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Abstract We examine a static spherically symmetric black
hole metric that originates from the vacuum solution of the
traceless metric-affine bumblebee model in which sponta-
neous Lorentz symmetry-breaking occurs when the bum-
blebee fields acquire a non-vanishing vacuum expectation
value. A free Lorentz-violating parameter enters into the
basic formulation of the metric-affine bumblebee model. In
this study, we use observations from the Event Horizon Tele-
scope (EHT) collaboration on M87* and SgrA* to anal-
yse the shadow of the black hole and an attempt has been
made to constrain that free Lorentz-violating parameter. We
also investigate particle motion over time-like geodesics and
compute the corresponding epicyclic frequencies. We fur-
ther constrain the Lorentz-violating parameter by using the
reported high-frequency quasi-periodic oscillations (QPOs)
of microquasars, offering new insights into its possible
impact on astrophysical phenomena.

1 Introduction

In theoretical physics, the quest for a unified understanding
of fundamental forces often lead to the introduction of free
parameters that allow for flexibility in model formulation.
Among these, the Lorentz symmetry-violating parameters
are particularly significant. Lorentz symmetry, a cornerstone
of both special relativity and the Standard Model of particle
physics dictates that the laws of physics remain invariant
under transformations such as rotations and boosts. However,
theories that explore physics beyond the Standard Model,
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such as quantum gravity models and extensions of general
relativity, often introduce parameters that could violate this
symmetry [1-4].

Contracting these free parameters is crucial for several
reasons. First, it helps in constraining the parameter space
by aligning theoretical predictions with experimental obser-
vations. For instance, the Lorentz violation parameter can
impact a range of physical phenomena, from the behavior
of particles in high-energy collisions to the propagation of
light in astrophysical contexts [5]. Second, understanding the
bounds of such parameters aids in testing the robustness of
theoretical frameworks against experimental data. By setting
limits on the degree of Lorentz violation, we ensure that new
theories remain consistent with well-established principles
and empirical evidence.

In practical terms, contracting Lorentz symmetry-violating
parameters are essential for refining theoretical models and
guiding experimental searches. This process helps to validate
or refute proposed theories while offering insights into the
fundamental structure of spacetime, potentially signaling the
need for new physics beyond the Standard Model [1-4].

In the context of black hole physics, investigating Lorentz
violation becomes particularly compelling. Black holes pro-
vide a unique testing ground for probing fundamental physics
in extreme gravitational environments. The introduction of
Lorentz-violating parameters can lead to observable devia-
tions in phenomena such as black hole shadows [6-9], Hawk-
ing radiation [10, 11], and quasinormal modes (QNMs) [12—
17] These deviations are critical as they help to constrain
the magnitude of Lorentz violation by comparing theoreti-
cal predictions with astrophysical observations, such as the
imaging of black hole shadows by EHT [6-9] or the analysis
of gravitational waves from the black hole mergers [18].
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Black holes, arising as solutions to Einstein’s equations,
have long been at the center of understanding the nature of
spacetime and the limits of physical laws. With the discov-
ery of phenomena such as gravitational lensing [ 19-21] black
hole shadows [6-9], Hawking radiation [10,11], and quasi-
normal modes (QNMs) [12-17], the study of black holes
has advanced significantly. Recent discoveries, including the
first-ever image of a black hole shadow captured by the Event
Horizon Telescope collaboration [6-9] and the detection of
gravitational waves by [18], have provided new avenues for
investigating black hole properties.

Symmetry plays a fundamental role in theoretical physics,
with Lorentz symmetry lying at the foundation of both the
Standard Model and general relativity (GR). However, it may
break at higher energy scales, as suggested by cosmic ray evi-
dence [1-3] and unified gauge theories [5]. Signals of Lorentz
violation at lower energies offers experimental opportuni-
ties [5]. Theories like loop quantum gravity and the Stan-
dard Model Extension (SME) [1-3]. accommodate Lorentz
symmetry breaking. In particular, Einstein-bumblebee grav-
ity [4] introduces spontaneous Lorentz symmetry breaking
via a bumblebee vector field. Black hole solutions in bum-
blebee gravity [22] have led to insights into phenomena such
as Hawking radiation [23] and traversable wormholes [24].
Within the recent few years, several studies have been made
to study the effect of Lorentz violation of different phys-
ical systems and contracting the Lorentz violation param-
eter from different compatible observations [25-32]. bum-
blebee gravity introduces modifications to spacetime that
manifest in various astrophysical observables, such as grav-
itational lensing, black hole shadows, Hawking radiation,
QNDMs, and quasi-periodic oscillations (QPOs) [33-50]. The
metric-affine bumblebee gravity framework, which treats the
metric and affine connections independently has provided
new insights [51,52]. It is also, an important model to study
the effect of Lorentz violation. Recent studies [53-58] have
addressed Lorentz symmetry-breaking (LSB) research sig-
nificantly, offering new solutions and exploring the effect of
the LSB on light deflection and perihelion advance of Mer-
cury. In [59] effects of Lorentz violation on quadrinomial
modes have been studied and an attempt has been made to
constrain Lorentz violation parameter from the observation
of M87* supermassive black hole.

