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In this article, we will for the first time model galactic black holes in pure Lovelock gravity. Even though
working with higher spacetime dimensions, we assume (implicitly) the Hernquist-type mass profile for the
galaxy in such a way that the horizon structure of a pure LoveLock black hole remains intact. In this way, we
will model the galactic pure Lovelock black hole with arbitrary dimension (d) and order (N). Then, we will
specialize this technique for critical dimension d ¼ 3N þ 1. We want to see how the galactic parameters
affect the time domain single, quasinormal modes, photon sphere, innermost stable circular orbits (ISCO),
and shadow radius. The time domain signal may allow us to identify the galactic parameters as well as to
distinguish them from their isolated pure Lovelock counterparts if it is observed in future generations of
gravitational wave measurements. We also calculate Hawking temperature for the same setup and want to
see how Hawking’s temperature will be affected due to the presence of a galaxy. It shows that the presence of
a galactic halo can quench Hawking temperature.
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I. INTRODUCTION

Numerous experiments, including investigations into the
flatness of galaxies’ rotation curves [1–4], the dynamics of
hot gas in clusters [5], and the phenomenon of gravitational
lensing [6], among others, reveal that 95 percent mass of a
galaxy originates from nonbaryonic matter, commonly
known as dark matter [7,8]. Thus, in our universe, isolated
objects do not exist. Any compact object, whether a black
hole or an exotic compact object (ECO), must coexist with
dark matter, influencing spacetime geometry.
A recent comprehensive study [9] presented a fully

relativistic analysis, deriving the spherically symmetric
metric of a black hole spacetime within the presence of a
galactic matter distribution following the Hernquist-type
density profile [10]:

ρðrÞ ¼ Ma
2πrðrþ aÞ3 : ð1Þ

Here,M represents the mass of the dark matter halo, and a is
a characteristic length scale associated with the dark matter
distribution within the galaxy. This density profile is a
motivation for determining the mass profile of a galactic
black hole, which can be described as follows:

mðrÞ ¼ MBH þ Mr2

ðrþ aÞ2
�
1 −

2MBH

r

�
2

; ð2Þ

where MBH is mass of the central black hole. The resulting
geometry from the mass above profile bears a resemblance
to the Einstein cluster [11]. Importantly, this mass profile
preserves the black hole horizon’s existence, even in a
galaxy’s presence.1 It is worth noting that the galactic matter
also provides an effective shielding mechanism when the
central black hole possesses an electric charge [13].
Building on the insights gained from the fully relativistic
analysis of galactic black holes, in this paper, we focus on
exploring the scenario of a pure Lovelock black hole in the
center of a galaxy. Pure Lovelock gravity is a theory
characterized by a modified kinetic term in dimensions
d > 4, formulated through a polynomial in the Riemann
curvature of order N.When N equals 1, the theory simplifies
to the linear term, representing scalar curvature and
coinciding with Einstein’s general relativity (GR). For
d ¼ 4, the only viable option is N ¼ 1. Generally, d and
N are independent, except for the condition that N > 1 is
permissible in dimensions d > 4, and it consistently holds
that N < ½ðd − 1Þ=2�. Even though higher curvature terms
exist in the Lagrangian for pure Lovelock theories, the field
equations remain second-order [14–20]. Rather than en-
gaging with elevated spacetime dimensions, we implicitly
adopt the Hernquist-type mass profile for the galaxy. This
approach ensures that the fundamental horizon structure of a
pure Lovelock black hole remains undisturbed. We want to
see how the galactic parameters affect the time domain
single, quasinormal modes, photon sphere, ISCO, and
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shadow radius. The time domain single may allow us to
identify the galactic parameters as well as to distinguish
them from their isolated pure Lovelock counterparts and the
GR counterparts theoretically or experimental observation
but the effect of extra dimension in pure Lovelock gravity
must be reduced to d ¼ 4 by some mechanism (e.g.,
compactification). We also calculate Hawking temperature
and want to see how Hawking’s temperature will be affected
due to the presence of a galaxy.
This paper is organized as follows: First, in Sec. II, we

briefly review the geometry of general relativistic black
holes in galactic centers. Next, in Sec. III, we present the
construction of a pure Lovelock black hole with arbitrary
dimension (d) and order (N) in a galactic center. Then,
we specialize this technique for the critical dimension
d ¼ 3N þ 1. The spacetime properties, including the
photon sphere, ISCO, shadow radius, and Hawking tem-
perature, are then calculated. Moving on to Sec. IV, we
analyze the massless scalar perturbation and determine the
effective potential experienced by it. We calculate the
scalar quasinormal modes by employing the 6th-order
Wentzel-Kramers-Brillouin (WKB) approximation [21].
Then, we solve the master equation in the time domain,
enabling us to obtain the ringdown waveform. Finally, our
conclusions in Sec. V encompass a comprehensive dis-
cussion of our findings and an outline of potential avenues
for future research.
Notations and Conventions: We will set c ¼ ℏ ¼ G ¼ 1

in our calculations. Additionally, our metric will follow the
mostly positive signature convention, which means that in
four spacetime dimensions, the Minkowski metric takes the
form ημν ¼ diagð−1;þ1;þ1;þ1Þ. Throughout the paper,
“prime” denotes the derivative with respect to r.

