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1 Introduction

Einstein’s classical theory of gravity posits that a black hole, resulting from gravitational
collapse and settling into a stationary state, is characterized by three asymptotically ob-
servable parameters: mass, charge, and angular momentum. Contrary to the classical
notion of a black hole solely absorbing matter and energy, quantum mechanical effects
in proximity to the black hole horizon trigger a thermal energy transition from the black
hole over long distances. Quantum fluctuations of the black hole metric, spurred by the
uncertainty principle, initiate the spontaneous creation of energy quanta and the steady
emission of thermal energy to infinity, giving the black hole the semblance of a body with
temperature κ/2π (in Planck units), where κ is the black hole’s surface gravity [1, 2].
The intersection of the fields of gravity, quantum mechanics, and thermodynamics in the
context of black hole thermodynamics has been an active research area in recent decades.

Dynamic descriptions of this Hawking effect were provided by York [3], who classically
approximated the zero-point fluctuations that induce the black hole’s thermal quantum
radiation to an ingoing Vaidya-type metric with a mass oscillating in the black hole’s
quasinormal mode. He showed that such quantum fluctuations lead to the formation of
a ‘quantum ergosphere’, and calculated the black hole entropy and thermal fluctuations
via a statistical method of the quasinormal modes. The statistical origins of the black
hole entropy and its thermodynamic properties have been the subject of extensive inves-
tigation [4–13]. Moreover, the quasinormal modes of black holes play a significant role in
understanding their dynamics and quantum properties [14–27].

The effects of black hole metric fluctuations on Hawking radiation have been studied
by Barrabès et al. [28]. Employing the York model, they solved the equation for outgo-
ing null rays perturbed by spherically symmetric fluctuations, deriving corrections for the
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outgoing energy flux and asymptotic spectrum of the s-waves. The characteristics of black
hole geometries are being studied by tracing the ray emitted around the black holes [29, 30]
and fluctuating geometry modifications can also be found in [31–33]. Additionally, the fluc-
tuations of other quantum fields interacting with the gravitational field were approximated
using a stochastic ensemble of metric fluctuations. When such ‘induced’ fluctuations dom-
inate, stochastic gravity theory can address the fluctuations and back-reaction problems of
dynamical black hole spacetime [34–36].

In the pursuit of a complete description of quantum effects in the gravitational field,
spacetime of more than four dimensions has garnered considerable attention [37, 38]. The
concept of extra dimensions was introduced for mathematical consistency in string theory
which serves as one of the promising candidates for quantum gravity. The brane-world
scenario, assumed to resolve the problem of gravity’s scale being much larger than the
scale of the electroweak force, posits that all standard model matters are confined to a
four-dimensional hypersurface embedded in higher-dimensional spacetime, while gravity
propagates through large extra dimensions [39]. The AdS/CFT correspondence links D-
dimensional quantum field theory to a (D+1)-dimensional gravity theory [40]. The diverse
dynamics in higher-dimensional spacetime offer valuable insights for a more comprehensive
understanding of quantum gravity.

Interestingly, when the number of spacetime dimensions is large, the complex nonlinear
dynamics of gravity theory are significantly simplified [41–43]. The gravitational influence
of a black hole is sharply localized in a thin region near the horizon, allowing for independent
analysis from the region far from the black hole. As a result, the dynamics of the black
hole horizon can be reduced to a simple and effective theory. Recent research utilizing this
‘large D effective theory’ has examined various black hole models [44–46], and investigated
the phases and instabilities of black strings/branes [47–50]. The large D limit offers a rich
landscape for analysis, furnishing new perspectives [51–59].

In this work, we investigated the influence of metric fluctuations in higher-dimensional
black hole geometry. By integrating the effects of black hole radiation, it is possible to
provide a more consistent quantum gravitational description of geometry. We generalize
the four-dimensional models of York [3] and Barrabès [28] to higher dimensions, creating
a simple model for treating fluctuations by the classical approach. This model features
an asymptotically flat, static higher-dimensional black hole metric with a spherically oscil-
lating source. Assuming the amplitude of the fluctuations to be minuscule for a massive
black hole, we analyze this geometry using classical perturbation theory. By solving the
perturbed outgoing null geodesic equation in arbitrary D-dimensions, we investigated the
dimensional dependency of the position of the black hole horizon and thermodynamic
quantities. We then calculated the general corrections for the perturbed rays propagating
near the horizon. Ultimately, we demonstrate that the perturbation terms are significantly
simplified for a large D, enabling compact, complete solutions to be obtained.

The remainder of this paper is organized as follows. In section 2, we provide a brief
review of York’s and Barrabès models, as well as higher-dimensional Vaidya black holes.
In section 3, we generalize the model to higher dimensions and calculate the outgoing
null geodesic equation. In section 4, the positions of the perturbed horizon and time-

– 2 –



J
H
E
P
0
8
(
2
0
2
3
)
1
0
2

averaged thermodynamic variables are obtained. In section 5, we examine the propagation
of outgoing rays in a fluctuating geometry. In section 6, we apply the large D limit.
Section 7 offers a summary of our study’s findings. Throughout this study, we employ a
metric signature of (−, +, +, +) and use dimensionless units [28] such that c = G = ℏ = 1.

2 Review on model and the higher-dimensional Vaidya black hole

The model proposed by York [3] represents a four-dimensional black hole undergoing simple
zero-point oscillations near its horizon. This model is approximated using an ingoing
Vaidya-type metric.

ds2 = −
(

1 − 2m

r

)
dv2 + 2dvdr + r2dθ2 + r2 sin2 θdϕ2, (2.1)

where

m = m(v, θ) = MBH

[
1 +

∑
l

(2l + 1)µlhl(v)ql(θ)
]

. (2.2)

The function m(v, θ) serves as the source of the fluctuating geometry, MBH represents
the total mass of the black hole, l is the azimuthal quantum number, ql is a spherical
harmonic with zero magnetic quantum number (to be normalized), and µl is a dimensionless
amplitude parameter of the oscillations. The function hl(v) and the amplitude parameter
are assumed to have the form

hl(v) = sin ωlv, µl = αl
MP lanck

MBH
, (2.3)

where ωl is the oscillation frequency, and αl is a pure number. Note that µl ≪ 1 for a black
hole with mass MBH ≫ MP lanck. This metric describes a Vaidya black hole fluctuating at
a small amplitude.