Hawking radiation, a quantum mechanical effect expected
from black holes, depends crucially on the structure of space-
time near the event horizon. The Lorentz-violating parameter
modifies the horizon geometry, altering the radiation spec-
trum and Hawking temperature. Bumblebee gravity, in par-
ticular, leads to deviations from the thermal radiation pro-
file predicted by GR. These deviations may be detectable in
future observations of black hole thermodynamics, offering
a novel way to test and constrain Lorentz-violating effects
[23].
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QNMs [12-17,60-63] describe the response to the char-
acteristic ringdown frequencies of black holes to perturba-
tions. Since these oscillations are closely tied to the curva-
ture and geometry of the surrounding spacetime, the bum-
blebee parameter introduces shifts in both the real and imag-
inary parts of the QNM spectrum [15-17,60,61,63]. These
modifications are highly sensitive to the background metric
and offer a direct means of testing deviations from classical
GR. Gravitational wave observations from LIGO scientific,
VRIGO collaboration provide a promising ground for explor-
ing Lorentz violation in strong-field regimes.

One of the most direct effects of Lorentz violation in
bumblebee gravity can be observed through the deflection of
light around compact objects, influencing gravitational lens-
ing [19-21] and black hole shadows [6-9]. Modifications
to the spacetime geometry caused by the Lorentz-violating
parameters distort photon trajectories, potentially leading to
observable deviations in the size and shape of the black hole’s
shadow. These distortions are especially relevant in light
of precise observations from the Event Horizon Telescope,
which captured the shadows of supermassive black holes like
M87* and Sgr A* [6-9]. Comparing these observations with
bumblebee gravity predictions allow for potential constraints
on the Lorentz violation parameter.

Finally, a promising observational window for constrain-
ing the bumblebee parameter lies in the study of [33,34,36—
46], which are oscillatory features in the X-ray power spectra
of black holes and neutron star systems. These oscillations
are tied to the motion of matter in the accretion disk and are
influenced by the underlying spacetime geometry. In bumble-
bee gravity, QPO frequencies are modified due to the altered
metric structure introduced by the Lorentz-violating vector
field. By comparing observed QPO frequencies with theoret-
ical predictions in the context of bumblebee gravity, stringent
constraints on the Lorentz-violating parameter can be estab-
lished [33,34,36-46].

The effects of Lorentz violation in bumblebee gravity
extend beyond classical tests of general relativity, poten-
tially reflecting deeper quantum gravitational phenomena.
This interplay between observable astrophysical phenom-
ena and the underlying quantum structure of spacetime pro-
vides a promising avenue for constraining the bumblebee
parameter. Observational data from black hole shadows,
QNMs, and QPOs enhance our ability to probe Lorentz
symmetry-breaking effects and test quantum gravity theo-
ries [53-57,59].

Thus, the Lorentz violation parameter in metric-affine
bumblebee gravity is expected to induce modifications across
arange of black hole and strong-field phenomena, including
gravitational lensing [19-21], shadows [6-9], thermodynam-
ics [10,11,23], QNMs [12-17,60-63] and QPOs [33,34,36—
46]. Among these, QPOs stand out as a particularly effective
tool for constraining the bumblebee parameter associated
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with metric-affine bumblebee gravity due to their sensitiv-
ity to spacetime structure. This interdisciplinary approach,
combining astrophysical observations with theoretical pre-
dictions, provides a robust framework for testing Lorentz-
violating theories and their implications for quantum gravity.