II. REVIEW OF THE GEOMETRY OF GR BLACK
HOLES IN GALACTIC CENTERS

First, we review the geometry of a Schwarzschild black
hole. The metric for the Schwarzshild black hole is given by,

ds2 ¼ −fðrÞdt2 þ fðrÞ−1dr2 þ r2dΩ2; ð3Þ

where fðrÞ ¼ ð1 − 2MBH=rÞ. Here MBH is the mass of the
black hole. One can calculate the radius of the photon
sphere, the shadow radius, and the ISCO from this metric.
The calculation of rph involves determining the effective
potential encountered by a photon navigating through this
spacetime, which is given by,

Vph
eff ¼

fðrÞ
r2

: ð4Þ

The photon sphere is the unstable circular null geodesics
that are obtained by setting the derivative of the effective
potential to zero. This yields the algebraic equation
rf0 ¼ 2f [22], enabling the determination of the photon

sphere’s radius (rph). For the Schwarzschild spacetime, it
is given by,

rph ¼ 3MBH: ð5Þ
To determine the innermost stable circular orbit we

consider a motion of a massive particle in spacetime and
impose the following three conditions on the effective
potential experienced by the test massive particle:
Veff ¼ 0, V 0

eff ¼ 0, and V 00
eff ¼ 0. The solution of these

algebraic conditions leads to the following solution for the
Schwarzschild spacetime,

rISCO ¼ 6MBH: ð6Þ

The calculation of rsh involves determining the critical
impact parameter associated with null geodesics which is
defined by the relation

1

r2sh
¼ Vph

effðrphÞ: ð7Þ

This for Schwarzschild spacetime leads to,

rsh ¼ 3
ffiffiffi
3

p
MBH: ð8Þ

Then, we consider a GR black hole in the galactic
center. Furthermore, the arrangement is expected to
remain static, meaning no radial outflow should be
present. Thus, for constructing the metric of this system,
we choose a perfect fluid of energy-momentum tensor
Tμ
ν ¼ diagð−ρ; 0; PT; PTÞ. We also consider the spherical

symmetric metric for this system in the following manner,

ds2 ¼ −fðrÞdt2 þ
�
1−

2mðrÞ
r

�
−1
dr2 þ r2dΩ2: ð9Þ

Here we consider the mass profile as mðrÞ ¼ MBH þ
Mr2

ðrþaÞ2 ð1 − 2MBH=rÞ2 where M is the total mass of the

“halo” and a a typical length scale associated with the dark
matter distribution in the galaxy [9]. Significantly, this mass
profile maintains the structure of the GR black hole horizon,
even when the GR black hole is situated in the galactic
center. Now from the radial component of Einstein equation
Gr

r ¼ 8πTr
r we get,

rf0

2f
¼ mðrÞρ

r − 2mðrÞ : ð10Þ

The solution of the above equation provides us with the
following,

f ¼
�
1 −

2MBH

r

�
eγ; ð11Þ
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γ ¼ −π
ffiffiffiffiffi
M
ξ

r
þ 2

ffiffiffiffiffi
M
ξ

r
tan−1

rþ a −Mffiffiffiffiffiffiffi
Mξ

p ; ð12Þ

ξ ¼ 2a −M þ 4MBH: ð13Þ

From the mass profile, we can derive the matter density
profile. The temporal component of the Einstein equation,
given by Gt

t ¼ 8πTt
t, offers us the matter density in the

subsequent manner [9],

4πρ ¼ m0ðrÞ
r

⇒ ρ ¼ 2Mðaþ 2MBHÞð1 − 2MBH=rÞ
4πrðaþ rÞ3 : ð14Þ

The tangential pressure can be obtained from the Bianchi
identities and is characterized by its expression as stated
in [9],

2PT ¼ mðrÞρ
r − 2mðrÞ : ð15Þ

From the metric [Eq. (9)], one can calculate the radius of
the photon sphere, the shadow radius, and the ISCO. Up to
the leading order in ðMBH

a Þ, the radius of the photon sphere is
given by [9],

rph ¼ 3MBH

�
1þMMBH

a2

�
: ð16Þ

Note that in the limit of M → 0, we get back the result of
the photon sphere of the isolated Schwarzschild black hole.
Furthermore, the presence of a dark matter halo increases
the radial location of the photon sphere, compared to the
case of an isolated Schwarzschild black hole. The radial
coordinate solution of ISCO is given by [9],

rISCO ¼ 6MBH

�
1 −

32MMBH

a2

�
: ð17Þ

Here also, as M approaches zero, we recover the ISCO
outcome for the isolated Schwarzschild black hole.
Additionally, introducing a dark matter halo reduces the
radial location of the ISCO position relative to the isolated
Schwarzschild black hole scenario. The shadow radius
associated with the galactic black hole is given by [9],

rsh ¼ 3
ffiffiffi
3

p
MBH

�
1þM

a
þMð5M − 18MBHÞ

6a2

�
: ð18Þ

Similarly, in the limit of M → 0, we get back the result of
the shadow radius of the isolated Schwarzschild black hole.
Also, in the presence of a dark matter halo, the shadow

radius will be larger than that of an isolated Schwarzschild
black hole.

