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Naked singularity in 4D Einstein-Gauss-Bonnet novel gravity:
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We study the stability of an asymptotically flat, static, spherically symmetric naked singularity spacetime
in the novel four-dimensional Einstein-Gauss-Bonnet (EGB) gravity. The four-dimensional EGB black
hole for large enough values of the coupling parameter leads to such a naked singularity. The stability and
the response of the spacetime are studied against the perturbations by test scalar, electromagnetic and Dirac
fields, and the time evolution of these perturbations was observed numerically. Implementing a null
Dirichlet boundary condition near the singularity, we observed that for /=1 modes of scalar,
electromagnetic perturbation, and [/ = 0, 1 modes of Dirac perturbation, the time-domain profiles give
rise to distinct echoes. However, as the coupling constant increases, the echoes align, and the quasinormal
mode structure of the 4D-EGB naked singularity-spacetime becomes prominent. For higher values of the
multipole number, the spacetime becomes unstable, thereby restricting the parameter space for the coupling

parameter.
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I. INTRODUCTION

Even after a century of its inception, Einstein’s theory
of general relativity (GR) is still the most widely accepted
macroscopic theory of gravity. Despite its enormous
success in both the weak field and strong field regime
[1,2], there is still no consistent way to connect the
macroscopic theory of GR to quantum field theory.
Apart from this, GR does not give any satisfactory answer
to the problem of local energy-momentum conservation.
It predicts space-time singularity, and such singularities
do have mathematical problems of their own. It is believed
that singularities can not represent any physical object in
nature. This led to the quest for alternative theories of
gravity that would reduce to GR as a low energy effective
theory. Interestingly, Lovelock [3] proved that in four
dimensions, GR is the only metric theory of gravity
that gives symmetric, covariant second-order field equa-
tions in terms of the metric tensor. Thus, one of the ways
to modify GR is to work in spacetimes with dimension-
ality other than four [4]. In this regard, perhaps, the most
general class of theories are the Lovelock theories which
give symmetric, covariant second-order field equations
in terms of the metric tensor in arbitrary spacetime
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dimensions (see Ref. [5] for an excellent review). The
Lovelock Lagrangian is given by,

L=\~g(-2A+R+aG+:), (1)

where G = R? —4R,,R" + R,5,,R*"* is known as the
Gauss-Bonnet combination and gives the leading order
correction to the Einstein-Hilbert action with a cosmological
constant A. The Gauss-Bonnet term gives nontrivial sig-
natures in D > 4 dimensions but is a topological invariant in
four-dimensions [6]. The Gauss-Bonnet term, apart from
being quadratic in curvature invariants, is of wide theoretical
interest both from the perspectives of string theory and
gravity [7-13]. Thus, one is intrigued by the idea of
consistently incorporating the effect of the Gauss-Bonnet
term in a four-dimensional theory of gravity that will lead
to field equations different from GR, -circumventing
Lovelock’s theorem. The first step in this direction was
taken by Glavan and Lin [14], who rescaled the Gauss-
Bonnet coupling constant, @ — a/(D —4), which in the
limit D — 4 cancels the vanishing contribution of the
Gauss-Bonnet term. Consequently several works appear
in the literature which include formulation of cosmological
solutions [15,16], spherical black hole solutions [17-20],
solutions of starlike objects [21], radiating and collapsing
solutions [22,23], extending to more higher-curvature
Lovelock theories [24], thermodynamic behavior of black
holes in such theories [25-28] and the gravitational and
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astrophysical properties of these objects [29—42]. Despite all
these, the regularization scheme used in this novel four-
dimensional Einstein-Gauss-Bonnet (4D-EGB) theory [14]
was found to be inconsistent on several grounds [43-51],
which led to the development of different versions of
regularized (consistent) 4D-EGB theories [16,52-56]. An
explicit formulation of the 4D-EGB theory based on the idea
of an extra dimension of zero proper length has also been
proposed [57], that does not require any singular rescaling of
couplings followed by a classical regularization of divergent
actions. Einstein-Gauss-Bonnet theories have also been
extensively studied in the inflationary framework [58-60].
For a comprehensive discussion on the recent developments
in 4D-EGB theories, we refer to the excellent review
article [61].