The rest of the paper is organized as follows. In Sect. 2 we
have given a brief description of the metric-affine traceless
bumblebee mode. Section 3 is devoted to the estimation of
Lorentz violating parameter, which has been carried out using
observable from shadow M87* supermassive black hole. In
Sect. 4 contains two subsections. In Sect. 4.1 we describe
the motion of the particle in a time-like geodesics and com-
pute the epicyclic frequencies analytically. Section 4.2 an
attempt has been made to constrain the Lorentz violating
parameter by utilizing the observational results of QPOs for
microquasars.

2 Description of the metric-affine traceless bumblebee
mode

The metric-affine (Palatini) formalism is a prevalent frame-
work in the study of modified gravity theories. Unlike the
traditional metric approach, this formalism treats the metric
and the affine connection as independent dynamical vari-
ables, allowing for greater generality in exploring the struc-
ture of spacetime. In their work [56], the authors investigate
the traceless metric-affine bumblebee model, which incorpo-
rates spontaneous Lorentz symmetry breaking. They derive
a static, spherically symmetric vacuum solution under this
framework. The action for this model is presented in [56].

Sp = /d“x«/—g [LZ (R(")
2K
Tt (BMB“ _ }lzszg’“) Rmm) BB,
VBB, + bz)} + / 3= Lomat Gy ), (1)

where B, is the bumblebee field, g"” is traceless metric, and
V(B*B, £ b?) is the potential that spontaneously breaks
the Lorentz symmetry when b*> = b, b* is a real positive
constant. The potential is assumed to have a minimum at
V' (b ™) = 0 and B*B,, £ b* = 0 ensuring the break-
ing of U (1) symmetry. In this scenario, the bumblebee field
acquires a nonzero vacuum expectation value (B,) = b,
Additionally, it is assumed that the potential reaches zero
at its minimum. The same algebraic manipulation and the
assumptions mentioned above served the foundation to derive
a static, spherically symmetric metric [56]

(1-2)

7

(1+3) (-9

ds* = — dt?

42 <d92 + sin? 9d¢>2) ,

©))

where o is the Lorentz-violating parameter. In the limit
o — 0, the Lorentz symmetry breaking (LSB) metric (2)
reduces to the Schwarzschild metric. Additionally, there is
a noticeable difference between the line elements associated
with the bumblebee and metric-affine bumblebee gravity. In
the former one, the coefficient of the spacial part only modi-
fies however in the metric-affine bumblebee both spatial and
temporal part are modified with different factors contain-
ing the Lorentz violation parameter. The Kretschmann scalar
invariant corresponding to this metric reads

K= ,R)»n,uuRM”w
1
= W[48aMr\/4+3a+32Mar\/4 —«a
—12Ma?rv4 — a+32r 4430+ 192M> /4432
—32r2V/4 —a — 16r%av4 —a — 120> Mr/4 + 3a
+6r20* VA — o + 64Mr/4 — o — 144a M*/4 + 30

—3M?>VA+3a+36 Mo VA+3a+30*r V4 + 3a
1
+oP Mr/A430—64Mrv/4+3a — Za3r2\/4 + 3a].
3)

The expression for the Kretschmann scalar invariant (3)
demonstrates that the effects of Lorentz symmetry break-
ing, as represented by the parameter «, cannot be entirely
absorbed for by mere re-scaling of the coordinates. When
a — 0 we obtain the anticipated standard result corresponds

. . 2
to the Schwarzschild metric g = 48:}:’ .

3 Parameter estimation using observable from shadow

Validating theoretical models against observational or exper-
imental data requires constraining a free parameter. The pre-
cise bounds on the parameter help ensure the physical via-
bility and alignment with known phenomena. In this context,
estimating the range of Lorentz violation parameter « param-
eter is important and useful. One can evaluate the consistency
of models such as metric affine bumblebee gravity with data,
such as QPOs, lensing, or QMNS, by, for instance, restricting
the Lorentz violation parameter to a lower limit. By elimi-
nating or endorsing particular parameter ranges, this proce-
dure improves the prediction ability of a theory. Here we will
be using constraints reported in [64—68] obtained from the
experimental observation of shadows of supermassive BHs
M87* and SgrA* consistent with
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To this end, we first write the Lagrangian for the metric 5.6:: I s L
under consideration: 5.4F ]
£ = % (gtti2 + grr’;2 + g¢¢(]§2) 5‘2; A
I 0, P . £ 50 é
= 5(—f(r)t +%+h(r)¢ ) “ 0?4.8?
where 4'65
(1—2%) a4 z
f@r) = (1+3_a)(1_2), 42; 1 o 1 1
4 4 -1 0 1 2 3 4