III. THE GEOMETRY OF PURE LOVELOCK
BLACK HOLES IN GALACTIC CENTERS

In this section, we first briefly review the geometry of a
pure Lovelock black hole of Lovelock order N in d
dimensional spacetime. The metric for a pure Lovelock
black hole of Lovelock order N in d dimensional spacetime
is given by [14–20],

ds2 ¼ −
�
1 −

�
2NMBH

rd−2N−1

�
1=N
�
dt2

þ
�
1 −

�
2NMBH

rd−2N−1

�
1=N
�

−1
dr2 þ r2dΩ2

d−2: ð19Þ

The ADM mass is represented as MBH ¼ ðM1=N
BH ÞN in this

context, and the given metric corresponds to a solution of
vacuum Einstein’s equation. Then we present a modeling
approach for the d-dimensional galactic pure Lovelock
black hole with a Lovelock order N. The arrangement is
expected to remain static, i.e., no radial outflow should be
present. Thus, to construct the metric for this system, we
adopt a perfect fluid with an energy-momentum tensor
represented as Tμ

ν ¼ diagð−ρ; 0; PT; PTÞ. The metric
describing the galactic pure Lovelock black hole is
assumed to possess spherical symmetry and is formulated
as follows:

ds2 ¼−fðrÞdt2þ
�
1−
�
2NmðrÞ
rd−2N−1

�
1=N
�−1

dr2þ r2dΩ2
d−2:

ð20Þ

Here fðrÞ and mðrÞ are the two unknown quantities.
Motivated by the galactic black hole, here we choose
fðrÞ in the following way,

f ¼
�
1 −

�
2NmðrÞ
rd−2N−1

�
1=N
�
eγ;

γ ¼ −π
ffiffiffiffiffi
M
ξ

r
þ 2

ffiffiffiffiffi
M
ξ

r
tan−1

rþ a0 −Mffiffiffiffiffiffiffi
Mξ

p ;

ξ ¼ 2a −M þ 4MBH: ð21Þ

Note that, unlike the previous section, here we have fixed
gtt by implicitly assuming the Harnquint type mass profile
through the redshift factor, that is, via eγ . That is, even
though working with higher spacetime dimensions, we
assume (implicitly) the Hernquist-type mass profile for the
galaxy in such a way that the horizon structure of a pure
LoveLock black hole remains intact. To be consistent, one
may call this choice as “Harnquist-type redshift”.
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We get the following equation from the radial component
of the Einstein equation Gr

r ¼ 8πTr
r,

rf0

2f
¼ ðd − 2N − 1Þ

N
ðmðrÞÞ1=N

rd−2N−1 − 2ðmðrÞÞ1=N : ð22Þ

By utilizing the above equations [Eqs. (21) and (22)], we
can determine the mass profile. To mimic galactic obser-
vations, we make the assumption a > M ≫ MBH [23]. By
solving the equations above [Eqs. (21) and (22)] and
considering terms up to Oð1=a2Þ, we obtain the mass
profile for the d ¼ 3N þ 1 dimensional galactic pure
Lovelock black hole with Lovelock order N (see
Appendix A for a comprehensive mass profile for the
cases of d ¼ 7 with N ¼ 2 and d ¼ 10 with N ¼ 3) as,

mðrÞ ¼ MBH þ
NMr2ðMBHÞN−1

N

�
1 − 2M1=N

BH
r

�
2

a2
: ð23Þ

Importantly, this mass distribution ensures the persistence
of the horizon of the pure Lovelock black hole, even when
the pure Lovelock black hole is situated in the galactic
center. We first consider a seven-dimensional pure
Lovelock black hole of Lovelock order two in the galactic
center. Now from Eq. (21), we get the expression of f for
d ¼ 7 and N ¼ 2 as,

f ¼
 
1 −

2
ffiffiffiffiffiffiffiffiffiffi
MBH

p
r

!
eγ; ð24Þ

and from Eq. (23), we get the mass profile as,

mðrÞ ¼ MBH þ
2Mr2

ffiffiffiffiffiffiffiffiffiffi
MBH

p �
1 − 2

ffiffiffiffiffiffiffi
MBH

p
r

�
2

a2
: ð25Þ

For the mass profile described above, up to Oð1=a2Þ, the
grr component of the metric is expressed as follows:

grr ≡ gðrÞ ¼
 
1 −

2
ffiffiffiffiffiffiffiffiffiffi
MBH

p
r

!"
1 −

2Mr
a2

 
1 −

2
ffiffiffiffiffiffiffiffiffiffi
MBH

p
r

!#
:

ð26Þ

Calculating the matter density profile is achievable through
the mass profile. The matter density, in a specific form, can
be determined utilizing the temporal component of the
Einstein equation Gt

t ¼ 8πTt
t as follows,

4πρ ¼ m0ðrÞ
r5

⇒ ρ ¼ M
ffiffiffiffiffiffiffiffiffiffi
MBH

p ðr − 2
ffiffiffiffiffiffiffiffiffiffi
MBH

p Þ
πa2r5

: ð27Þ

Deriving the tangential pressure is facilitated by the
Bianchi identities [24], with the expression for the tan-
gential pressure taking the following form,

