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Abstract
This paper attempts to clarify the deep consequences of Barrow fractal black hole spacetime configurations caused by

quantum gravity on neutrino pair annihilation and accretion disk dynamics. We systematically derive the analytical expression
for the innermost stable circular orbit (ISCO) radius (rISCO ∝ M2/(2+∆)) by building a Barrow-modified static spherically

symmetric metric (r → r1+∆/2), and we find that increasing ∆ significantly shifts the ISCO inward. We numerically solve the
radiation flux, effective temperature, and differential luminosity distribution under the modified metric based on the Novikov-
Thorne relativistic thin accretion disk model. For ∆ = 1, the results show that the temperature increases by 62.5%, the
peak disk radiation flux increases by 22.5%, and the spectral radiance increases by around 50%. Fractal horizons enhance
neutrino trajectory bending effects, according to further study of neutrino pair annihilation (νν̄ → e+e−) energy deposition
processes using local Lorentz transformations and null geodesic equations. The energy deposition rate for ∆ = 1 is 8−28 times
higher than classical estimates when the black hole radius is R/M ∼ 3− 4. This work provides important theoretical insights
into the influence of quantum spacetime geometry on high-energy astrophysical phenomena in extreme gravitational fields by
establishing, for the first time, quantitative relationships between the Barrow parameter ∆ and neutrino pair annihilation
energy and accretion disk radiative efficiency.

Keywords: Barrow-modified black hole, thin accretion disk, neutrino pair annihilation.

I. INTRODUCTION

General relativity, which was established by Einstein,
has produced major advances in cosmology by explain-
ing and forecasting several occurrences in the study of
the cosmos [1, 2]. The thermodynamic characteristics
[3–7] and high-energy physical processes [8–10] in strong
gravitational fields of black holes, one of the most diffi-
cult astrophysical objects predicted by general relativity,
continue to be major subjects of astrophysics study. The
fundamental framework for black hole thermodynamics
was created by the conventional Bekenstein-Hawking en-
tropy [3, 6], which was based on the event horizon area
A+. However, the geometric structure of black hole hori-
zons may be profoundly changed by quantum gravita-
tional processes. The fractal horizon model proposed by
Barrow [11] offers a fresh perspective: the surface of a
black hole may exhibit complex layered patterns at mi-
nuscule scales by adding a fractal dimension parameter
∆ (0 ≤ ∆ ≤ 1). This remarkably expands the effective

horizon area and modifies the entropy to SB ∝ A
1+∆/2
+ .

Through quantum adjustments to the metric (horizon ra-
dius r → r1+∆/2 [12]), this correction not only affects the
thermodynamic development of black holes themselves
but also changes the dynamics of exterior spacetime.

The thermodynamic characteristics of Barrow-
modified black holes and their cosmological uses have
been the main subjects of previous research [11–19].
Fractal horizons considerably extend the black holes’
evaporation period and cause a positive qualitative shift
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in heat capacity, according to thermodynamic studies
[11]. This suggests that there may be stable remnant
black holes. The holographic dark energy model was
modified to include Barrow entropy at the cosmic stage,
which effectively accounted for the late universe’s fast
expansion [18, 20–22]. These studies, however, are
mainly restricted to large-scale cosmological phenomena
or black holes proper, and systematic research on the
effects of the Barrow-corrected spacetime geometry on
high-energy astrophysical processes surrounding black
holes, such as accretion disk radiation and neutrino pair
annihilation process, is still lacking.
As the main sources of mass accretion onto black holes,

accretion disks [23–27] have radiative characteristics that
are intimately related to effective potential distributions
and the innermost stable circular orbit. The temper-
ature profile, radiative efficiency, and luminosity prop-
erties of the disk may be affected by changes in space-
time curvature, which might reinterpret the stability cri-
teria of accretion fluxes under the Barrow-modified met-
ric. Yet, under severe gravitational conditions, neutrino-
antineutrino pair annihilation is an essential source of
energy for high-energy events like active galactic nu-
cleus jets and gamma-ray bursts [28–38]. Given that
spacetime geometry bends neutrino paths, metric cor-
rections brought about by fractal horizons may greatly
enhance energy deposition rates, a mechanism that has
not yet been well investigated in Barrow-modified black
hole models.
This work examines the physics of neutrino pair an-

nihilation processes in Barrow-modified black holes and
accretion disks, methodically examining how the fractal
parameter ∆ affects the following important questions:

(i) ISCO radii’s evolution under modified metrics and
their disk structure constraints;
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(ii) accretion flow radiative signatures, temperature
profiles, and effective potentials that depend on ∆;

(iii) Barrow fractal sapcetime corrections to neutrino
trajectory bending and energy deposition rates.