1 1 (1+32) a

gr) - ( — %) (1 — %)3 ©) Fig. 1 Variation of R against . The horizontal black line corresponds

Here, we have considered that the motion is confined in the
equatorial plane 8 = 7 /2. Owing to the static and spherically
symmetric nature of spacetime, the Lagrangian is indepen-
dent of time and azimuthal angle. This leads to two conserved
quantities of motion. These are as follows:

0.% .
5=—Pt=—7=f(r)l,

0.7 .
[, = = — = h r . 6
pe = 3 (re¢ (6)
Here, & is the energy and L is the angular momentum. Four-
velocity of a mass-less particle follow the relation u,u* =
0 where u* = %. This in combination with Eq. (4) and
Eq. (6) leads to the following radial equations:

.2 28(r) 28(”))
e -+ L —— ) =0
( ) h(r)
= 2 4 Very (r) = 0, ™
where V,rr = —82_5;.((—:)) + 52% is the effective potential.

Imposing conditions

aV, 2V
Veff(r[’) =0, a—crfflr:rp =0, and Teszhzrp <0,
®)

on the effective potential we obtain radius r;, of the unsta-
ble spherical orbits leading to the relation f(r)'h(r) =
h(r)' f(r) whose solution yields r,. An interesting obser-
vation one can make is the non-appearance of g(r) in the
relation. One may therefore conclude that if a solution of a
proposed model does not affect f (r) or h(r) (e.g. [69]), then
the photon orbit has a radius equal to 3M which is the case for
Schwarzschild BH. In our case, the radius of the photon orbit
also comes out to be 3M. The impact parameter correspond-
ing to the photon orbit is called critical impact parameter b,
as photons with impact parameter b < b, get swallowed
by the BH and those with b > b, get deflected from their
path but can reach the asymptotic observer. However, pho-
tons with b = b, circle around BH several times before either

@ Springer

to Ry = 34/3M.Here M = 1

getting swallowed by BH or reaching the observer. The crit-
ical impact parameter provides the radius of shadow R; as
[47]

L | hrp
E \ fGrp

3
b, =R, = =5¢§4—3a2+8a+16M.

&)

For o = 0, we restore the value for Schwarzschild BH R, =
3v/3M. We display graphically qualitative dependence of
the radius of the shadow on the parameter « in Fig. 1. It
reveals that initially, the radius of the shadow increases with
o, reaching a maximum value 5.58363M at o = % and then
starts decreasing. Another interesting observation one can
make from the figure is that apart from o« = 0, we have
Ry = 3\/§M fora = %.

To employ observations regarding shadows of M87* and
SgrA* for constraining «, we introduce the parameter §
defined by [70]

SzL—1=1\4/—3cx2+8cx+16—1 (10)
3V3M 2 '

Itis the deviation of the shadow radius from the Schwarzschild

case.

Similar to the case of the radius of the shadow the deviation
parameter too initially increases with « reaching a maximum
value 0.0745699 at ¢ = % and then starts decreasing, as
evident from Fig. 2. Bounds on the deviation parameter are
given below [64-68] (Table 1).

Subjecting our theoretical prediction to the above bounds,
we obtain the following ranges for the parameter « that make
our model consistent with the experimental observations.

In addition to bounds on the deviation parameter, we will
also use angular diameter data related to constraining «. The
angular diameter is defined as

2Ry

6
=D

, Y
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Fig. 2 Variation of § against «

where D is the distance of the BH from Earth. According
to EHT collaboration [6,71,72], mass, distance, and angular
diameter of M87* BH are M = 6.5+ 0.7 x 10°Mg, D =
16.8 £ 0.8 Mpc, and 6; = 42 + 3 pas, respectively. Those
values for SgrA* are M = 4.3 4+ 0.013 x 10°My, D =
8.277 £ 0.033 kpc, and 6; = 48.7 = 7 pas [8,67,68]. We
use M = 6.5 x 10°Mg, D = 16.8 Mpc for M87* and
M =43x10°Mg, D = 8.277 kpc for Sgr A*. We illustrate
the variation of angular diameter calculated using Eq. (11)
with « in Fig. 3.