5PT ¼ ðmðrÞÞ1=2ρ
r − 2ðmðrÞÞ1=2 : ð28Þ

One can calculate the radius of the photon sphere, the
shadow radius, and the ISCO for a galactic seven-dimen-
sional pure Lovelock black hole of Lovelock order two. Up

to the leading order in ð
ffiffiffiffiffiffiffi
MBH

p
a Þ, the radius of the photon

sphere is given by,

rph ¼ 3
ffiffiffiffiffiffiffiffiffiffi
MBH

p  
1þM

ffiffiffiffiffiffiffiffiffiffi
MBH

p
a2

!
: ð29Þ

Note that in the limit ofM → 0, we return the result of the
photon sphere of the isolated seven-dimensional pure
Lovelock black hole of Lovelock order two. Also, the
presence of a dark matter halo increases the radial location
of the photon sphere, compared to the case of an isolated
seven-dimensional pure Lovelock black hole of Lovelock
order two. The radial coordinate solution of ISCO is
given by,

rISCO ¼ 6
ffiffiffiffiffiffiffiffiffiffi
MBH

p  
1 −

32M
ffiffiffiffiffiffiffiffiffiffi
MBH

p
a2

!
: ð30Þ

Here also, as M approaches zero, we recover the ISCO
outcome of the isolated seven-dimensional pure Lovelock
black hole of Lovelock order two. Furthermore, introduc-
ing a dark matter halo reduces the ISCO position com-
pared to the case of an isolated seven-dimensional pure
Lovelock black hole of Lovelock order two. The shadow
radius associated with the galactic seven-dimensional pure
Lovelock black hole of Lovelock order two is given by,

rsh ¼ 3
ffiffiffiffiffiffiffiffiffiffiffiffi
3MBH

p �
1þM

a
þMð5M − 18

ffiffiffiffiffiffiffiffiffiffi
MBH

p Þ
6a2

�
: ð31Þ

Likewise, as M tends toward zero, we arrive at the
outcome for the shadow radius corresponding to the
isolated seven-dimensional pure Lovelock black hole of
Lovelock order two. Moreover, in the presence of a dark
matter halo, we show that the shadow radius will be larger
than that of an isolated seven-dimensional pure Lovelock
black hole of Lovelock order two.
We then consider a ten-dimensional pure Lovelock black

hole of Lovelock order three in the galactic center. Now
from Eq. (21), we get the expression of f for d ¼ 10 and
N ¼ 3 as,
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f ¼
 
1 −

2M1=3
BH

r

!
eγ; ð32Þ

and from Eq. (23), we get the mass profile as,

mðrÞ ¼ MBH þ
3Mr2M2=3

BH

�
1 − 2M1=3

BH
r

�
2

a2
: ð33Þ

Up toOð1=a2Þ and using the mass profile described above,
we get the grr component of the metric as follows:

grr≡ gðrÞ ¼
 
1−

2M1=3
BH

r

!0BB@1−
2Mr

�
1− 2M1=3

BH
r

�
a2

1
CCA: ð34Þ

Similarly, we can also calculate the matter density profile
from the mass profile described above [Eq. (33)]. From the
temporal component of the Einstein equation Gt

t ¼ 8πTt
t,

we get the matter density in the following form,

4πρ ¼ m0ðrÞ
r8

⇒ ρ ¼
3MM2=3

BH

�
r − 2M1=3

BH

�
2πa2r8

: ð35Þ

The tangential pressure can be derived through the uti-
lization of the Bianchi identities [24], and its specific
expression is as follows,

8PT ¼ ðmðrÞÞ1=3ρ
r − 2ðmðrÞÞ1=3 : ð36Þ

One can calculate the radius of the photon sphere, the
shadow radius, and the ISCO for a galactic ten-dimensional
pure Lovelock black hole of Lovelock order three. Up to

the leading order in ðM
1=3
BH
a Þ, the radius of the photon sphere is

given by,

rph ¼ 3M1=3
BH

 
1þMM1=3

BH

a2

!
: ð37Þ

One can show that at the limit of M → 0, one can get
back the result of the photon sphere of the isolated ten-
dimensional pure Lovelock black hole of Lovelock order
three. The above result implies that the presence of a dark
matter halo increases the radial location of the photon
sphere, compared to the case of an isolated ten-dimensional
pure Lovelock black hole of Lovelock order three. The
radial coordinate solution of ISCO is given by,

rISCO ¼ 6M1=3
BH

 
1 −

32MM1=3
BH

a2

!
: ð38Þ

Similarly, asM approaches zero, we can obtain the result of
the ISCO of the isolated ten-dimensional pure Lovelock
black hole of Lovelock order three. We show that the
presence of a dark matter halo decreases the radial location
of the ISCO, compared to the case of an isolated ten-
dimensional pure Lovelock black hole of Lovelock order
three. The shadow radius associated with the galactic ten-
dimensional pure Lovelock black hole of Lovelock order
three is given by,

rsh ¼ 3
ffiffiffi
3

p
M1=3

BH

"
1þM

a
þMð5M − 18M1=3

BH Þ
6a2

#
: ð39Þ

In the scenario where M approaches zero, the outcome
reverts to the shadow radius corresponding to the isolated
ten-dimensional pure Lovelock black hole of Lovelock
order three. Notably, in the presence of a dark matter halo,
the shadow radius will be larger than that of an isolated
ten-dimensional pure Lovelock black hole of Lovelock
order three.
Given our focus on black hole spacetime, the surface

gravity becomes well defined. In the case of static
spacetime, its definition is governed by the following
relationship,

ξαt∇αξ
μ
t ¼ κξμt ðevaluated on the horizonÞ: ð40Þ

Here κ is the surface gravity of the black hole horizon, and
ξαt is the timelike killing vector of the spacetime. For
d ¼ 10 and N ¼ 3 dimensional galactic pure Lovelock
blackhole, this turns out to be,