Through the construction of null geodesic models and
self-consistent hydrodynamic equations, our goal is to
clarify how fractal horizons modify macroscopic be-
haviours through microscopic spacetime geometry, offer-
ing fresh perspectives on the function of quantum gravity
in high-energy processes of compact objects. In the pa-
per, we choose the units c = ℏ = G = ℓp = 1.

II. BARROW STRUCTURE AND DYNAMICAL
EQUATIONS

One of the first fractals, the Koch snowflake, was de-
veloped by Helge von Koch [39] in 1904 and allows for the
construction of a two-dimensional structure with an infi-
nite perimeter and finite area through a series of iterative
steps. The Menger Sponge [40] and the Sierpinski Gasket
[41], which have infinite surface area and finite volume,
are three-dimensional representations of this structure.
Inspired by von Koch’s theories, John Barrow has sug-
gested that the surface of static, spherically symmetric
Schwarzschild black holes with finite volume might ex-
hibit a variety of intricate fractal formations that trend
to infinity. Barrow postulated that the event horizon of
the black hole around the contact sphere contains N tiny,
stacked spheres with radius λ times smaller than the ini-
tial sphere. After countless steps, the volume and area of
the black hole, given a hierarchical structure with radius
rn+1 = λrn, are [11]

V∞ =
4π

3
r3+

∞∑
n=0

(
Nλ3

)n
=

4πr3+
3 (1−Nλ3)

, (1)

A∞ = 4πr2+

∞∑
n=0

(
Nλ2

)n
=

4πr2+
1−Nλ2

, (2)

where r+ = 2M is the Schwarzschild radius of the black
hole and M is the black hole mass. Therefore, the surface
area will be unlimited but the volume will be finite if

λ−2 < N < λ−3. (3)

For Schwarzschild radius r+, the entropy is defined as [3]

S = π

(
A+

Apl

)
, (4)

where the Planck area is Apl = 4πℓ2p ∼ 4π. According to
the Barrow statistics, the area is

A∞ =
A+

1−Nλ2
. (5)

So that, ∆ is used to introduce the entropy [11],

SB = π

(
A+

Apl

)1+∆
2

. (6)

The following modifications on r may be produced by
comparing Eq.(6) and Eq.(4) [12],

r → r1+
∆
2 . (7)

It is possible to express the Barrow-modified metric as

ds2 = gµνdx
µdxν

= −
(
1− 2M

r1+
∆
2

)
dt2

+

(
1− 2M

r1+
∆
2

)−1 (
1 +

∆

2

)
r∆dr2

+ r2+∆
(
dθ2 + sin2 θdφ2

)
, (8)

with ∆ = 0, this leads to the classical case corresponding
to the simplest horizon structure. At the most complex,
∆ = 1, it acts as though it had one more geometric di-
mension even though it is an area from an information
standpoint. Subsequently, limited to the equatorial plane
(θ = π/2), the Lagrangian is expressed as follows [28],

L =
1

2

(
gttṫ

2 + grr ṙ
2 + gφφφ̇

2
)
, (9)

where the dots indicate the derivative with respect to an
affine parameter τ that may be interpreted as the correct
time for massive particles that follow timelike geodesics.
By introducing the Lagrange equation,

d

dτ

∂L
∂ẋµ

− ∂L
∂xµ

= 0, (10)

the generalized momenta are

pt ≡
∂L
∂ṫ

= −
(
1− 2M

r1+
∆
2

)
ṫ = −E, (11)

pφ ≡ ∂L
∂φ̇

= r2+∆φ̇ = L. (12)

For the particle describing the trajectory, the constants E
and L stand for energy and angular momentum per unit
rest mass, respectively. The particle is characterized by
the equation of radial motion with momenta (11) and
(12) as follows, moving along the planar geodesics in the
equatorial plane guided by the metric (8) [42],

grr ṙ
2 = Veff(r), (13)

where the effective potential is [42]

Veff(r) =
E2gφφ + L2gtt

−gttgφφ
− 1, (14)
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Figure 1: For ∆ = 0, 0.5, and 1, the effective potential
is shown as a function of radial coordinate, accordingly.