There are several reasons why the method proposed in
[14] does not work. It was observed that the field equations
of Einstein-Gauss-Bonnet theory defined in its most general
form in D > 4 dimensions can be split into two different
parts. One of the parts of these field equations always
remains higher dimensional, making the limiting procedure
of D — 4 nontrivial [43-46,49]. Tree-level graviton scatter-
ing amplitudes were studied in this regard, independently of
the Lagrangian, and it was shown that the dimensional
continuation and D — 4 limiting procedure applied to
Gauss-Bonnet amplitudes does not produce any purely
new four-dimensional Gauss-Bonnet gravitational ampli-
tudes [47]. All of these imply that the existence of D — 4
limiting solutions does not mean the existence of a four-
dimensional theory as proposed in [14]. However, interest-
ingly enough, the field equations of the different versions of
the 4D-EGB gravity [16,52-55] admit the same static
spherically symmetric black hole solution as was proposed
first in [14], and from here onwards, we will refer to it as
4D-EGB black hole. The stability and quasinormal modes
of the asymptotically flat 4D-EGB black hole against
perturbation by scalar, electromagnetic, and Dirac fields
have been studied in [30]. Following the D — 4 regulari-
zation of the scalar and vector type gravitational perturba-
tion of the higher dimensional Einstein-Gauss-Bonnet black
hole [62,63], Konoplya et al. showed that the asymptotically
flat, de Sitter and anti-de Sitter black holes are unstable in
the eikonal limit (large /) for large positive values of the
Gauss-Bonnet coupling parameter [30,64]. The quasinormal
modes of the 4D-EGB black hole in the asymptotically de
Sitter and anti—de Sitter spacetime due to scalar, electro-
magnetic, and Dirac perturbations have been studied in
[39,40,42]. The quasibound states of massless scalar,
electromagnetic, and Dirac fields in the asymptotically flat
4D-EGB black hole and the associated stability problem
have been studied recently in [65].

The 4D-EGB black hole for large enough values of the
coupling constant (o > M?) leads to a naked singularity,
violating the Cosmic Censorship Conjecture [66]. Gyulchev
et al. [67] studied the image of a thin accretion disk around

the weakly naked (with a photon sphere) 4D-EGB singu-
larity and observed a series of distinctive bright rings in
the central part of the image which are otherwise absent for
4D-EGB black holes. However, for any astrophysical
system to be observationally relevant, it must be sufficiently
stable. This naturally begs the question of whether such a
spacetime with a central naked singularity is at all stable
under perturbation? If so, how will its response be different
from that of a standard 4D-EGB black hole [30,64,65]?

In this work, we try to answer these questions by
studying the response of the 4D-EGB naked singularity-
spacetime toward the perturbation by test fields. We probe
the spacetime by test scalar, electromagnetic and Dirac
fields. Such an analysis does not give preference to any
particular version of the (consistent) 4D-EGB theory and,
as such, can be regarded as more general. We observe that
for the [ = 1 mode of scalar and electromagnetic pertur-
bations and for the / = 0, 1 modes of Dirac perturbation,
when a > M?, the signature of the difference between the
spacetime due to a black hole and the naked singularity is
quite distinctly elucidated by the existence of echoes in
case of the 4D-EGB naked singularity space-time.
However, that is not the only interesting feature that we
obtain. We also find that as the coupling constant is
increased further, the echoes align and the quasinormal
mode structure of the 4D-EGB naked singularity-space-
time ringdown becomes prominent. For higher values of
the multipole number, the spacetime becomes unstable,
thereby restricting the parameter space of a. In this regard,
it is worth mentioning that presence of echoes in the
ringdown signal due to perturbing fields was already
predicted in the case of Janis-Newman-Winicour naked
spacetime, which has a surface like naked singularity at a
finite radial distance [68]. In general, echoes highlight the
existence of horizonless compact objects and have been
predicted to be present in the ringdown signals of worm-
holes, fuzzballs, and other exotic compact objects [69-78].
The presence of echoes has also been associated with
modified theories of gravity [79] and the existence of
higher dimensions [80,81]. Echoes in gravitational waves
are also expected to bear signatures of quantum gravity via
quantization of the black hole area [82,83], although
Coates et al. [84] has argued differently. For a detailed
review on echoes in gravitational waves, we refer the
reader to the excellent review by Cardoso and Pani [85].