κ ¼ e
3
2
β

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4MM1=3

BH
a2

q
4M1=3

BH

: ð41Þ

In the above expression, we have introduced β as a
shorthand for the quantity,

β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M
2a −M

r �
2 tan−1

�
a −Mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Mð2a −MÞp �
− π

�
: ð42Þ

The Hawking temperature is defined as TH ¼ κ=2π. Thus,
from reference Fig. 1, it is observed that the introduction of
a dark matter halo causes a reduction in the Hawking
temperature when compared to the scenario of an isolated
ten-dimensional pure Lovelock black hole of Lovelock
order three.
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IV. STABILITY OF GALACTIC PURE LOVELOCK
BLACK HOLES UNDER SCALAR

PERTURBATION

In this section, we will study the stability of a galactic
pure Lovelock black hole under scalar perturbation. At
first, we consider a galactic seven-dimensional pure
Lovelock black hole of Lovelock order two and then a
galactic ten-dimensional pure Lovelock black hole of
Lovelock order three. Here, we wish to study how a
massless scalar field Ψ evolves in the background geom-
etry, with appropriate mass profiles for the dark matter
environment in the context of the pure Lovelock blackhole
and the galactic pure Lovelock blackhole, respectively. We
will assume that the energy density of the scalar field Ψ is
small, such that it can be ignored compared to the energy
densities of various matter species appearing in the galactic
pure Lovelock black hole spacetimes. Thus, the scalar field
Ψ can be considered as a test scalar field, living in the
background geometry of the galactic pure Lovelock black-
hole and satisfying the massless Klein-Gordon equation,
gμν∇μ∇νΨ ¼ 0. For the metric gμν, we can exploit the result
that it describes a static and spherically symmetric geom-
etry, such that the scalar field admits the following
decomposition,

Ψðt; r;ΩÞ ¼ 1

rðd−2Þ=2
X∞
l¼0

Xl
m¼−l

e−iωtYlmðΩÞψ lmðrÞ: ð43Þ

Here, YlmðΩÞ corresponds to the spherical harmonics, and
ψ lmðrÞ is the radial function that needs to be determined.
Until now, we have not used any explicit form for the metric
describing the background spacetime. Substituting the
above decomposition for the scalar field Ψ in the massless
Klein-Gordon equation, we obtain the following equation
of the radial part of the scalar field,

d2ψ lm

dr2�
þ ½ω2 − VlðrÞ�ψ lm ¼ 0: ð44Þ

Here we have defined the tortoise coordinate r� as the
solution of the following differential equation,

dr�
dr

¼ 1ffiffiffiffiffiffiffiffiffiffiffi
grrgtt

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

fðrÞgðrÞ

s
; ð45Þ

and the potential VlðrÞ is given by,

VlðrÞ ¼ fðrÞ
"
lðlþ d − 3Þ

r2
þ ðd − 2Þðd − 4Þ

4r2
gðrÞ

þ ðd − 2Þ
4r

 
g0ðrÞ þ f0ðrÞ

fðrÞ gðrÞ
!#

: ð46Þ

Now, to determine the characteristic quasi-normal mode
frequencies of the pure Lovelock black hole and galactic
pure Lovelock black hole spacetimes, it is essential to
furnish explicit expressions for the mass function and the
function fðrÞ. These expressions are contingent on the
specific solution under consideration, and they will vary
between a galactic seven-dimensional pure Lovelock black
hole of Lovelock order two and a ten-dimensional pure
Lovelock black hole of Lovelock order three. Consequently,
we will independently conduct a stability analysis for these
two galactic pure Lovelock black hole spacetimes in the
subsequent sections.

A. Stability of the galactic pure Lovelock black hole

We begin by discussing the stability of the galactic pure
Lovelock black hole spacetime. Initially, we examine the
mass profile mðrÞ [given in Eq. (25)] and the fðrÞ
component [given in Eq. (24)]. After substituting both of
these expressions into Eq. (46), we get the explicit form of
the potential, which is provided in Appendix B.
To proceed further, we must also determine an explicit

expression for the tortoise coordinate r�. Since this requires
integration, the analysis has a constant of integration. To
ensure consistency with a galactic pure black hole horizon
at r ¼ 2

ffiffiffiffiffiffiffiffiffiffi
MBH

p
, where r�ðr ¼ 2

ffiffiffiffiffiffiffiffiffiffi
MBH

p Þ ¼ −∞, we care-
fully choose the integration constant. In this case, we use
r� ∈ ð−∞;∞Þ to cover both the horizon and the asymptotic
region, where r → ∞ represents the asymptotic region and
r ¼ 2

ffiffiffiffiffiffiffiffiffiffi
MBH

p
represents the horizon, respectively. By

imposing the condition that a > M ≫ MBH > 0, we get,

r� ≃ exp

�
−β
2

� 
1 −

2M
ffiffiffiffiffiffiffiffiffiffi
MBH

p
a2

!

×

�
rþ 2

ffiffiffiffiffiffiffiffiffiffi
MBH

p
log

�
r

2
ffiffiffiffiffiffiffiffiffiffi
MBH

p − 1

��
: ð47Þ
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FIG. 1. Here we have shown the variation of surface gravity
with M

a for various galactic parameters.
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Then, we consider the mass profile mðrÞ in Eq. (33), and
the fðrÞ component by Eq. (32). Substituting both of these
expressions in Eq. (46), we get the explicit form of the
potential provided in Appendix B. To proceed further,
besides the potential, we also need to provide an explicit
expression for the tortoise coordinate r�. Since determin-
ing the tortoise coordinate involves an integration, the
analysis has a constant of integration. We choose
the integration constant, keeping in mind that there is
a galactic pure Lovelock black hole horizon at r ¼
2M1=3

BH , such that r�ðr ¼ 2M1=3
BH Þ ¼ −∞. In this case, we

will use r� ∈ ð−∞;∞Þ to cover both the horizon and the
asymptotic region, such that r → ∞ represents the asymp-
totic region and r ¼ 2M1=3

BH represents the horizon. Using
the condition that a > M ≫ MBH > 0, we obtain,

r� ≃ exp

�
−β
2

� 
1 −

2MM1=3
BH

a2

!