In Fig.1, the effective potential is displayed. A set
of potential curves are comparable. It should be noted
that there are zeros in the effective potential, and that as
∆ increases, the zero values diminish. According to the
geodesic equation,

d

dτ
(gµν ẋ

ν) =
1

2
(∂µgµν) ẋ

ν ẋρ, (15)

at the circle orbit in the equatorial plane, ṙ = θ̇ = r̈ = 0,
Eq.(15) can be reduced as

(∂rgtt) ṫ
2 + (∂rgφφ) φ̇

2 = 0. (16)

The angular velocity can be calculated from Eq.(16) as
[43]

Ω =
φ̇

ṫ

=

√
− ∂rgtt
∂rgφφ

. (17)

Therefore, from Eq.(17), we obtain an expression for the
particular angular momentum [44]

L =
Ωgφφ√

−gtt − Ω2gφφ

=

√
Mr

2+∆
4√

1− 3Mr−1−∆
2

, (18)

and energy [44]

E = − gtt√
−gtt − Ω2gφφ

=
1− 2Mr−1−∆

2√
1− 3Mr−1−∆

2

. (19)
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Figure 2: Effective potential derivatives for ∆ = 0, 0.5,
and 1 are shown by curves, respectively.

The radial function Veff(r) is zero, just like its first deriva-
tive with regard to r,

∂rVeff(r) =
E2

g2tt
∂rgtt +

L2

gφφ
∂rgφφ = 0. (20)

Moreover, the second-order derivative of the effective po-
tential provides the stability condition, meaning that the
orbiting particle’s radius must meet ∂2

rVeff ≤ 0 in order
for the orbit to be stable. The innermost stable circular
orbit (ISCO) is the equivalent radius when the second-
order derivatives of the effective potential equal zero. The
second-order derivative of Veff is written as

∂2
rVeff =

E2

g3tt

[
−2 (∂rgtt)

2
+ gtt∂

2
rgtt

]
+

L2

g3φφ

[
−2 (∂rgφφ)

2
+ gφφ∂

2
rgφφ

]
. (21)

We calculate the effective potential twice, and Fig.2
shows the derivative. With increasing ∆, the zero values
decrease. As the radial coordinate gets closer to infinity,
the function tends to be around zero, according to Fig.2.
To determine the ISCO of Barrow BH, we set Eq.(21)
to zero, with applying Eqs.(8), (18) and (19), to get the
following equation,

M
(
6M − r1+

∆
2

)
(2 + ∆)

2
= 0, (22)

whose real solution is

rISCO = 36
1

2+∆M
2

2+∆ . (23)

The characteristic variable ∆ is one of the factors that
is related to the radius of ISCO by Eq.(23). In Fig.3,
the relationship is displayed. The lower the ISCO radius
under the larger ∆, the smaller the so-called ISCO radius,
which is a decreasing function of the departure from the
Barrow-modified black hole.
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Figure 3: The ISCO radius curve in relation to ∆.

III. RELATIVISTIC THIN ACCRETION DISK

The simplest non-relativistic model of an accretion disk
around a compact core object assumes that turbulent
viscosity moves angular momentum outward via the ac-
cretion disk while matter spirals inward, losing angular
momentum in the process. The gas releases heat en-
ergy as it heats up and loses gravitational energy as it
goes inside. A quasi-steady disk is assumed to be situ-
ated on the equatorial plane of a stationary, axisymmetric
background spacetime geometry in the Novikov-Thorne
model. The matter on the disk is assumed to travel in
an orbit that approximates a geodesic circle. The disk is
thin; that is, its greatest half-thickness, H, is H/R ≪ 1,
where R is the disk’s characteristic radius [24, 45–47].
The averages of the azimuthal angle φ = 2π, the height
H, and the time scale δt of the inward flow of gas describe
the thermal properties of the disk. The heat produced by
stress and dynamic friction is efficiently emitted from the
disk surface primarily in the form of radiation. Based on
these presumptions The conservation law may be used to
determine the disk’s time-averaged radial structure un-
der these presumptions. The conservation principles for
energy, angular momentum, and the time-averaged ra-
dial structure of the disk may all be derived from the
equation of conservation of rest mass. The consistency
of the mass accretion rate is inferred from the integration
of the equation of mass conservation [43],