Barrabès [28, 60] studied the effects of a fluctuating geometry on outgoing rays using
this classical treatment of fluctuations. They considered a simple case of spherical oscilla-
tions with l = 0, yielding q0(θ) = 1 and assumed that the black hole was formed from the
gravitational collapse of a spherical massive null shell. Hence, the mass function can be
written as

m = m(v) = MBH [1 + µ(v)] θ(v) = MBH [1 + µ0 sin(ωv)] ϑ(v), (2.4)

where ϑ(v) is the Heaviside step function, which indicates that a spherical null shell with
mass equal to MBH collapses at the origin of the advanced time coordinate v = 0. In
this geometry, radial null rays depart from past null infinity J − at an advanced time v

and arrive at future null infinity J + at a retarded time u. For large u, outgoing rays
propagate near the event horizon and their effective frequencies are very high compared to
the characteristic frequency of the black hole, κ = 1/4M . This allows us to use geometric
optics approximation to study the propagation of null rays near the horizon. For v < 0,
rays leaving J − propagate inward in flat spacetime, bounce off at r = 0 (the regular
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J +

J −

r = 0

r = 0

v =
0

V0(u)

u

Figure 1. Conformal diagram of the spherically symmetric black hole formed by a gravitational
collapse of a null shell. J − denotes past null infinity, J + denotes future null infinity, and the points
i+ and i0 denote future timelike infinity and spatial infinity, respectively. The double line v = 0
represents the collapsing null shell and the dark solid line represents the trajectory of the null ray.

center of the flat space), and propagate outward. After crossing the null shell at v =
0, the rays propagate in the black hole spacetime and reach J + at large u. Figure 1
schematically shows the conformal structure and propagation of radial null rays in the
absence of fluctuations.

By tracing the trajectory of the ray reaching J + at u backward in time, we obtain the
advanced time v = V0(u) when the ray starts at J −. In the presence of metric fluctuations,
the causal structure of this geometry remains unchanged. However, v = V0(u) is modified
to a new value, v = V (u), because the trajectory of the ray is modified. Therefore, the
relation V (u) provides information on the fluctuating geometry and is used to study the
modified energy flux and asymptotic spectrum of radiation.

In this study, we are interested in the effects of black hole metric fluctuations in
higher dimensions. For a simple model, we considered a non-rotating, neutral, and higher-
dimensional black hole. The Schwarzschild-Tangherlini metric [61] is an asymptotically flat
and static black hole solution derived from higher-dimensional Einstein’s theory of gravity
in vacuum. This metric is given by [37]

ds2 = −
(

1 − M

rD−3

)
dt2 + dr2(

1 − M
rD−3

) + r2dΩ2
D−2, (2.5)

where dΩ2
D−2 is the line elements on a (D − 2)-dimensional unit sphere SD−2. Here M is
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a mass parameter which has following relation with the black hole mass MBH .

MBH = (D − 2)ΩD−2
16π

M, (2.6)

where ΩD−2 = 2π(D−1)/2

Γ(D−1
2 ) represents the volume of SD−2. We assume that the source of black

holes fluctuates over time. The Vaidya-type metric is useful in describing massive spherical
bodies with oscillating or radiating null fluids. We use ingoing Eddington-Finkelstein
coordinates (v, r), where v = t + r∗ is the advanced time, allowing the mass parameter
in (2.5) to become a function of v. Hence, the higher-dimensional Vaidya metric [62] is
written as

ds2 = −
(

1 − m(v)
rD−3

)
dv2 + 2dvdr + r2dΩ2

D−2. (2.7)

The radial tortoise coordinate r∗ is defined for this metric as

dr∗
dr

=
(

1 − m(v)
rD−3

)−1
. (2.8)

The event horizon of the black hole is located at

rH =
[

m(v)
1 − 2(drH/dv)

] 1
D−3

. (2.9)

The surface area of the horizon and the surface gravity are given by

A = ΩD−2r
D−2
H (v), κ = D − 3

2rH(v) . (2.10)

Using these quantities and thermodynamic relations, we can derive the Hawking tempera-
ture TH = κ/2π and the entropy S = A/4 of the black hole. We apply the mass function
m(v) following York and Barrabès to classically treat the metric fluctuations and study
how these variables and the trajectory of the radial null rays are modified in this geometry.

3 The fluctuating geometry in higher dimensions

In this section, we construct a simple model through generalization to higher dimensions.
We employ the metric (2.7) to consider a higher D-dimensional spacetime and utilize
the fluctuating mass function to observe the effects of small perturbations on the metric.
Because the function (2.2) contains a three-dimensional spherical harmonic ql(θ), we must
generalize it to higher dimensions.

m = m(v, θ) = M

[
1 +

∑
l

(2l + 1)µl sin(ωlv)Yl(θ)
]

ϑ(v). (3.1)

where M is the higher-dimensional mass parameter defined by (2.6) and Yl(θ) is the hyper-
spherical harmonic (which is assumed to have an appropriate normalizing constant applied)
that has zero magnetic quantum number. Note that ϑ(v) indicates that the black hole was
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formed by the collapse of a null shell of mass M . In general, the hyperspherical harmonics
for D > 3 are given by [63, 64]

Yl(mk; θ, ϕ) = e±imD−3ϕ
D−4∏
k=0

(sin θD−k−3)mk+1 Cmk+1+D−k−3
2

mk−mk+1 (cos θD−k−3)mk+1 , (3.2)

where mk is the magnetic quantum number and

Ca
b (t) = (2a)b

b! 2F1

(
−b, b + 2a, a + 1

2; 1 − t

2

)
(3.3)

is the Gegenbauer polynomials. For the simplest case with no dependence of θ we consider
the lowest mode l = mk = 0. In that case,

Y0 =
D−4∏
k=0

(D − k − 3)0
0! 2F1

(
0, D − k − 3,

D − k − 2
2 ; 1 − cos θD−k−3

2

)
= 1. (3.4)

Consequently, we obtain the following fluctuating mass function.

m(v) = M [1 + µ(v)] ϑ(v) = M [1 + µ0 sin(ωv)] ϑ(v), (3.5)

where µ0 is a dimensionless small-amplitude parameter and ω is the frequency of fluctu-
ations (the subscript 0 is dropped). The second term in parentheses is associated with
fluctuations. By substituting the metric (2.7) with this mass function into Einstein’s equa-
tion, the energy-momentum tensor of this geometry is obtained as

Tab = (D − 2)
16πrD−2 [M(1 + µ0 sin(ωv))δ(v) + Mµ0ω cos(ωv)ϑ(v)] lalb, (3.6)

where la = −∂av denotes the null vector field tangent to the radially ingoing null geodesics.
To study the effect of metric fluctuations on the propagation of null rays, we solve the

equation for radial rays. Setting ds2 = 0 and dΩD−2 = 0 gives

−
(

1 − m(v)
rD−3

)
dv2 + 2 dvdr = 0. (3.7)

The ingoing radial rays move with dv = 0 and the outgoing radial rays move with du = 0, or(
1 − m(v)

rD−3

)
dv = 2 dr. (3.8)

Because the dimensionless amplitude µ0 of the fluctuations is assumed to be very small,
we use the perturbation method.

r = r(v) = R(v) + ρ(v) + σ(v) + · · · (3.9)

where R(v) is the unperturbed solution or the solution in the absence of metric fluctuations,
and ρ(v) and σ(v) are the first- and second-order perturbations of µ0, respectively. We
ignore the higher orders in µ0 denoted by dots here. We investigated the modified trajectory
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of the ray in a fluctuating geometry by fixing u as a constant value of the retarded time
when the ray reached J + in the absence of fluctuations.

