume
M = 3.975 x 10 Mg and D = 7.959 kpc to
derive the angular diameter.

FIG. 3.

215 -1.0 -05 00 05 1.0 15
a

(b) The above figure depicts the variation
of the angular diameter in the ¢ — a plane
assuming M = 4.297 x 106Mg and
D = 8.277 kpc.

1.0F

215 -1.0 05 00 05 10 L5
a

(d) The dependence of the angular

diameter on g and a is shown in the figure

above. Here the mass and distance are
taken to be M = 3.951 x 106 M and
D = 7.935 kpc respectively.

The above figure illustrates the variation of the angular diameter with ¢ and a, with the inclination angle being i = 134°,

while masses and distances are taken to be those reported by the Gravity collaboration [Figs. 3(a) and 3(b)] and the Keck team [Figs. 3(c)
and 3(d)]. This is compared with the observed image diameter and the shadow diameter, whose central values are respectively denoted
by the blue and green solid lines while the 1-6 contours are denoted by the blue and green dashed lines. Note that for negative values of

the tidal charge parameter ¢, the rotation parameter can achieve the maximum value 1 + |g

reflected in the plots as well.

In what follows, we present the theoretical computation
of the angular diameter of the shadow of Sgr A* using all of
the above combinations of mass and distance in this work,
while following [76], we use the inclination angle of the
source to be 134° (or equivalently 46°). The result of such a
theoretical analysis, along with the observational data for
the angular diameter of the shadow of Sgr A* has been
presented in Figs. 3 and 4, for the ultracompact object on
the brane and the wormhole on the brane, respectively. We
first summarize our findings for the rotating compact object
on the brane, through the constraints on the tidal charge ¢,
from the comparison between the theoretical and the
observed angular diameter of the shadow of Sgr A*, below:

084051-6

, which is greater than unity. The same is

(i) From Figs. 3(a) and 3(b), where the theoretical
angular diameter is obtained by using the mass
and the distance reported by the Gravity collabora-
tion [73,74]. It is clear that the central value of the
observed image diameter (51.8 pas, denoted by the
blue solid line) as well as the observed shadow
diameter (48.7 pas, denoted by Green solid line) can
be best explained by nonzero value of the tidal
charge, favoring the higher dimensional scenario.
(1) For Fig. 3(a), from the observed image diameter,

we observe that, this corresponds to g ~ 0.1 (for
|a| = 0.5 denoted by red dashed arrow), g ~0
(for |a| = 0.94, denoted by black dashed arrow)
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and g ~ 0.2 (for |a| = 0). Thus nonzero values
of ¢, and hence presence of extra dimension is
favored by the observed image diameter. On the
other hand, for observed shadow diameter, in
Fig. 3(a), the g values correspond to g ~ 0.4 (for
la] =0.5), ¢ ~0.3 (for |a] = 0.94) and ¢ ~0.5
(for |a| = 0). The results mentioned above are
for the central estimations of the mass and the
distance of the Sgr A*. If we consider the
uncertainties associated with these measure-
ments as well, then the value of the tidal charge
parameter will shift by an amount Ag ~ 0.05,
well within the 1-¢ confidence contours.

(2) While for Fig. 3(b), the observed image diameter
is associated with ¢ ~0.1 (for |a| =0.5), g ~
—0.1 (for |a| =0.94) and g~0.2 (for |a| =0). We
further note that when 1-¢ interval is considered in
the image diameter (denoted by the blue dashed
lines), both positive and negative values of ¢ are
allowed. For the observed shadow diameter, these
correspond to g=~0.4 (for |a|=0.5), g ~ 0.2 (for
|a| = 0.94) and ¢ ~ 0.5 (for |a| = 0). However,
negative values of ¢ are included when 1-o
contours are considered, which are denoted by
the green dashed lines. Here also the inclusion of
the uncertainties in the mass and distance mea-
surements of the Sgr A*, yields the following
uncertainty in the value of the tidal charge,
Ag ~ 0.16, again within the 1-c contours.

(i) We next use the mass and the distance measurements
reported by the Keck team, in order to obtain the
theoretical angular diameter. Here also the central
value of the observed image diameter (51.8 pas,
denoted by the blue solid line) as well as the
observed shadow diameter (48.7 pas, denoted by
the green solid line) can be best explained by
nonzero and negative values of the tidal charge,
again favoring the higher dimensional scenario.
(1) In this case there is not much variation of the

central q values. In particular, from Figs. 3(c) and 3
(d) it is clear that the central value of the observed
image diameter (blue solid line) can be best
explained by g~—0.1 (corresponding to |a|=0.5
denoted by red dashed arrow), g ~ —0.2 (corre-
sponding to |a| = 0.94, denoted by black dashed
arrow) and g ~ —0.04 for a = 0. The 1-¢ interval
(denoted by the blue dashed lines) however
includes both positive and negative values of g
and also includes the uncertainty in the tidal charge
due to uncertainties in the mass and distance
measurements of the Sgr A*, as Ag ~ 0.34.