We can observe from the above figure that even though
the angular diameter for Sgr A* touches the upper bound in
lo confidence level, i.e. 55.7 pas, it never happens for the
M87* BH. Matching the theoretical prediction and experi-
mental observations, we obtain @ € [—0.106801, 2.77347]
within 1o confidence level and @ € [—0.52517, 3.19184]
within 20 confidence level for M87*, whereas, for SgrA*
a € [—0.921827,0.5186] U [2.14807, 3.58849] within 1o
confidence level and o € [—1.14457, 3.81123] within 20

consideration concordant with observed bounds on various
observables related to the shadow of BHs M 87* and Sgr A*.
In the following section we will be using observed QPOs of
microquasars to constrain the parameter o.

4 Estimation of the LSB parameter using observational
results of QPOs for microquasars

Before delving into details of QPO, needs to calculate con-
served quantities for a test particle in a time-like geodesics
and to obtain effective potential, specific energy, and angular
momentum for a test particle in an equatorial circular orbit.
These quantities are essential in the study of the epicyclic
motion.

4.1 Motion of the particle in a time-like geodesics

The Lagrangian for a test particle is given in Eq. (4) and its
conserved quantities are given in Eq. (6). However, in the
case of time-like geodesics, £ and L are specific energy and
specific angular momentum, respectively. The four-velocity
of the test particle follows the relation u,u* = —1 that
provides the radial equation of motion in the equatorial plane
as

. 1 L?
grrr2 = - |:52 + &1t (1 + _>i|
81t 8p¢

- Lewa]

2 . . .
Here, Vet = —gi (1 + g[:_) is the effective potential. For
motion in a circular orbit of radius ry, we have

confidence level. Our analysis in this section provides a range 5 Ve
of values of the parameter « that make the model under  Veit(ro) = &7, 7|r=ro =0. (12)
Table 1 Bounds on § from different observatories
BH Observatory 8 1o bounds 20 bounds
0.17 Ry R,

M87* EHT —0.017517 426 < B <6.03 338 < & <691
SgrA* VLTI —0.0870:0 431 <& <525 385 <& <572

Keck —0.0470:09 447 < & <546 395 <& <502

Table 2 Bounds on « from different observatories

BH Observatory 8 1o bounds 20 bounds

MBT* EHT —0.01f8:{; [—0.834568, 3.50123] [—1.14842, 3.81508]

SgrA* VLTI —0.08f8:83 [—0.80676, 0.0838442] U [2.58282, 3.47343] [—1.01439, 3.68106]
Keck —0.04f8:(1)g [—0.714528, 0.540609] U [2.12606, 3.38119] [—0.975735, 3.6424]
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Fig. 3 Variation of angular diameter with «. The left panel is for M 87* where blue and black horizontal lines correspond to 6; = 39 pas and
36 pas. The right panel is for Sgr A* where green, blue, and black horizontal lines are for 55.7 pas, 41.7 pas, and 34.7 pas, respectively

The second condition provides the expression for £ and then
we obtain £ using the first condition as

2
52 _ g”g;bﬁﬁ

2
. —81184¢
869811 — 811844

=—, , (13)
881t — 8118p¢

where ' represents differentiation with respect to r. For stable
circular orbit, we must have a?r/;ff lr=r, > 0. The limiting
case is the innermost circular orbit(ISCO) where we have
% l-=r, = 0 which comes out to 6 for the metric-affine
metric. Thus, similar to the event horizon an photon orbit,
the ISCO radius too does not depend on « and matches with
that for a Schwarzschild BH. The effective potential Vegr and
the conserved quantities provide the prerequisite platform to

study QPOs of microquasars.

4.2 Epicyclic frequencies

When a test particle is perturbed from its stable circu-
lar orbit of radius rg in the equatorial plane, it undergoes
epicyclic oscillations, known as quasi-periodic oscillations.
The epicyclic motion has two components: radial component
in the equatorial plane and latitudinal component normal to
the equatorial plane. If the equatorial circular orbit is per-
turbed by r = ro + &r in the radial direction and 6 = 7 + 56
in the latitudinal direction, where §r and 66 are small quan-
tities, then the differential equations of motion governing
radial and latitudinal oscillations are
§F 4+ Q28r =0, 86+ Q%80 =0, (14)
where 2, and g are locally defined radial and latitudi-
nal angular frequencies and the dot represents differentiation
with respect to the proper time. To obtain these epicyclic fre-
quencies, we first separate Hamiltonian into dynamical Hgy,

@ Springer

and H p,; parts where

1 2 2
8rr 866

2
1 /& r?