u = t − R∗(v) = v − 2R∗(v) = constant. (3.10)

Here, R∗ is an unperturbed radial tortoise coordinate defined by

dR∗
dR

=
(

1 − M

RD−3

)−1
, (3.11)

which is given by [65]

R∗ = R − M
1

D−3 + M

D − 3

D−4∑
j=0

ln (R/αj − 1)
αD−4

j

, (3.12)

and

αj = M
1

D−3 ei
2π

D−3 j . (3.13)

When v < 0, the outgoing ray propagates in flat spacetime with dv = 2dR. For v > 0,
substituting the perturbed radial coordinates (3.9) into equation (3.8) and linearizing, we
obtain

2 dR

dv
= 1 − M

RD−3 , (3.14)

2 dρ

dv
− (D − 3) M

RD−2 ρ = − M

RD−3µ, (3.15)

2 dσ

dv
− (D − 3) M

RD−2σ = (D − 3) M

RD−3

[
ρµ

R
− D − 2

2
ρ2

R2

]
. (3.16)

We can write the equations for the perturbations (3.15)–(3.16) as

df

dv
= D − 3

2
M

RD−2 f + F. (3.17)

The first-order perturbation corresponds to

f = ρ , F = −1
2

M

RD−3µ, (3.18)

and the second-order perturbation corresponds to

f = σ , F = D − 3
2

M

RD−3

[
ρµ

R
− D − 2

2
ρ2

R2

]
. (3.19)

These equations include the results in [28] for D = 4. We solve these perturbed null-ray
equations to obtain a solution that describes a fluctuating event horizon of the black hole
and the general trajectory of the ray propagating near the horizon.
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4 The perturbed event horizon and thermodynamics

We seek a particular solution describing the position of the perturbed horizon rH(v) =
RH(v) + ρH(v) + σH(v) + · · · and examine the quantities defined on the horizon in the
presence of fluctuations. From the zeroth-order equation (3.14), the unperturbed horizon
is located at

RH = M
1

D−3 . (4.1)

Following this, the unperturbed surface gravity of the black hole is

κ = D − 3
2RH

= D − 3
2M

1
D−3

. (4.2)

By using these quantities and equations (3.18)–(3.19), we find that

dρH

dv
− κρH = −1

2µ, (4.3)

dσH

dv
− κσH = κρHµ − D − 2

2
κρ2H
RH

. (4.4)

Upon solving these equations, we obtain the position of the horizon in the fluctuating
geometry,

ρH = µ0
2κ

Ω cos ωv + sin ωv

1 + Ω2 , (4.5)

σH = µ2
0

4κ

[
2Ω2(2 − Ω2) cos 2ωv + Ω(1 − 5Ω2) sin 2ωv

(1 + Ω2)2(1 + 4Ω2)

−D − 4
D − 3

(1 − 5Ω2) sin2 ωv + Ω(2 − Ω2) sin 2ωv + Ω2(5 + 2Ω2)
(1 + Ω2)2(1 + 4Ω2)

]
, (4.6)

where Ω = ω/κ denotes a dimensionless frequency. The integral constant was chosen to
eliminate terms causing small perturbations to grow exponentially over time. The position
of the horizon rH = M

1
D−3 + ρH + σH changes periodically, depending on the sine and

cosine functions, with frequencies and amplitudes determined by the metric fluctuation
parameters. Thus, one can imagine the horizon wriggling due to fluctuations. The second
term in the second-order correction σH depends on the number of dimensions D and
vanishes for four dimensions.

Next, we calculate the mean values of the fluctuating surface area, surface gravity,
Hawking temperature, and entropy of the black hole, averaged over time v to determine
the overall change. The average values of the surface area and surface gravity on the
fluctuating horizon are

A ≡ ΩD−2 rD−2
H (v) = ΩD−2 RD−2

H

[
1 + µ2

0(D − 2)
4(1 + Ω2)(D − 3)2

]
, (4.7)

κ ≡ D − 3
2

(
m(v)

rD−2
H (v)

)
= κ

[
1 + µ2

0(D − 2)
4(1 + Ω2)(D − 3)2

]
, (4.8)

– 8 –



J
H
E
P
0
8
(
2
0
2
3
)
1
0
2

where κ is the value of the unperturbed surface gravity (4.2). In the presence of metric
fluctuations, these quantities have slightly larger values than their counterparts in the
absence of fluctuations. Furthermore, the higher the dimensions D, the smaller the second
term’s value, corresponding to the effect of the fluctuations. The Hawking temperature
was modified to

T H = κ

2π
= κ

2π

[
1 + µ2

0(D − 2)
4(1 + Ω2)(D − 3)2

]
. (4.9)

The changes in surface area δA = A−A and Hawking temperature δTH = T H − TH due
to fluctuations satisfy the following relation

δA
A

= δTH

TH
. (4.10)

This relationship holds not only in four dimensions but also in higher dimensions. The
standard relation S = A/4 for the entropy of a black hole is also modified. The average
entropy value was obtained using the first law dS = dE/TH , where E = m(v) = M .

S =
∫ 2π

κ
dE

(
1 + µ2

0(D − 2)
4(1 + Ω2)(D − 3)2

)−1

≃ A
4

(
1 − µ2

0(D − 2)
2(1 + Ω2)(D − 3)2

)
. (4.11)

Again, the impact of the fluctuations diminishes as the dimension D increases.

5 Propagation of perturbed radial rays

We herein solve the null geodesic equations for the general case R ̸= RH after obtaining
radially outgoing null geodesic equations for a fluctuating higher-dimensional black hole
geometry and examining how the event horizon fluctuates. For v < 0, the outgoing ray
propagates with du = 0 in flat geometry. For v > 0, the trajectory of the outgoing ray
is given by equations (3.14)–(3.16). Using equation (3.14), we change the variable v in
equation (3.17) to the unperturbed trajectory R(v), yielding the solution

f =
(

1 − M

RD−3

)− ∫ ∞

R

2F(
1 − M

R′D−3

)2dR′ + f0

 , (5.1)

where f0 is the integration constant. We assume that the outgoing ray reaches future null
infinity J + at the same time u in both the absence and presence of fluctuations. Therefore,
the perturbation term f should vanish at J +. For both ρ and σ, F approaches zero as
R → ∞, and we satisfy this requirement by setting f0 = 0. We introduce the following
dimensionless quantities for convenience.

x = R − RH

RH
, ũ = κu, f̃ = 2

d − 3κf. (5.2)
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Subsequently, we express the dimensionless perturbations as

ρ̃(x) =
[
1− 1

(1+x)D−3

]∫ ∞

x

µ(ξ)(1+ξ)D−3

{(1+ξ)D−3−1}2
dξ, (5.3)

σ̃(x) =−
[
1− 1

(1+x)D−3

]∫ ∞

x

(1+ξ)D−3

{(1+ξ)D−3−1}2
(D−3)

{
ρ̃(ξ)µ(ξ)

1+ξ
−D−2

2
ρ̃(ξ)2

(1+ξ)2

}
dξ.