Ṁ = −2πrΣ(r)ur = constant, (24)

where Σ(r) is the surface density and ur is the radial
velocity. The differential of the luminosity L∞at infinity
can be expressed as [24, 48],

dL∞

d ln r
= 4πr

√
−GF(r), (25)

where [49]

G = gttgttgφφ =

√
r2+2∆

(
1 +

∆

2

)
. (26)

In the local frame of the accreting fluid, the flow of radi-
ant energy F released from the disk’s top face is repre-
sented by the particular angular momentum L(18), spe-
cific energy E(19), and angular velocity Ω(17) [24, 47],

F(r) = − Ṁ

4π
√
−G

∂rΩ

(E − ΩL)2

×
ˆ r

rISCO

(E − ΩL)(∂rL)dr. (27)

The numerical integration of Eq.(27) is eased by integrat-
ing by parts,

ˆ r

rISCO

(E − ΩL)(∂rL)dr

= EL− (EL)ISCO − 2

ˆ r

rISCO

L(∂rE)dr. (28)

Given that the disk is thought to be in thermodynamic
equilibrium, the radiation released may be regarded as a
black body radiation, with the temperature determined
by,

T (r) =

[
F(r)

σ

] 1
4

, (29)

where σ is the Stefan-Boltzmann constant.
The efficiency of converting accreted mass to radiation

ϵ may be determined by measuring the energy loss of a
test particle traveling from infinity to the disk’s inner
border, provided that all emitted photons escape to in-
finity. Taking into account that for r → ∞ and E∞ ≈ 1,
we obtain

ϵ =
E∞ − EISCO

E∞
≈ 1− 2

√
2

3
. (30)

Taking into account photon trapping by the black hole,
Eq.(30) displays the value of ϵ, the efficiency with which
the accreted mass of a Barrow-modified black hole is
transformed into radiation. It is obvious that the value of
ϵ is now a constant and has no relationship to the fractal
parameter ∆.
The accretion disk surrounding the Barrow-modified

black hole is presently being investigated. For the sake
of comparison, we compute the mass accretion rate nu-
merically in the following with M = 1. For the case of
various fractal parameters ∆, we present the curves for
Eqs.(25), (27), and (29) in Figs.4, 5 and 6.
Fig.4 shows that the disk of the Barrow-modified black

hole can radiate more energy than in the classical sce-
nario when Delta grows. The peak of the radiative flux’s
radial profile rises and shifts significantly inward as the
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Figure 4: Energy flux per unit accretion rate from a
relativistic thin accretion disk around a
Barrow-modified black hole for ∆ = 0, 0.5 and 1.
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Figure 5: The differential luminosity from a
relativistic thin accretion disk around a
Barrow-modified black hole for ∆ = 0, 0.5 and 1.

disk’s inner edge approaches lower values of r. Maxi-
mum value increases by 22.47% for the most complicated
fractal, ∆ = 1, and 11.8%for ∆ = 0.5. The accretion
disk’s temperature and brightness similarly exhibit these
effects, as seen in Figs.5 and 6. When ∆ = 1, the temper-
ature rises by 62.47% and the differential luminosity peak
is about ∼ 50% greater than in the classical instances. It
is noteworthy that the findings in Figs.4, 5 and 6 demon-
strate that the effects of quantum fractals extend beyond
the black hole’s field of view and even alter the ther-
mal characteristics of the accretion disk surrounding the
Schwarzschild black hole.
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Figure 6: Radial profiles of the temperature per unit
accretion rate of a relativistic thin accretion disk around
a Barrow-modified black hole for ∆ = 0, 0.5 and 1.

IV. THE ENERGY DEPOSITION RATE BY THE
NEUTRINO PAIR ANNIHILATION PROCESS

In this section, we discuss νν̄ → e+e− energy depo-
sition [32, 50–52] around Barrow-modified black holes.
Since a neutrino’s mass is so tiny, it can be regarded as a
massless particle, and the null geodesic equation can be
used to describe its motion [53],(

1

grr

dr

dφ

)2

+
1

grrgφφ
= − 1

gttgrr

1

b2
, (31)

where b = |L|/E is the impact parameter of the massive
particle. It is possible to define the angle θr between
the trajectory and the tangential velocity using the local
longitudinal and radial velocities [33, 34],

tan θr =

√
grr
gφφ

dr

dφ
. (32)

The relationship between b and θ can be found by solving
Eq.(31),

b = cos θr

√
−gφφ

gtt
. (33)