×

�
rþ 2M1=3

BH log

�
r

2M1=3
BH

− 1

��
: ð48Þ

1. Ringdown waveform of galactic pure
Lovelock black hole

After providing a comprehensive overview of the
perturbation equation related to the ringdown spectrum,
we now focus on the methodology used to obtain the
quasinormal mode (QNM) frequencies and, subsequently,
the time-domain ringdown signal. This signal will then be
compared with that of an isolated pure Lovelock black
hole. To determine the QNM frequencies, we employ
the 6th-order WKB approximation [21]. Here, we have
used the following boundary conditions: ingoing modes at
the event horizon and outgoing modes at the asymptotic
infinity. The QNM frequencies for both the isolated
pure Lovelock black hole and the galactic pure
Lovelock black hole can be found in Tables I–IV,
respectively. We have noted that the imaginary parts of
the QNM frequencies for the galactic pure Lovelock black
hole are smaller than their isolated counterpart, implying
that the pure Lovelock black hole is less stable in the
presence of a galaxy.
In order to derive the time-domain signal for the ring-

down profile of the galactic pure Lovelock black hole, our
focus shifts to analyzing the evolution of the scalar
perturbation in the time domain. To accomplish this, we
define the Fourier counterpart of ψ lmðr�;ωÞ in the usual
manner. Utilizing the perturbation in the time domain and
taking into account that the effective potential in Eq. (44)
remains frequency-independent for a static and spherically
symmetric spacetime, we can reexpress the radial

perturbation equation from Eq. (44) as follows:

−
∂
2ψ lmðr�; tÞ

∂t2
þ ∂

2ψ lmðr�; tÞ
∂r2�

−Vlðr�Þψ lmðr�; tÞ ¼ 0: ð49Þ

The given equation is a second-order partial differential
equation concerning both r� and t, and solving it requires
defining two initial conditions in time and two boundary
conditions in the tortoise coordinate. For the boundary
conditions, outgoing conditions are imposed at asymptotic
infinity, while ingoing conditions are applied at the
horizon. These boundary conditions can be expressed as
∂r�ψ lmðr�; tÞ ¼∓ ∂tψ lmðr�; tÞ as r� → �∞. As for the

TABLE I. A comparison between the real and the imaginary
parts of the QNM frequencies of the seven-dimensional isolated
and the seven-dimensional galactic pure Lovelock black hole of
Lovelock order two has been presented for l ¼ 1. We have
chosen the galactic parameters such that M

a ¼ 10−2. In this case,
the values are more or less in agreement, with the isolated pure
Lovelock black hole being more stable than the galactic one.

Comparison of QNM frequencies

Mode n
For isolated pure

Lovelock black hole
For galactic pure

Lovelock black hole

0 0.5300 − 0.0938i 0.5250 − 0.0919i
1 0.5114 − 0.2854i 0.5069 − 0.2797i
2 0.4780 − 0.4889i 0.4745 − 0.4788i
3 0.4385 − 0.7095i 0.4350 − 0.6932i
4 0.4042 − 0.9442i 0.3963 − 0.9224i
5 0.3735 − 1.1773i 0.3639 − 1.1625i
6 0.3453 − 1.4112i 0.3403 − 1.4087i
7 0.3124 − 1.6397i 0.3265 − 1.6566i

TABLE II. A comparison between the real and the imaginary
parts of the QNM frequencies of the seven-dimensional isolated
and the seven-dimensional galactic pure Lovelock black hole of
Lovelock order two has been presented for l ¼ 2. We have
chosen the galactic parameters such that M

a ¼ 10−2. In this case,
the values are more or less in agreement, with the isolated pure
Lovelock black hole being more stable than the galactic one.

Comparison of QNM frequencies

Mode n
For isolated pure

Lovelock black hole
For galactic pure

Lovelock black hole

0 0.7348 − 0.0949i 0.7276 − 0.0930i
1 0.7210 − 0.2869i 0.7143 − 0.2812i
2 0.6953 − 0.4855i 0.6892 − 0.4757i
3 0.6608 − 0.6944i 0.6557 − 0.6799i
4 0.6225 − 0.9151i 0.6179 − 0.8954i
5 0.5859 − 1.1453i 0.5804 − 1.1214i
6 0.5528 − 1.3819i 0.5465 − 1.3557i
7 0.5236 − 1.6207i 0.5175 − 1.5951i
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initial conditions, we choose the following:

ψ lmðr�; 0Þ ¼ 0 and ∂tψ lmðr�; 0Þ ¼ e−
ðr�−r0�Þ2

σ2 : ð50Þ

We carefully select r0� and σ2 to ensure that the primary
signal manifests outside the unstable photon sphere,
explicitly avoiding the maxima of the potential. With this
appropriately chosen boundary and initial conditions, we
proceed to solve Eq. (49) numerically. The outcomes of
this analysis are available in Fig. 2, where we present the
ringdown waveform in the time domain. This time domain
single can allow us to identify the galactic parameters, as
well as to distinguish them from the GR counterparts if it is
observed in future generations of gravitational wave
measurements.