(5.4)

We also express the fluctuating mass term in the integrand in dimensionless form as

µ(ξ) = µ0 sin(ω v(ξ)) = µ0 sin [Ω(ũ + 2κR∗(ξ)]

= µ0 sin

Ω

ũ + (D − 3)ξ +
D−4∑
j=0

ei
2π

D−3 j ln
(

1 + ξ

ei
2π

D−3 j
− 1

) . (5.5)

These solutions describe the modified trajectory of the outgoing radial null ray in a
higher-dimensional fluctuating black hole geometry. Now, we establish the relationship
v = V (u) between the null coordinates to observe the entire history of the perturbed rays
in this geometry. We first consider a situation with no fluctuations (µ0 = 0). For v < 0,
the spacetime is flat, and the null coordinates are related by v − u = 2R. The rays leaving
J − at v = V0 < 0 converge toward the regular origin R = 0 of spacetime, bounce off at
R = 0, and propagate outward. Because the ingoing rays move with v = constant and the
outgoing rays move with u = constant, we obtain the relation

V0 = −2R0, (5.6)

where R0 denotes the values of the unperturbed radial coordinates when v = 0. For v > 0,
the null coordinates are related by v−u = 2R∗ in the black hole spacetime. In this region,
the rays propagate outward only with u = constant, and we obtain

−u = 2R∗0 = 2

R0 − M
1

D−3 + M
1

D−3

D − 3

D−4∑
j=0

ei
2π

D−3 j ln
(

R0

M
1

D−3 ei
2π

D−3 j
− 1

) . (5.7)

The null shell propagating along v = 0 is a singular null hypersurface across which the
metric is continuous. Thus, combining equation (5.6) obtained in the v < 0 region with
equation (5.7) obtained in the v > 0 region yields the relationship V0(u).

We now consider the rays in the presence of fluctuations (µ0 ̸= 0): because we fixed
the value of the retarded time u at which the unperturbed rays reach J +, equation (5.7)
remains unchanged, but equation (5.6) should be modified to

V (u) = −2 [R0(u) + ρ0(u) + σ0(u)] . (5.8)

The subscript 0 represents the intersection of the radial coordinates of the ray and null
shell. In the dimensionless form, it can be written as

Ṽ (ũ) = κV = − [(D − 3)(1 + x0) + ρ̃(x0) + σ̃(x0)] , (5.9)
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where x0 = R0−RH
RH

is the value of the dimensionless variable x on null shell v = 0. This
implies that x0 satisfies

ũ + (D − 3)x0 +
D−4∑
j=0

ei
2π

d−3 j ln
(

1 + x0

ei
2π

d−3 j
− 1

)
= 0, (5.10)

which yields x0(ũ). By computing the values of the fluctuations ρ̃(x0) and σ̃(x0), we obtain
the relationship Ṽ (ũ). This function illustrates the impact of metric fluctuations in higher
D-dimensions.

6 The fluctuating geometry in the large D limit

Calculating the integrals in equations (5.3) and (5.4) for generally higher dimensions can
be complex and difficult. Hence, exploring the boundaries of the dimension number D,
a well-defined natural parameter in gravity theory, is a good strategy for simplifying the
problem. This section discusses how the equations become straightforward in the ‘large D

limit’ [41, 43] and provides the corrected relation Ṽ (ũ) in the fluctuating geometry.
In the large D(≫ 1) dimension, the radial gradient of the gravitational potential at

the black hole horizon becomes very large (∼ D/RH), thereby localizing the gravitational
field of the black hole strongly near the horizon. Outside the thin area on the order of 1/D

where the influence of gravity exists, the black hole geometry becomes a flat Minkowski
spacetime. One can define the ‘near-horizon zone’ to study an effective theory in the
vicinity of the horizon. Since we are interested in the rays arriving at J + at a late time
u ≫ 1, which propagate close to the horizon, we introduce near-horizon coordinates

R̂ ≡
(

R

RH

)D−3
, (6.1)

defined by ln R̂ ≪ D − 3, to compute the perturbed trajectory of a ray in a large D-
dimension. Considering the first order in D−1, we obtain the radial tortoise coordinate
from

dR∗ = 1

1 −
(

RH
R

)D−3 dR = 1
1 − 1

R̂

RH

(D − 3)
1
R̂

dR̂ = RH

(D − 3)
1

R̂ − 1
dR̂, (6.2)

yielding

R∗ = RH

D − 3 ln(R̂ − 1). (6.3)

Subsequently, the fluctuating mass term (5.5) becomes

µ(R̂) = µ0 sin [Ω (ũ + 2κR∗)] = µ0 sin
[
Ω
(
ũ + ln(R̂ − 1)

)]
= µ0Im

[
eiΩũ(R̂ − 1)iΩ

]
. (6.4)

With near-horizon coordinates, the first-order perturbation in µ0 is written as

ρ̃(R̂) = 2κρ(R̂) =
(

1 − 1
R̂

)
I(R̂), (6.5)

– 11 –



J
H
E
P
0
8
(
2
0
2
3
)
1
0
2

where

I(R̂) =
∫ ∞

R̂

µ(τ)
(τ − 1)2 dτ = µ0Im

[
eiΩũ

∫ ∞

R̂
(τ − 1)iΩ−2 dτ

]
(6.6)

= µ0Im
[ 1 + iΩ

1 + Ω2 eiΩũ(R̂ − 1)iΩ−1
]

can be easily integrated. We require the value ρ̃0 on the null shell to compute the function
Ṽ (ũ). Here, v = 0 implies

ũ + ln(R̂0 − 1) = 0, (6.7)

with R̂0 denoting the value of R̂ on the null shell. Using this relationship, we obtain the
first-order perturbation on the null shell as

ρ̃0(R̂0) =
(

1 − 1
R̂0

)
µ0Im

[ 1 + iΩ
1 + Ω2 (R̂0 − 1)−iΩ(R̂0 − 1)iΩ−1

]
= µ0

Ω
1 + Ω2

1
R̂0

. (6.8)

Next, we express the second-order perturbation in µ0 in near-horizon coordinates as

σ̃(R̂) = 2κσ(R̂) = −
(

1 − 1
R̂

)∫ ∞

R̂

1
(τ − 1)2 ρ̃(τ)

{
µ(τ) − 1

2 ρ̃(τ)
}

dτ. (6.9)

By substituting ρ̃(τ) =
(
1 − 1

τ

)
I(τ), we obtain

σ̃(R̂) = −
(

1 − 1
R̂

)[∫ ∞

R̂

µ(τ)
τ(τ − 1)I(τ)dτ − 1

2

∫ ∞

R̂

1
τ2 I2(τ)dτ

]
. (6.10)