Hpot:_(_+—+l>. (15)
2\ g 8o

It is the potential part of the Hamiltonian that governs the
local epicyclic oscillations. The epicyclic frequencies €2, and
Q2 along with 4 are given by [73,74]

_ L ¥y
T 8rr ar?
Q2 — LazHW’
0 — 2
grr 00
L
Qg, == (16)
8¢

We must now transform these locally defined angular fre-
quencies to those measured at spatial infinity. This is done
by taking into consideration the redshift factor. Hence, the
required transformation from the locally measured angu-
lar frequencies €2 to those measured at spatial infinity o is
[73,74]

Q

w —> ——g”f:.

a7
Utilizing expressions for conserved quantities given in
Eq. (13) along with Egs. (16) and (17), we obtain the fol-
lowing expressions for radial and latitudinal frequencies in
terms of metric coefficients:

b= L | 2800817 = 281801800 — 8ugsesii . S1u8b
' 2n 28118rr 8¢ Zgrrg;,q;, ’
(18)
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1 g
vp =vg = — |-, (19)
2 84
For the metric under consideration, we have
| — 26M
81t = —c? 623r ,
(1-%) (% +1)
341
V-’
8rr | — 2GM°
c2r
gpp =17 (20)
Putting the above metric coefficients in Eq. (19) yields
1 3 Ja=—4H2-y)
V= — ,
"T 2t GM\  GBa+4)y
1 4
Vo = vp = — : @1
21 GM'\ /=302 + 8a + 16y3

where y = r/rg, rg = GC—ZM, G and c being gravitational
constant and speed of light, respectively.

4.3 Constraining the LSB parameter from QPOs of
microquasars

Apart from the estimation of the LSB parameter from the
observation of shadow of black hole we can exploit observed
high-frequency QPOs (HFQPOs) of microquasars in order
to constrain LSB parameter «. Now we are in a position to
proceed to wads that endeavor. The process of constraining
the parameter « by utilizing observed high-frequency QPOs
(HFQPOs) of microquasars is indeed instructive and note-
worthy. The theoretical studies suggest that the magnitude of
QPOs has a precise dependence on the mass of the BH. From
recent observations, it is found that the HFQPOs are often
observed in the rational ratio [75], especially in the ratio 3:2
[76], Two such microquasars which show twin peaks in their
power spectrum in the ratio 3 : 2 are GRO J 1655 — 40 and
XTEJ1550 — 564 galactic microquasars. Their lower (vr)
and upper (vy) QPOs along with their observed masses are
as follows [77-79]:

M
GRO J1655-40:— = 6.30 £ 0.27,
Mo

vy =450 £ 3 Hz, v, =300+ 5Hz, (22)

M
XTE J1550-564: — = 9.10 + 0.60,
Mo

vy =276 £3Hz, v, =184 +5Hz. (23)

Resonance between radial and vertical oscillations of infill-
ing particles, especially near ISCO radius, is considered to
be one of the viable explanations for the appearance of twin
peaks. This model, known as resonance model, considers

non-linear coupling between the two oscillations responsible
for QPOs [80,81]. The frequency ratio vy /vy for HFQPOs
points towards resonance phenomenon. We will consider the
forced resonance model [82] where

vp =vg and vy = v, + vg. (24)

We are going to employ the above model in order to bound «.
In Figs. 4 and 5, we fit upper and lower frequencies obtained
theoretically treating microquasars as LSB BH under con-
sideration to the observed frequencies. Frequency curves do
not intersect the mass error bands for both the microquasars
when o = 0.2 implying incommensuration of our BH model
with observed values when o = 0.2.

Figures 4 and 5 exhibit the fact that our BH model is not
concordant with observed values of QPOs for all values of
a. To obtain parameter values that make our model com-
mensurate with the experimental observations, we provide
variation of lower frequency vy as a function of mass and
LSB parameter in Fig. 6.

The region between two solid lines provides the parameter
space where observed values match theoretical predictions.
We obtain the following sets of values of o from observations:

For GRO J1655-40:
For XTE J1550-564:

a € [0.422039, 0.471269],
a € [0.459285, 0.528621].  (25)

Interestingly, the above ranges of values do notinclude = 0
thereby ruling out Schwarzschild BH as a viable candidate
that may exhibit observed QPO peaks in its power spectrum.
Our analysis in this section makes the claim that our consid-
ered model is a feasible candidate that generates astrophys-
ical observations commensurate with experimental results
stronger.