V. DISCUSSION

In this paper, we first-time model galactic black holes
within the framework of pure Lovelock gravity. The
spacetime metric is obtained by considering the Hernquist-
type mass profile for the galaxy, resulting in a pure
Lovelock black hole situated at the galaxy’s center. The
focus is on the d ¼ 3N þ 1 galactic pure Lovelock black
hole of Lovelock order N. The study reveals that the
presence of the galaxy affects the photon sphere and the
shadow radius, causing an increase compared to the isolated
counterpart. In contrast, the radial location of the ISCO
decreases compared to the isolated counterpart. The
Hawking temperature for the same setup has been com-
puted. It has been demonstrated that the presence of a dark
matter halo decreases the Hawking temperature compared
to the scenario of an isolated pure Lovelock black hole.
The impact of the dark matter halo on the geometry of

these galactic pure Lovelock black holes is also inves-
tigated, and it turns out to significantly influence their

TABLE IV. A comparison between the real and the imaginary
parts of the QNM frequencies of the ten-dimensional isolated and
the ten-dimensional galactic pure Lovelock black hole of Love-
lock order three has been presented for l ¼ 2. We have chosen
the galactic parameters such that M

a ¼ 10−2. In this case, the
values are more or less in agreement, with the isolated pure
Lovelock black hole being more stable than the galactic one.

Comparison of QNM frequencies

Mode n
For isolated pure

Lovelock black hole
For galactic pure

Lovelock black hole

0 0.9513 − 0.0929i 0.9419 − 0.0911i
1 0.9404 − 0.2800i 0.9314 − 0.2744i
2 0.9195 − 0.4709i 0.9110 − 0.4615i
3 0.8897 − 0.6680i 0.8821 − 0.6544i
4 0.8532 − 0.8732i 0.8465 − 0.8552i
5 0.8129 − 1.0875i 0.8069 − 1.0647i
6 0.7714 − 1.3108i 0.7659 − 1.2832i
7 0.7312 − 1.5420i 0.7259 − 1.5097i

FIG. 2. This figure is dedicated to a comparison of the ring-
down waveform of galactic pure Lovelock black holes to its
isolated counterpart. In the left figure, we have considered d ¼ 7
and N ¼ 2. Similarly, we have considered d ¼ 10 and N
¼ 3 in the right figure. For both the plots, we have used
Eq. (50), such that r0� lies outside of the corresponding photon
sphere. For both cases, we have chosen the galactic parameters
such that M

a ¼ 10−2.

TABLE III. A comparison between the real and the imaginary
parts of the QNM frequencies of the ten-dimensional isolated and
the ten-dimensional galactic pure Lovelock black hole of Love-
lock order three has been presented for l ¼ 1. We have chosen
the galactic parameters such that M

a ¼ 10−2. In this case, the
values are more or less in agreement, with the isolated pure
Lovelock black hole being more stable than the galactic one.

Comparison of QNM frequencies

Mode n
For isolated pure

Lovelock black hole
For galactic pure

Lovelock black hole

0 0.7330 − 0.0912i 0.7259 − 0.0894i
1 0.7189 − 0.2756i 0.7121 − 0.2701i
2 0.6917 − 0.4660i 0.6859 − 0.4566i
3 0.6542 − 0.6662i 0.6494 − 0.6521i
4 0.6104 − 0.8794i 0.6066 − 0.8590i
5 0.5673 − 1.1071i 0.5614 − 1.0778i
6 0.5282 − 1.3446i 0.5175 − 1.3075i
7 0.5042 − 1.5916i 0.4778 − 1.5460i
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stability. The presence of galactic matter leads to a
modification of the potential experienced by the perturbing
scalar field, which affects the prompt ringdown. The study
shows that the imaginary parts of the QNM frequencies for
the galactic pure Lovelock black hole are smaller compared
to those of the isolated pure Lovelock black hole, indicating
that the presence of a galaxy renders the pure Lovelock
black hole less stable. This information could be valuable in
identifying galactic parameters as well as distinguishing
them from their isolated pure Lovelock counterparts and
the GR counterparts theoretically or in future experimental
observations but the effect of extra dimension in pure
Lovelock gravity must be reduced to d ¼ 4 by some
mechanism (e.g., compactification). Our future work aims
to extend this analysis to a general d dimension of the
Lovelock black hole of Lovelock order N.
While this work utilizes the Hernquist-type mass profile

to describe the galactic pure Lovelock black hole space-
times, a more comprehensive mass profile, such as the
NFW (Navarro-Frenk-White) profile [23], could also be
employed. However, obtaining closed-form analytic sol-
utions with the NFW mass profile might be challenging.