By integrating the second term by parts, we obtain∫ ∞

R̂

1
τ2 I2(τ)dτ = I2(R̂)

R̂
+ 2

∫ ∞

R̂

I(τ)
τ

I ′(τ) dτ, (6.11)

where the prime symbol denotes the derivative with respect to the integration variable τ .
Then we have

σ̃(R̂) =
(

1 − 1
R̂

)[
I2(R̂)

2R̂
−
∫ ∞

R̂

µ(τ)
(τ − 1)2 I(τ) dτ

]
. (6.12)

Using ∫ ∞

R̂

µ(τ)
(τ − 1)2 I(τ) dτ = 1

2I2(R̂), (6.13)

we obtain the second order correction

σ̃(R̂) = −1
2

[(
1 − 1

R̂

)
I(R̂)

]2
. (6.14)
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Again, we require the value on the shell. Using condition (6.7), we calculate the function
I2(R̂0) as

I2(R̂0) = µ2
0

Ω2

(1 + Ω2)2
1

(R̂0 − 1)2
. (6.15)

Therefore, the second-order perturbation on the null shell is

σ̃0(R̂0) = −µ2
0

2
Ω2

(1 + Ω2)2
1

R̂2
0
. (6.16)

Finally, we compute the corrected relation Ṽ (ũ) in a large D dimension. By fixing
the value of ũ as the (dimensionless) retarded time parameter when the unperturbed ray
reaches J +, we obtain

R̂0 = 1 + e−ũ, (6.17)

from equation (6.7). In the presence of fluctuations, the relationship between the null
coordinates of the ray is

−Ṽ (ũ) = (D − 3) + ln R̂0(ũ) + ρ̃0(R̂0(ũ)) + σ̃0(R̂0(ũ))

= Ṽ0 + µ0
Ω

1 + Ω2 (1 + e−ũ)−1 − µ2
0

2
Ω2

(1 + Ω2)2 (1 + e−ũ)−2, (6.18)

where

Ṽ0 = (D − 3) + ln
(
1 + e−ũ

)
(6.19)

is the value in the absence of fluctuations. The corrected terms contain the amplitude and
frequency parameters determined by the parameters of the metric fluctuations. Interest-
ingly, when the dimension D is very large, a complete solution is obtained in a compact
form in the near-horizon zone.

7 Conclusions

In this work, we examined the impact of metric fluctuations on outgoing radial rays prop-
agating near the horizon of a higher-dimensional black hole. By generalizing the works of
York [3] and Barrabès et al. [28] to higher dimensions, we studied an ingoing Vaidya-type
metric with a spherically oscillating source over time v. The oscillating mass induced fluc-
tuations in the geometry, necessitating the correction of the null geodesic equation. Given
that the oscillations in our model were minuscule compared to the black hole mass, we used
a perturbation method to obtain the corrected equation of radially outgoing rays. The
perturbed event horizon solution was found up to the second order in the small-amplitude
parameter µ0, and the second-order correction exhibited a dimensional dependency arising
from the higher-dimensional spacetime. The perturbed horizon influenced the thermody-
namic variables defined on the horizon. By calculating the time averages, we examined

– 13 –
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the global changes in the presence of fluctuations. The corrections in these variables de-
creased as the number of spacetime dimensions increased, and a dimensional dependency
emerged in the relationship between the entropy and surface area of the black hole. We
also derived a general solution for the perturbed outgoing rays. It is worth noting that
our results encompass those of [28] for four dimensions. In the large D limit, we were able
to analytically solve the complex integrals present in the general solution. Using these
results, we established a complete V (u) function, representing the corrected relationship
between the null coordinates of the perturbed ray in a large D-dimension. Although our
results were obtained using a simplified model that assumed classical perturbations, they
offer intriguing insights into higher dimensions.

By adjusting the V (u) function, we can derive corrections for the outgoing energy
flux and the asymptotic spectrum of Hawking radiation in higher dimensions. Moreover,
our model can be generalized to the case of a higher-dimensional rotating black hole, and
non-spherical oscillations can be considered.

Acknowledgments

This research was supported by Basic Science Research Program through the National Re-
search Foundation of Korea (NRF) funded by the Ministry of Education
(NRF-2022R1I1A2063176) and the Dongguk University Research Fund of 2023. BG ap-
preciates APCTP for its hospitality during the topical research program, Multi-Messenger
Astrophysics and Gravitation.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] S.W. Hawking, Particle creation by black holes, Commun. Math. Phys. 43 (1975) 199.

[2] J.D. Bekenstein, Black holes and entropy, Phys. Rev. D 7 (1973) 2333 [INSPIRE].

[3] J.W. York Jr., Dynamical Origin of Black Hole Radiance, Phys. Rev. D 28 (1983) 2929
[INSPIRE].

[4] J.W. York Jr., Black hole thermodynamics and the Euclidean Einstein action, Phys. Rev. D
33 (1986) 2092 [INSPIRE].

[5] V.P. Frolov and I. Novikov, Dynamical origin of the entropy of a black hole, Phys. Rev. D 48
(1993) 4545 [gr-qc/9309001] [INSPIRE].

[6] J.-G. Demers, R. Lafrance and R.C. Myers, Black hole entropy without brick walls, Phys.
Rev. D 52 (1995) 2245 [gr-qc/9503003] [INSPIRE].

[7] J. Ho, W.T. Kim, Y.-J. Park and H. Shin, Entropy in the Kerr-Newman black hole, Class.
Quant. Grav. 14 (1997) 2617 [gr-qc/9704032] [INSPIRE].

[8] A. Strominger, Black hole entropy from near horizon microstates, JHEP 02 (1998) 009
[hep-th/9712251] [INSPIRE].

– 14 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.7.2333
https://inspirehep.net/literature/80985
https://doi.org/10.1103/PhysRevD.28.2929
https://inspirehep.net/literature/191721
https://doi.org/10.1103/PhysRevD.33.2092
https://doi.org/10.1103/PhysRevD.33.2092
https://inspirehep.net/literature/243661
https://doi.org/10.1103/PhysRevD.48.4545
https://doi.org/10.1103/PhysRevD.48.4545
https://arxiv.org/abs/gr-qc/9309001
https://inspirehep.net/literature/35737
https://doi.org/10.1103/PhysRevD.52.2245
https://doi.org/10.1103/PhysRevD.52.2245
https://arxiv.org/abs/gr-qc/9503003
https://inspirehep.net/literature/393133
https://doi.org/10.1088/0264-9381/14/9/016
https://doi.org/10.1088/0264-9381/14/9/016
https://arxiv.org/abs/gr-qc/9704032
https://inspirehep.net/literature/442096
https://doi.org/10.1088/1126-6708/1998/02/009
https://arxiv.org/abs/hep-th/9712251
https://inspirehep.net/literature/452915


J
H
E
P
0
8
(
2
0
2
3
)
1
0
2

[9] Y.-J. Wu, Z. Zhao and X.-J. Yang, Entropy of a radiating rotating charged black hole, Class.
Quant. Grav. 21 (2004) 2595 [INSPIRE].