(2) Further, when we aim to reproduce the observed
shadow diameter, for which the central value of
48.7 pas (denoted by the green solid line) can be
best explained by ¢ ~0.25 (when |a| =0.5),
q~0.1 (when |a| ~0.94) and g ~0.3 for zero

rotation. Once again, if the 1-o interval is
considered (green dashed lines) both positive
and negative values of the tidal charge are
included, as well as the inclusion of the mass
and the distance uncertainties of the Sgr A*
(yielding (Ag/q) ~0.2).

The above discussion reveals that in order to explain the
observed shadow diameter, nonzero values of ¢ are favored,
for the observed image diameter, negative values of ¢ are
favored when mass and distance reported by the Keck team
is used, while the positive values of the tidal charge better
explains the observed image diameter with the mass and
distance reported by the Gravity collaboration. The same
holds true for the observed shadow diameter as well. Such a
scenario, involving nonzero tidal charge, can be accom-
modated only in the context of the braneworld, since in the
case of general relativity the tidal charge must vanish, as
astrophysical objects cannot have electric charge. Also the
unique provision of negative/positive tidal charge is real-
ized in the higher dimensional framework alone and leads
to an expansion/contraction of the angular diameter, which
in turn serves to explain the observed image/shadow
diameter better than the Kerr black hole scenario in general
relativity. Therefore, the observed shadow of Sgr A* seems
to exhibit a preference toward the braneworld scenario
compared to general relativity. Interestingly, the earlier
observation of the shadow of M87* also indicates toward a
similar conclusion [24].

So far we have discussed the possibility of Sgr A* being
an ultracompact object on the brane, which we found to be
consistent with the observed image, as well as the shadow
radius. Since, the spin of Sgr A* is not well measured and
it can as well be zero, we would also like to explore the
other possibility, where, Sgr A* corresponds to a wormhole
spacetime on the brane. In which case, the angular diameter
will depend on the wormhole parameter p = (x/4), through
Ap, the diameter of the shadow casted by the wormhole. In
this case as well, we use the masses and distances measured
by both the Keck team and the Gravity collaboration and
determine the angular diameter, which we have presented in
Fig. 4. The following results can be obtained by comparing
them with the observed angular diameter of the shadow:

(1) When the masses and distances, as estimated by the

Keck team, are used we obtain Figs. 4(a) and 4(b),
respectively. As evident from both these figures, the
central value of the shadow diameter can be best
explained by a nonzero values of the wormhole
parameter p (blue solid line). Similarly, the follow-
ing range of the wormhole parameter, 0 < p < 0.06
are allowed within 1-¢ confidence interval when the
image diameter is considered (green shaded region).
The same remains true even after the introduction of
the mass and distance uncertainties, yielding
Ap ~0.02.

(i1) In asimilar footing, in Figs. 4(c) and 4(d) we plot the

angular diameter of the shadow of the wormhole
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(a) The dependence of the angular diameter of the
shadow on the wormhole parameter p is shown in the
figure above. Here the mass and distance are taken
to be M = 3.951 x 106Mg and D = 7.935 kpc,
respectively, from the Keck collaboration. The
theoretical estimation is being compared with the
observational result from Sgr A*.
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(c) The above figure depicts the variation of the
angular diameter of the shadow with the wormhole
parameter p assuming M = 4.261 x 105 Mg and
D = 8.2467 kpc, from the Gravity collaboration.
Comparison with the observational result from
Sgr A* has also been presented.
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(b) The dependence of the angular diameter of the
shadow on the wormhole parameter p is shown in the
figure above. Here we assume M = 3.975 x 10 Mg,
and D = 7.959 kpc, from the Keck collaboration. A
comparison with the observational result from
Sgr A* has been presented.
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(d) The above figure depicts the variation of the
angular diameter with the wormhole parameter p
assuming M = 4.297 x 10Mg and D = 8.277 kpc,
from the Gravity collaboration. The theoretical
estimation of the shadow diameter can be compared
with the observational result from Sgr A*.

FIG. 4. The above figures demonstrate the variation of the angular diameter with the wormhole parameter for various choices of the
mass and the distance from the Keck and the Gravity collaboration. The red solid line corresponds to the central value of the observed
image diameter while the red dashed lines represent the 1-¢ values. This entire region is shaded with green color. The shadow diameter is
denoted by the blue lines where the solid line correspond to the central value while the dashed lines are associated with the 1-¢ limits. In
Figs. 4(a) and 4(b) the angular diameter is plotted assuming mass and distance reported by the Keck team while in Figs. 4(c) and 4(d) the
angular diameter is evaluated assuming the mass and distance reported by the Gravity collaboration.

using the masses and the distances measured by the
Gravity collaboration. From the two figures it is
clear that a nonzero value of the wormhole param-
eter p is required to reproduce the central value of
both the image and the shadow diameter (red and
blue solid line respectively). This holds true for the
1-c confidence interval as well. The introduction
of the mass and distance uncertainties, yields
Ap ~0.06, well within the 1-¢ confidence interval.
Thus we conclude that overall a nonzero values of the
wormhole parameter p, inherited from the extra spatial
dimension, explains the shadow of Sgr A*, better than the
Schwarzschild scenario in general relativity.