Nevertheless, it could offer a more realistic depiction of the
impact of the dark matter halo on pure Lovelock black hole
geometries, and further exploration of this matter is
intended for future research.
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APPENDIX A: THE COMPLETE MASS PROFILE
OF A d = 3N + 1 DIMENSIONAL GALACTIC PURE

LOVELOCK BLACK HOLE OF LOVELOCK
ORDER N

We get the complete mass profile for a seven-dimen-
sional pure Lovelock black hole of Lovelock order two in
the galactic center by considering Eqs. (22) and (24) as,

mðrÞ ¼ A
B
; ðA1Þ

where

A ¼ MBH

0
B@a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p
þ

M2r
�
2 − rffiffiffiffiffiffiffi

MBH
p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p þ r2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p
þ
4MMBHr

�
rffiffiffiffiffiffiffi
MBH

p − 2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p

þ 2ar

0
B@ M

�
rffiffiffiffiffiffiffi
MBH

p − 2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p 1
CAþ 2M

�
2MBH − r

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p 1
CA

2

;

and

B ¼

0
B@a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p
þ

2M2r
�
2
ffiffiffiffiffiffiffi
MBH

p
r − 1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p þ r2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p
þ

8MMBHr
�
1 − 2

ffiffiffiffiffiffiffi
MBH

p
r

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p

þ 2ar

0
B@ 2M

�
1 − 2

ffiffiffiffiffiffiffi
MBH

p
r

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p 1
CA þ 2M

�
2MBH − r

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p 1
CA

2

:

Up to Oð1=a2Þ, we get the mass profile of the seven-dimensional pure Lovelock black hole of Lovelock order two as
in Eq. (25).
Similarly, we get the complete mass profile for a ten-dimensional pure Lovelock black hole of Lovelock order three in the

galactic center by considering Eqs. (22) and (32) as,

mðrÞ ¼ C
D
; ðA2Þ

where
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C ¼ MBH

0
B@a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p
þ

M2r
�
2 − r

M1=3
BH

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p þ 2ar

0
B@ M

�
r

M1=3
BH

− 2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p 1
CA

þ
4MMBHr

�
r

M1=3
BH

− 2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p þ r2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p
þ 2Mð2MBH − rÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a −M þ 4MBH

p 1
CA

3

;

and

D ¼

0
B@a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p
þ

2M2r
�
2M1=3

BH
r − 1

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p

þ 2ar

0
B@ 2M

�
1 − 2M1=3

BH
r

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p 1
CA þ

8MMBHr
�
1 − 2M1=3

BH
r

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p

þ r2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p
þ 2Mð2MBH − rÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a − M þ 4MBH

p 1
CA

3

:

Up to Oð1=a2Þ, we obtain the mass profile of the ten-dimensional pure Lovelock black hole of Lovelock order three as
in Eq. (33).
Also, if we consider the fðrÞ as in Eq. (24) and mass profile mðrÞ as in Eq. (25), we get the radial pressure of a seven-

dimensional pure Lovelock black hole of Lovelock order two in the galactic center as,

8πPr ¼
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MBH þ 2M

ffiffiffiffiffiffiffi
MBH

p
r2

a2

�
1 − 2

ffiffiffiffiffiffiffi
MBH

p
r

�
2

r �
2M

�
1−

2
ffiffiffiffiffiffi
MBH

p
r

�
a2þ2arþ4MMBH−2Mrþr2 þ 2

ffiffiffiffiffiffiffi
MBH

p
r2

�

r4
�
1 − 2

ffiffiffiffiffiffiffi
MBH

p
r

�

×

0
BBB@1 −

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MBH þ 2M

ffiffiffiffiffiffiffi
MBH

p
r2

a2

�
1 − 2

ffiffiffiffiffiffiffi
MBH

p
r

�
2

r
r

1
CCCA −

4
�
MBH þ 2M

ffiffiffiffiffiffiffi
MBH

p
r2

a2

�
1 − 2

ffiffiffiffiffiffiffi
MBH

p
r

�
2
�

r6
: ðA3Þ

Up to Oð1=a2Þ, we get the radial pressure (Pr) is zero. Therefore, we can consider the fðrÞ as in Eq. (32) and mass profile
mðrÞ as in Eq. (33) to proceed further.
Also, if we consider the fðrÞ as in Eq. (32) and mass profile mðrÞ as in Eq. (33), we get the radial pressure of a ten-

dimensional pure Lovelock black hole of Lovelock order three in the galactic center as,

8πPr ¼
3
�
MBH þ 3MM2=3

BH r
2

a2

�
1 − 2M1=3

BH
r

�
2
�
2=3

 
2M

�
1−

2M1=3
BH
r

�
a2þ2arþ4MMBH−2Mrþr2 þ

2M1=3
BH

r2

!

r7
�
1 − 2M1=3

BH
r

�

×

0
BB@1 −

2
�
MBH þ 3MM2=3

BH r
2

a2

�
1 − 2M1=3

BH
r

�
2
�
1=3

r

1
CCA −

6

�
MBH þ 3MM2=3

BH r
2

a2

�
1 − 2M1=3

BH
r

�
2
�

r9
: ðA4Þ

Up to Oð1=a2Þ, we get the radial pressure (Pr) is zero. Therefore, we can consider the fðrÞ as in Eq. (32) and mass profile
mðrÞ as in Eq. (33) to proceed further.

CHIRANJEEB SINGHA and SHAUVIK BISWAS PHYS. REV. D 109, 024043 (2024)

024043-10



APPENDIX B: EFFECTIVE POTENTIAL FOR A GALACTIC PURE LOVELOCK BLACK HOLE

The complete expression of the effective potential experienced by a test scalar field living in a seven-dimensional galactic
pure Lovelock black hole of Lovelock order two is given by,

VlðrÞ ¼ eγ
�
1 −

2
ffiffiffiffiffiffiffiffiffiffi
MBH

p
r

�0BB@lðlþ 4Þ
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The complete expression of the effective potential experienced by a test scalar field living in a ten-dimensional galactic pure
Lovelock black hole of Lovelock order three is given by,

VlðrÞ ¼
eγ
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Both expressions related to the effective potential experienced by a scalar field have been used in the main text.
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