[10] A. Ghosh and A. Perez, Black hole entropy and isolated horizons thermodynamics, Phys. Rev.
Lett. 107 (2011) 241301 [Erratum ibid. 108 (2012) 169901] [arXiv:1107.1320] [INSPIRE].

[11] X.-Y. Wang, J. Jiang and W.-B. Liu, Entropy in the interior of a Kerr black hole, Class.
Quant. Grav. 35 (2018) 215002 [arXiv:1803.09649] [INSPIRE].

[12] M. Arzano et al., Quantum ergosphere and brick wall entropy, Phys. Lett. B 797 (2019)
134887 [arXiv:1901.09599] [INSPIRE].

[13] A.K. Sinha, Hawking decay and thermodynamic transformation of a black hole: two
examples, J. Korean Phys. Soc. 80 (2022) 359 [INSPIRE].

[14] V. Cardoso and J.P.S. Lemos, Quasinormal modes of Schwarzschild anti-de Sitter black
holes: Electromagnetic and gravitational perturbations, Phys. Rev. D 64 (2001) 084017
[gr-qc/0105103] [INSPIRE].

[15] E. Berti and K.D. Kokkotas, Asymptotic quasinormal modes of Reissner-Nordstrom and Kerr
black holes, Phys. Rev. D 68 (2003) 044027 [hep-th/0303029] [INSPIRE].

[16] E. Berti, V. Cardoso, K.D. Kokkotas and H. Onozawa, Highly damped quasinormal modes of
Kerr black holes, Phys. Rev. D 68 (2003) 124018 [hep-th/0307013] [INSPIRE].

[17] S. Zerbini and L. Vanzo, Asymptotics of quasinormal modes for multihorizon black holes,
Phys. Rev. D 70 (2004) 044030 [hep-th/0402103] [INSPIRE].

[18] N. Andersson and C.J. Howls, The Asymptotic quasinormal mode spectrum of non-rotating
black holes, Class. Quant. Grav. 21 (2004) 1623 [gr-qc/0307020] [INSPIRE].

[19] E. Berti, Black hole quasinormal modes: Hints of quantum gravity?, Conf. Proc. C 0405132
(2004) 145 [gr-qc/0411025] [INSPIRE].

[20] H.T. Cho, Asymptotic quasinormal frequencies of different spin fields in spherically
symmetric black holes, Phys. Rev. D 73 (2006) 024019 [gr-qc/0512052] [INSPIRE].

[21] S.R. Dolan and A.C. Ottewill, On an Expansion Method for Black Hole Quasinormal Modes
and Regge Poles, Class. Quant. Grav. 26 (2009) 225003 [arXiv:0908.0329] [INSPIRE].

[22] C. Corda, Time dependent Schrödinger equation for black hole evaporation: No information
loss, Annals Phys. 353 (2015) 71 [arXiv:1304.1899] [INSPIRE].

[23] J.L. Jaramillo, R. Panosso Macedo and L. Al Sheikh, Pseudospectrum and Black Hole
Quasinormal Mode Instability, Phys. Rev. X 11 (2021) 031003 [arXiv:2004.06434]
[INSPIRE].

[24] R.-Q. Yang, R.-G. Cai and L. Li, Constraining the number of horizons with energy
conditions, Class. Quant. Grav. 39 (2022) 035005 [arXiv:2104.03012] [INSPIRE].

[25] B. Gwak, Weak cosmic censorship conjecture in Myers-Perry black hole with separability,
JCAP 10 (2022) 077 [arXiv:2207.13822] [INSPIRE].

[26] L.A.H. Mamani, A.D.D. Masa, L.T. Sanches and V.T. Zanchin, Revisiting the quasinormal
modes of the Schwarzschild black hole: Numerical analysis, Eur. Phys. J. C 82 (2022) 897
[arXiv:2206.03512] [INSPIRE].

[27] K. Kyutoku, H. Motohashi and T. Tanaka, Quasinormal modes of Schwarzschild black holes
on the real axis, Phys. Rev. D 107 (2023) 044012 [arXiv:2206.00671] [INSPIRE].

– 15 –

https://doi.org/10.1088/0264-9381/21/11/005
https://doi.org/10.1088/0264-9381/21/11/005
https://inspirehep.net/literature/655885
https://doi.org/10.1103/PhysRevLett.107.241301
https://doi.org/10.1103/PhysRevLett.107.241301
https://arxiv.org/abs/1107.1320
https://inspirehep.net/literature/917420
https://doi.org/10.1088/1361-6382/aae276
https://doi.org/10.1088/1361-6382/aae276
https://arxiv.org/abs/1803.09649
https://inspirehep.net/literature/1664380
https://doi.org/10.1016/j.physletb.2019.134887
https://doi.org/10.1016/j.physletb.2019.134887
https://arxiv.org/abs/1901.09599
https://inspirehep.net/literature/1717233
https://doi.org/10.1007/s40042-021-00387-6
https://inspirehep.net/literature/2037446
https://doi.org/10.1103/PhysRevD.64.084017
https://arxiv.org/abs/gr-qc/0105103
https://inspirehep.net/literature/557325
https://doi.org/10.1103/PhysRevD.68.044027
https://arxiv.org/abs/hep-th/0303029
https://inspirehep.net/literature/614467
https://doi.org/10.1103/PhysRevD.68.124018
https://arxiv.org/abs/hep-th/0307013
https://inspirehep.net/literature/622452
https://doi.org/10.1103/PhysRevD.70.044030
https://arxiv.org/abs/hep-th/0402103
https://inspirehep.net/literature/644472
https://doi.org/10.1088/0264-9381/21/6/021
https://arxiv.org/abs/gr-qc/0307020
https://inspirehep.net/literature/622790
https://arxiv.org/abs/gr-qc/0411025
https://inspirehep.net/literature/663605
https://doi.org/10.1103/PhysRevD.73.024019
https://arxiv.org/abs/gr-qc/0512052
https://inspirehep.net/literature/699929
https://doi.org/10.1088/0264-9381/26/22/225003
https://arxiv.org/abs/0908.0329
https://inspirehep.net/literature/827746
https://doi.org/10.1016/j.aop.2014.11.002
https://arxiv.org/abs/1304.1899
https://inspirehep.net/literature/1227492
https://doi.org/10.1103/PhysRevX.11.031003
https://arxiv.org/abs/2004.06434
https://inspirehep.net/literature/1791165
https://doi.org/10.1088/1361-6382/ac4118
https://arxiv.org/abs/2104.03012
https://inspirehep.net/literature/1856570
https://doi.org/10.1088/1475-7516/2022/10/077
https://arxiv.org/abs/2207.13822
https://inspirehep.net/literature/2127568
https://doi.org/10.1140/epjc/s10052-022-10865-1
https://arxiv.org/abs/2206.03512
https://inspirehep.net/literature/2093005
https://doi.org/10.1103/PhysRevD.107.044012
https://arxiv.org/abs/2206.00671
https://inspirehep.net/literature/2090805


J
H
E
P
0
8
(
2
0
2
3
)
1
0
2

[28] C. Barrabes, V.P. Frolov and R. Parentani, Metric fluctuation corrections to Hawking
radiation, Phys. Rev. D 59 (1999) 124010 [gr-qc/9812076] [INSPIRE].