5 Concluding remarks

In this manuscript, we study imprints of LSB, emanating in
the metric-affine bumblebee model, from the observed shad-
ows of M87* and SgrA* BHs and the observed QPOs of
GRO J1655-40 and XTE J1550-564 galactic microquasars.
These BHs (traceless metric-affine BHs) provide an excel-
lent opportunity to probe one of the fundamental pillars of
physics, the Lorentz symmetry. Astrophysical observations
such as shadow and QPOs have little dependence on the com-
plex physics related to accretion. As such, they provide a
potent and cleaner tool to probe the nature of the underlying
spacetime. Here we intend to find out the signature of LSB
from observables related to shadow and QPOs.

We first investigated the impact of LSB on the radius
of the unstable photon orbit and the corresponding critical
impact parameter. We have found the radius of the photon
orbit independent of the LSB parameter. Its value came out
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to be 3M which is the value for a Schwarzschild BH. How-
ever, the critical impact parameter corresponding to the pho-
ton orbit (shadow radius) has a significant dependence on
a. The shadow radius initially increases with «, reaching
a maximum value of 5.58363M at ¢ = %, and then starts
decreasing. Interestingly, in addition to « = 0, the shadow
radius for the BH under consideration is equal to that for a
Schwarzschild BH for o = % as well. Introducing the devi-
ation parameter §, we then utilize its observed bounds for
MS8T* and Sgr A* BHs reported by EHT, Keck, and VLTI
to gauge the viability of our BH model. We have tabulated
obtained bounds on « in Table 2. We have also employed
bounds on their angular diameters to constrain parameter
values of «. Our analysis in this regard has exhibited com-
mensurability of our model with observed results for a wide
range of values of «.

The motion of test particles in the background of a BH
embeds information regarding background spacetime. We

@ Springer

have obtained the effective potential for a test particle con-
fined in an equatorial circular orbit. The ISCO radius is
obtained by equating the double derivative of the effective
potential to zero came out to be 6, independent of «, and
equals that for a Schwarzschild BH. We have stable circular
orbits when % > 0. Thus, stable circular orbits must lie
outside ISCO. When a particle in a stable circular orbit lying
on a latitudinal plane ® is perturbed in radial as well as lati-
tudinal directions, it undergoes epicyclic oscillations in two
mutually perpendicular directions: one in the radial direction
in © plane and another in latitudinal direction normal to the
® plane. In this manuscript, we have considered the perturba-
tion of the equatorial circular orbit. Observed HFQPOs in the
power spectrum of galactic microquasars are especially inter-
esting as they mostly occur in the rational ratio, especially in
the ratio 3:2 [76]. We have selected two microquasars GRO
J1655-40 and XTE J1550-564 with the known QPO data
to constrain the LSB parameter. The observed ratio between
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lower and higher QPOs points towards resonance between the
two epicyclic oscillations. We have used the forced resonance
model. Bound on the parameter « from QPOs are: for GRO
J1655-40 o € [0.422039, 0.471269] and for XTE J1550-564
o € [0.459285, 0.528621]. These bounds are stronger than
those found from shadow observables. We may obtain fine
bounds on the parameter o with an improved precision. This
we may achieve in the future with European Space Agency
(ESA) X-ray mission LOFT.

Regarding our observation of the constraints on « it
would be beneficial to make a comparison of the constraints
obtained recently from different experimental data. We find
« falls within the range o € [—0.106801, 2.77347] at the
lo confidence level and o € [—0.52517, 3.19184] at the
20 confidence level for M87*. For SgrA*, we find that
a € [—0.921827,0.5186] U [2.14807, 3.58849] within the
1o confidence level, while within the 20 confidence level, «
extends to « € [—1.14457, 3.81123].

In [47], the authors showed that for Sgr A*, the observa-
tional data suggests « lies in the range 0 < o < 0.037 at the
1o confidence level, which extends to 0 < o < 0.86 at the
20 confidence level. Notably, both of these ranges fall within
the limits we have reported here.

Furthermore, from the quasi-periodic oscillation (QPO)
frequency data, we observed that for GRO J1655-40: «o €
[0.422039, 0.471269], and for XTE J1550-564: « €
[0.459285, 0.528621]. These constraints on « are in agree-
ment with our findings concerning the shadow radius data.
Additionally, [49] revealed that the upper bound on « derived
from observational data of perihelion of Mercury precession

wasa < 7.4x107'2, which is in agreement with the findings
of the papers [22,83,84].
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