At every point on a single orbit, b remains constant. Con-
sequently, we can write it correctly for a particle ejected
tangentially from the surface (θR = π/2) [28, 34],

cos θr =

√
gφφ(R)gtt(r)

gφφ(r)gtt(R)
. (34)

R represents a gravitational source’s radius. The rate of
energy deposition per unit of time and volume may be
expressed as [28]

q̇ =
7DG2

Fπ
3ζ(5)

2
[KTνν̄(r)]

9
Θ(r), (35)
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where GF = 5.29 × 10−44 cm2MeV−2 is the Fermi con-
stant,

D = 1± 4 sin2 θW + 8 sin4 θW , (36)

with the Weinberg angle sin2 θW = 0.23. The muon and
tau types are represented by the negative sign, whereas
electron neutrinos and antineutrinos are represented by
the positive sign. The local observer’s measurement of
the temperature is Tνν̄(r), the neutrino temperature in
the neutrino-sphere reads

Tνν̄(r)
√
gtt(r) = Tνν̄(R)

√
gtt(R). (37)

Θ(r) is the angular integration factor [33],

Θ(r) =
2π3

3
(1− x)4

(
x2 + 4x+ 5

)
, (38)

where

x = sin θr =

√
1−

gφφ(R)gtt(r)

gφφ(r)gtt(R)
, (39)

which can be obtained from Eq.(34). The redshift-related
luminosity can be determined as [35]

Lνν̄,∞ = gtt(R)Lνν̄(R), (40)

where the neutrino-sphere’s luminosity for a single neu-
trino species is

Lνν̄(R) =
7

4
aπR2T 4

νν̄(R), (41)

with the radiation constant a. For a single neutrino fla-
vor, the entire amount of local energy deposited in the
time unit by the neutrino pair annihilation process can
be achieved by integrating Eq.(35) from R to infinity,

Q̇ = 4π

ˆ ∞

R

q̇r2
√
grrdr, (42)

which can be stated in the way shown below

Q̇51 = 1.09× 10−5DL
9
4
νν̄,51R

− 3
2

6

Q̇

Q̇Newt

. (43)

where Q̇51 and Lνν̄,51 are the total energy deposition and
luminosity in units of 1051 erg/s, R6 ≡ R/10 km, and

Q̇

Q̇Newt

= 3g
9
4
tt(R)

×
ˆ ∞

1

(1− x)4
(
x2 + 4x+ 5

)√grr(yR)

g9tt(yR)
y2dy,

(44)

with y ≡ r/R. Q̇ will be roughly equivalent to Q̇Newt in

the Newtonian limit, M → 0, where Q̇Newt is obtained
from Eq.(43), resulting in Q̇/Q̇Newt = 1.

Eq.(44), which enhances the Q̇/Q̇Newt, is then exam-
ined. Here, we adhere to the concepts discussed in the
study [28, 54–56]. Salmonson claims that in a near bi-
nary system, merging neutron stars may generate gravi-
tational binding energy that may be transformed into in-
ternal energy in addition to undergoing relativistic com-
pression and heating in a matter of seconds. Therefore,
it’s plausible that thermally generated neutrinos might
be expelled just before the star falls into a nearby star.
When neutrinos (νν̄) emerge from merging stars, they
will annihilate to deposit energy, which will then re-
sult in the production of electron-positron couples. A
strong gravitational field around the star will bend the
neutrino paths, boosting the annihilation and scattering
rates, as has been noted in the literature. Specifically,
when R/M ∼ 3 − 4 (before to stellar collapse), the νν̄
annihilation deposition energy is increased by a factor of
Q̇/Q̇Newt ∼ O(8 − 28). We demonstrate in Fig.7 that
the existence of a quantum fractal ∆ deforms spacetime,
increasing the energy enhancement.

Additionally, we can determine the energy deposition
rates corresponding to R = 3M and 4M for various frac-
tal parameters ∆ in Tab.I, assuming that neutrino pair
annihilation is the sole energy source for short GRBs
and that the deposited energy is highly efficiently trans-
formed into kinetic energy and photons inside relativis-
tic jets. These findings imply that energy deposition can
be enhanced by the effects of quantum fractals and that
the neutrino-pair annihilation process in the theory of
gravitational corrections beyond GR may effectively con-
tribute to GRB radiation. This may serve as a test site
for investigating the non-standard gravity that GR de-
scribes.