[29] M. Falanga et al., Exploring higher order images with Fe Kα-lines from relativistic discs:
black hole spin determination and bias, Mon. Not. Roy. Astron. Soc. 504 (2021) 3424
[arXiv:2104.07707] [INSPIRE].

[30] V. De Falco et al., Exploring departures from Schwarzschild black hole in f(R) gravity, Eur.
Phys. J. C 83 (2023) 456 [arXiv:2305.04695] [INSPIRE].

[31] S. Bellucci and B.N. Tiwari, Thermodynamic Geometry and Hawking Radiation, JHEP 11
(2010) 030 [arXiv:1009.0633] [INSPIRE].

[32] E. Arias, G. Krein, G. Menezes and N.F. Svaiter, Thermal Radiation from a Fluctuating
Event Horizon, Int. J. Mod. Phys. A 27 (2012) 1250129 [arXiv:1109.6080] [INSPIRE].

[33] V.P. Frolov and A. Zelnikov, Quantum radiation from a sandwich black hole, Phys. Rev. D
95 (2017) 044042 [arXiv:1612.05319] [INSPIRE].

[34] C. Barrabes, V.P. Frolov and R. Parentani, Stochastically fluctuating black hole geometry,
Hawking radiation and the transPlanckian problem, Phys. Rev. D 62 (2000) 044020
[gr-qc/0001102] [INSPIRE].

[35] B.L. Hu and A. Roura, Metric fluctuations of an evaporating black hole from back reaction of
stress tensor fluctuations, Phys. Rev. D 76 (2007) 124018 [arXiv:0708.3046] [INSPIRE].

[36] B.L. Hu and E. Verdaguer, Stochastic Gravity: Theory and Applications, Living Rev. Rel. 11
(2008) 3 [arXiv:0802.0658] [INSPIRE].

[37] R. Emparan and H.S. Reall, Black Holes in Higher Dimensions, Living Rev. Rel. 11 (2008) 6
[arXiv:0801.3471] [INSPIRE].

[38] G.T. Horowitz, Black holes in higher dimensions, Cambridge University Press (2012).

[39] P. Kanti, Black holes in theories with large extra dimensions: A Review, Int. J. Mod. Phys.
A 19 (2004) 4899 [hep-ph/0402168] [INSPIRE].

[40] O. Aharony et al., Large N field theories, string theory and gravity, Phys. Rept. 323 (2000)
183 [hep-th/9905111] [INSPIRE].

[41] R. Emparan, R. Suzuki and K. Tanabe, The large D limit of General Relativity, JHEP 06
(2013) 009 [arXiv:1302.6382] [INSPIRE].

[42] R. Emparan et al., Effective theory of Black Holes in the 1/D expansion, JHEP 06 (2015)
159 [arXiv:1504.06489] [INSPIRE].

[43] R. Emparan and C.P. Herzog, Large D limit of Einstein’s equations, Rev. Mod. Phys. 92
(2020) 045005 [arXiv:2003.11394] [INSPIRE].

[44] D. Licht, R. Luna and R. Suzuki, Black Ripples, Flowers and Dumbbells at large D, JHEP
04 (2020) 108 [arXiv:2002.07813] [INSPIRE].

[45] R. Suzuki and S. Tomizawa, Squashed black holes at large D, JHEP 12 (2021) 194
[arXiv:2111.04962] [INSPIRE].

[46] R. Suzuki and S. Tomizawa, Rotating black holes at large D in Einstein-Gauss-Bonnet
theory, Phys. Rev. D 106 (2022) 024018 [arXiv:2202.12649] [INSPIRE].

[47] P.-C. Li and C.-Y. Zhang, On AdS Black Strings at Large D, arXiv:2112.11886 [INSPIRE].

– 16 –

https://doi.org/10.1103/PhysRevD.59.124010
https://arxiv.org/abs/gr-qc/9812076
https://inspirehep.net/literature/481297
https://doi.org/10.1093/mnras/stab1147
https://arxiv.org/abs/2104.07707
https://inspirehep.net/literature/1858924
https://doi.org/10.1140/epjc/s10052-023-11601-z
https://doi.org/10.1140/epjc/s10052-023-11601-z
https://arxiv.org/abs/2305.04695
https://inspirehep.net/literature/2657729
https://doi.org/10.1007/JHEP11(2010)030
https://doi.org/10.1007/JHEP11(2010)030
https://arxiv.org/abs/1009.0633
https://inspirehep.net/literature/867054
https://doi.org/10.1142/S0217751X12501291
https://arxiv.org/abs/1109.6080
https://inspirehep.net/literature/929815
https://doi.org/10.1103/PhysRevD.95.044042
https://doi.org/10.1103/PhysRevD.95.044042
https://arxiv.org/abs/1612.05319
https://inspirehep.net/literature/1504239
https://doi.org/10.1103/PhysRevD.62.044020
https://arxiv.org/abs/gr-qc/0001102
https://inspirehep.net/literature/523454
https://doi.org/10.1103/PhysRevD.76.124018
https://arxiv.org/abs/0708.3046
https://inspirehep.net/literature/758838
https://doi.org/10.12942/lrr-2008-3
https://doi.org/10.12942/lrr-2008-3
https://arxiv.org/abs/0802.0658
https://inspirehep.net/literature/778843
https://doi.org/10.12942/lrr-2008-6
https://arxiv.org/abs/0801.3471
https://inspirehep.net/literature/777957
https://doi.org/10.1142/S0217751X04018324
https://doi.org/10.1142/S0217751X04018324
https://arxiv.org/abs/hep-ph/0402168
https://inspirehep.net/literature/644621
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1016/S0370-1573(99)00083-6
https://arxiv.org/abs/hep-th/9905111
https://inspirehep.net/literature/499969
https://doi.org/10.1007/JHEP06(2013)009
https://doi.org/10.1007/JHEP06(2013)009
https://arxiv.org/abs/1302.6382
https://inspirehep.net/literature/1221232
https://doi.org/10.1007/JHEP06(2015)159
https://doi.org/10.1007/JHEP06(2015)159
https://arxiv.org/abs/1504.06489
https://inspirehep.net/literature/1364747
https://doi.org/10.1103/RevModPhys.92.045005
https://doi.org/10.1103/RevModPhys.92.045005
https://arxiv.org/abs/2003.11394
https://inspirehep.net/literature/1788193
https://doi.org/10.1007/JHEP04(2020)108
https://doi.org/10.1007/JHEP04(2020)108
https://arxiv.org/abs/2002.07813
https://inspirehep.net/literature/1781410
https://doi.org/10.1007/JHEP12(2021)194
https://arxiv.org/abs/2111.04962
https://inspirehep.net/literature/1964692
https://doi.org/10.1103/PhysRevD.106.024018
https://arxiv.org/abs/2202.12649
https://inspirehep.net/literature/2038929
https://arxiv.org/abs/2112.11886
https://inspirehep.net/literature/1996422


J
H
E
P
0
8
(
2
0
2
3
)
1
0
2

[48] D. Licht, R. Luna and R. Suzuki, Lattice black branes at large D, JHEP 04 (2022) 063
[arXiv:2201.11687] [INSPIRE].