In this context, we should mention that we have
bypassed the criticisms of testing alternative gravity models
using the data from the event horizon telescope, as pointed
out in [77], by considering the shadow diameter, as well as
the image diameter. Of course, using any one of these
observables will result into a dependence of the results on
the details of the accretion physics. However, if both of
these observables show an identical behavior, i.e., they
prefer a nonzero value of ¢, then it must arise from the
fundamental physics and not from making wrong assump-
tions regarding the accretion model. As both of these
diameters are affected equally by any errors made to the
understanding of the Physics of accretion. Moreover, for
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robustness, we have also considered the results from both
the Keck and the Gravity collaborations, as well as the mass
and distance uncertainties associated thereof, even then the
signatures of nonzero g persisted. Therefore, such a generic
feature cannot be arising from some erroneous assumption
about the accretion model and hence the result must be
taken seriously.

We should also point that, in order to be absolutely
certain about the claim made in this work, we should have
performed a simulation involving magnetohydrodynamics
of the plasma accreting onto the black hole or, the worm-
hole on the brane (henceforth as BraneMHD). However,
such an analysis is not known in the braneworld scenario
and is indeed an interesting future direction of exploration.
In absence of such BraneMHD simulations, we have
exploited all possible avenues available to us, e.g., we
have not only considered the image diameter, but also
the shadow diameter as reported by the Event Horizon
Telescope collaboration. Besides, we have used the mass
measurements from both the Keck team and the Gravity
collaboration for Sgr A*. Most importantly, all of these
different data suggest existence of nonzero g or, nonzero
wormhole parameter. This is the most important claim of
this work, i.e., such a signature of higher dimensional
scenario seems to be generic in the shadow of Sgr A* and
MB&T7#, irrespective of the shadow or, image diameter and
also independent of the mass measurements. This gives us
hope that inclusion of BraneMHD in our analysis will
further vote in favor of extra dimensional models, which we
wish to come back to in future.

V. CONCLUDING REMARKS

In conclusion, we note that the braneworld scenario, fits
the observed shadow and the image diameter of the Sgr A*
better, in comparison to the corresponding situation in
general relativity. To arrive at this result, we have consid-
ered two possible scenarios in the context of extra spatial
dimension, namely the ultra compact rotating object on
the brane and a wormhole on the brane. The ultra compact
object inherits a tidal charge ¢ as the hair from extra
dimension, through the bulk Weyl tensor, and relates to the
size of the extra dimension. It turns out that, irrespective
of the mass and the distance measurements from Gravity
and Keck collaborations, the observed shadow and image
diameter of the Sgr A* always predicts a nonzero value of
the tidal charge parameter ¢ within the allowed range of
the angular diameter. In addition, as demonstrated above,
the central values of the observed image and the shadow
diameter explicitly provides g # 0O for both the Keck and
the Gravity measurements of the mass and the distance of
Sgr A*.

Since the dimensionless spin parameter of Sgr A* is not-
so-well measured, there is a possibility that it can be as low

as zero as well. This prompts us to study if the central
object of our galaxy, i.e., Sgr A* can be a wormhole. Even
though wormholes, in general, require exotic matter to
remain stable, in the presence of extra dimension such is
not the case. Therefore, the wormhole solution considered
here does not require exotic matter on the brane. To our
surprise, it turns out that the observed shadow diameter
predicts a nonzero value of p (zero value would denote the
Schwarzschild black hole), for the mass and the distance
measurements from both the Keck and the Gravity obser-
vations. In particular, nonzero values of p are also con-
sistent with the 1-o confidence interval of the observed
image diameter as well.

Both of these results for Sgr A*, when coupled with the
result of M87* [24], places the braneworld scenario to a
more favorable position than general relativity. As dem-
onstrated above, the observed shadow and the image
diameter always predicts a nonzero value of the hair
inherited from the extra spatial dimension, and holds true
for the mass and the distance measurements of Sgr A* from
both the Keck and the Gravity collaborations. Though
not conclusive, the above analysis provides a tantalizing
avenue to search for extra spatial dimensions. Hopefully
with more shadow observations pouring in, a joint analysis
will reduce the error and provide a more conclusive hint
toward extra spatial dimension. This result is also consis-
tent with the outcome from other independent astrophysical
observations. For example, most models explaining the
observed quasiperiodic oscillations in black holes, show a
preference toward a small but nontrivial negative tidal
charge [78] and similar conclusions can be obtained from
optical observations of a sample of eighty Palomar Green
quasars [37,38] as well. It is intriguing that different
observations with completely different samples of black
holes, indicate toward a consistent result—extra spatial
dimensions exist. It is worth exploring other avenues, like
gravitational waves and also wait for more observations
associated with black hole shadow to appear in the near
future, in order to have a conclusive evidence on extra
spatial dimensions.
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