We have also displayed dQ̇/dr against radius in Fig.8.
Additionally, when M = 0, we illustrate the Newtonian
example for r/R = 1 and dQ̇/dr = 1. It is evident that
taking into account GR accelerates the pace of heating.
As the R/M values rise, this improvement becomes more
noticeable. It’s interesting to see that adding the quan-
tum fractal ∆ does not improve every dQ̇/dr on r/R.
The improvement of the heating rate is quite substantial
around r/R ∼ 1, as seen in Fig.8, but when r/R rises,
the parametric ∆ leads it to fall below the GR case or
decline more rapidly.

Table I: The rate Q̇ for different values of ∆ and R/M .

R/M Q̇ (erg/s)
Newtonian 0 1.50× 1050

∆ = 0
3 4.32× 1051

4 1.10× 1051

∆ = 0.5
3 1.29× 1051

4 0.62× 1051

∆ = 1
3 0.78× 1051

4 0.51× 1051

6
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V. CONCLUSION

This work systematically elucidates the ways in
which Barrow’s fractal black hole geometry [49] induces
quantum-gravitational spacetime changes that govern
high-energy astrophysical events. We show that quantum
geometric fluctuations at the black hole horizon notably
impact the energy deposition from neutrino-antineutrino
pair annihilation and modify the radiation properties of
the accretion disk. This is achieved by constructing a
modified metric that incorporates the fractal dimension
parameter ∆. For ∆ = 1, it is evident that the innermost
stable circular orbit radius moves inward. This geomet-
ric reorganization increases the peak radiation flux by
22.5%, increases the effective temperature by 62.5%, and
increases the differential luminosity by around 50% via
two processes: orbital velocity distribution renormaliza-
tion and quantum-enhanced energy dissipation efficiency.

The area-law extension of Barrow entropy [11], which
views the event horizon as a Koch-type fractal [39] with
infinite hierarchical layering, is the source of the modifi-
cation of accretion flow thermodynamics. This approach
changes how energy moves through channels by includ-
ing tiny quantum fluctuations at the small scale, all while
keeping the overall volume unchanged.
Quantum-gravitational enhancing effects on neutrino

pair annihilation energy deposition rates are induced by
the fractal spacetime geometry. Energy deposition rates
in key black hole setups, specifically with a ratio of R/M
around 3 to 4, increase considerably, by factors ranging
from 8 to 28, when the parameter ∆ is set to 1. This im-
provement results from nonlinear coupling in spacetime
metric tensors mediating cooperative trajectory bend-
ing of neutrinos. Thermodynamic circumstances sup-
porting exponential rise in energy conversion efficiency
are created by the redesigned collision angular distribu-
tion functions and the resultant local temperature gradi-
ents. Demonstrating that spacetime fluctuations result-
ing from fractal patterns markedly enhance the likelihood
of particle interactions under intense gravitational con-
ditions lends strong support to the proposed connection
between quantum geometry and large-scale thermody-
namic behavior, as described by Barrow entropy.
Mechanistically, the fractal dimension ∆ breaking ther-

modynamic extensivity is necessary for the physical man-
ifestation of Barrow entropy [12–15]. In addition to quan-
tizing the effective potential well of accretion disks, the
endlessly nested topology inside the finite horizon volume
also creates power-law scaling relations for ISCO radii
via geometric-thermodynamic coupling. The distinctive
hierarchy of quantum-gravitational corrections in high-
energy astrophysical processes is revealed by this multi-
scale regulatory mechanism, which places new limitations
on the development of neutrino trajectory parameters.
In order to understand jet kinematics in active galac-

tic nuclei, future research should focus on applying the
fractal spacetime framework to spinning black hole mod-
els. ∆-parameter inversion techniques might be devel-
oped using polarimetric measurements of black hole shad-
ows from Event Horizon Telescope data [57–59]. Theo-
retically, determining microscopic interpretations of frac-
tal dimensions within AdS/CFT correspondence [60, 61]
will depend on investigating the compatibility between
Barrow entropy and holographic principles. Gravita-
tional wave spectra from black hole mergers may record
ISCO dynamics altered by fractal spacetime, whereas
kinematic fingerprints of gamma-ray burst jets and spec-
tral hardness ratios in X-ray binaries may provide ob-
servational restrictions on ∆. These interdisciplinary
methods will provide experimental frameworks for using
multi-messenger astrophysics to probe quantum space-
time structures.
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