[49] D. Licht, R. Suzuki and B. Way, The large D effective theory of black strings in AdS, JHEP
12 (2022) 146 [arXiv:2211.04333] [INSPIRE].

[50] R. Suzuki and S. Tomizawa, Phase and stability of black strings in Einstein-Gauss-Bonnet
theory at large D, JHEP 02 (2023) 101 [arXiv:2212.04809] [INSPIRE].

[51] T. Andrade et al., Entropy production and entropic attractors in black hole fusion and
fission, JHEP 08 (2020) 098 [arXiv:2005.14498] [INSPIRE].

[52] M. Mandlik, Black Rings in Large D Membrane Paradigm at the First Order, JHEP 02
(2021) 036 [arXiv:2006.16163] [INSPIRE].

[53] M. Mandlik, De Sitter static black ring in large D membrane paradigm at the second order,
JHEP 09 (2022) 057 [arXiv:2011.13351] [INSPIRE].

[54] S. Kachru and M. Shyani, Holographic non-Fermi liquids at large d, JHEP 01 (2023) 057
[arXiv:2010.03560] [INSPIRE].

[55] C. Keeler, V. Martin and A. Priya, Hidden conformal symmetries from Killing towers with
an application to large-D/CFT, SciPost Phys. 12 (2022) 170 [arXiv:2110.10723] [INSPIRE].

[56] D. Giataganas, N. Pappas and N. Toumbas, Holographic observables at large d, Phys. Rev. D
105 (2022) 026016 [arXiv:2110.14606] [INSPIRE].

[57] J. Podolsky and R. Svarc, Algebraic structure of Robinson-Trautman and Kundt geometries
in arbitrary dimension, Class. Quant. Grav. 32 (2015) 015001 [arXiv:1406.3232] [INSPIRE].

[58] W. Sybesma, A zoo of deformed Jackiw-Teitelboim models near large dimensional black
holes, JHEP 01 (2023) 141 [arXiv:2211.07927] [INSPIRE].

[59] R. Luna and M. Sanchez-Garitaonandia, Holographic collisions in large D effective theory,
JHEP 02 (2023) 147 [arXiv:2212.14440] [INSPIRE].

[60] C. Barrabès and P.A. Hogan, Advanced general relativity : gravity waves spinning particles
and black holes, Oxford University Press, Oxford (2013)
[DOI:10.1093/acprof:oso/9780199680696.001.0001] [INSPIRE].

[61] F.R. Tangherlini, Schwarzschild field in n dimensions and the dimensionality of space
problem, Nuovo Cim. 27 (1963) 636 [INSPIRE].

[62] B.R. Iyer and C.V. Vishveshwara, The Vaidya Solution in Higher Dimensions, Pramana 32
(1989) 749 [INSPIRE].

[63] L. Zhao, Spherical and spheroidal harmonics: Examples and computations, Ph.D. thesis, The
Ohio State University, U.S.A. (2017).

[64] A. Erdelyi, W. Magnus, F. Oberhettinger and F.G. Tricomi, Higher Transcendental
Functions, McGraw-Hill, New York (1953).

[65] E. Berti, M. Cavaglia and L. Gualtieri, Gravitational energy loss in high-energy particle
collisions: Ultrarelativistic plunge into a multidimensional black hole, Phys. Rev. D 69
(2004) 124011 [hep-th/0309203] [INSPIRE].

– 17 –

https://doi.org/10.1007/JHEP04(2022)063
https://arxiv.org/abs/2201.11687
https://inspirehep.net/literature/2020672
https://doi.org/10.1007/JHEP12(2022)146
https://doi.org/10.1007/JHEP12(2022)146
https://arxiv.org/abs/2211.04333
https://inspirehep.net/literature/2178147
https://doi.org/10.1007/JHEP02(2023)101
https://arxiv.org/abs/2212.04809
https://inspirehep.net/literature/2612697
https://doi.org/10.1007/JHEP08(2020)098
https://arxiv.org/abs/2005.14498
https://inspirehep.net/literature/1798529
https://doi.org/10.1007/JHEP02(2021)036
https://doi.org/10.1007/JHEP02(2021)036
https://arxiv.org/abs/2006.16163
https://inspirehep.net/literature/1803657
https://doi.org/10.1007/JHEP09(2022)057
https://arxiv.org/abs/2011.13351
https://inspirehep.net/literature/1833701
https://doi.org/10.1007/JHEP01(2023)057
https://arxiv.org/abs/2010.03560
https://inspirehep.net/literature/1821794
https://doi.org/10.21468/SciPostPhys.12.5.170
https://arxiv.org/abs/2110.10723
https://inspirehep.net/literature/1949142
https://doi.org/10.1103/PhysRevD.105.026016
https://doi.org/10.1103/PhysRevD.105.026016
https://arxiv.org/abs/2110.14606
https://inspirehep.net/literature/1953842
https://doi.org/10.1088/0264-9381/32/1/015001
https://arxiv.org/abs/1406.3232
https://inspirehep.net/literature/1300350
https://doi.org/10.1007/JHEP01(2023)141
https://arxiv.org/abs/2211.07927
https://inspirehep.net/literature/2182427
https://doi.org/10.1007/JHEP02(2023)147
https://arxiv.org/abs/2212.14440
https://inspirehep.net/literature/2619296
https://doi.org/10.1093/acprof:oso/9780199680696.001.0001
https://inspirehep.net/literature/1389075
https://doi.org/10.1007/BF02784569
https://inspirehep.net/literature/42421
https://doi.org/10.1007/BF02845995
https://doi.org/10.1007/BF02845995
https://inspirehep.net/literature/284842
https://doi.org/10.1103/PhysRevD.69.124011
https://doi.org/10.1103/PhysRevD.69.124011
https://arxiv.org/abs/hep-th/0309203
https://inspirehep.net/literature/628789

	Introduction
	Review on model and the higher-dimensional Vaidya black hole
	The fluctuating geometry in higher dimensions
	The perturbed event horizon and thermodynamics
	Propagation of perturbed radial rays
	The fluctuating geometry in the large D limit
	Conclusions