The paper is organized as follows. In Sec. II, we briefly
describe the background spacetime, both in the black hole
and the naked singularity regime. Section III discusses the
perturbation of the 4D-EGB naked singularity spacetime by
test fields. Section IV is dedicated to the time domain
analysis of the perturbation equations and evaluation of
the associated quasinormal mode frequencies. Finally, in
Sec. V, we conclude with a summary and discussion of
the results. Throughout the paper, we employ units in
which G = ¢ = 1.
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II. BACKGROUND SPACETIME

The asymptotically flat, static, spherically symmetric
4D-EGB black hole is described by the line element,

ds? = —f(r)dt* + ﬁdﬂ + r*(d6* + sin* ),  (2)
where
2
f<r):1+2r—a(1— 1+8i’§w) (3)

with a being a positive constant and M being the ADM
mass. The spacetime (2) also appears as a solution to semi-
classical Finstein’s equation with Weyl anomaly and in
the context of Einstein gravity with quantum corrections
[86—88]. The uniqueness of the black hole solution (2) in
the scalar-tensor formulation of the 4D-EGB theories has
been discussed in [89] along with another branch of
solution that leads to a naked singularity.

The nature of the solution (2) depends on the values of
the dimensionless constant parameter y = a/M?>. For y in
the range (0,1], the spacetime defined by Eq. (2) represents
a black hole of mass M, characterized by an outer event
horizon at r_ and an inner horizon at r_, hiding a central
curvature singularity at r = 0, where

ro=M(1++/1-7y). (4)
For y = 1, the line element (2) corresponds to an extremal
black hole characterized by a single horizon at r, =
r_ = M. However, for y > 1, the horizons cloaking the
singularity cease to exist, and the singularity at r =0
becomes globally naked [67]. It was shown that the
Kretschmann scalar diverges at the location of the singu-
larity at » = 0; however, it does so at a slower rate than the
Schwarzschild one. For y in the range (1,3\/5/4), the
spacetime is surrounded by a photon sphere of radius ry,
and the singularity is classified as being “Weakly naked,”
whereas for y > 31/3/4 no such photon rings are present,
and the singularity is classified as “strongly naked” [90].

III. PERTURBATION BY TEST FIELDS

To analyze the stability and ringdown signatures of the
spacetime (2) with a central naked singularity, we study the
perturbation of the spacetime against test scalar, electro-
magnetic, and Dirac fields.

A. Scalar field

The dynamics of a massless test scalar field ¥ propagating
in the background (2) is governed by the Klein-Gordon
equation,

1
\/—_—g aﬂ( V _ggﬂyaulpscalar) =0. (5)

The spherical symmetry of the background spacetime allows
us to separate out the angular dependence of the scalar field
Y as,

1
lP(L r.0, ¢) = ;Wscalar(t’ r)Ylm(e’ ¢)7 (6)

where Y, (0, ¢) are the spherical harmonics of degree / and
order m. Thus, Eq. (5) can be rewritten as

azl//scalar _ a21//302112111
or? or?

+ Vscalar(r )l//scalar =0 (7)

where,

(8)

Vaaaalr) = £ (54 2400,

is the effective potential for scalar field perturbation The
coordinate r, is defined analogous to the tortoise coordinate
of black holes,

dr, = —. (9)

Close to the singularity, the coordinate r, varies linearly with
r, such that the singularity is by definition at r, = 0.’

B. Electromagnetic field

The motion of a test electromagnetic field in a curved
background is given by the equation

1
——0,(v/=9F,,9"g") =0, (10)
\/_—g H i
where F,, =0,A,—-0d,A, and A, is the four vector
potential. The spherical symmetry of the background

spacetime allows us to decompose the angular part of A,
in terms of the vector spherical harmonics,

'For numerical computations, we shifted the origin of the
tortoise coordinate from r =0 to r = 0+ ¢, € < 1. Thus, the
exact position of the singularity is excluded from the domain of
numerical study, but the effect of the singularity in terms of the
divergence of the effective potential drives the dynamics of the
test fields.
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A (t.r.0.9)
0 f (e )Y,
> 0 W (1, F)Y
= Im
Lm §11<16' - 645 klm(t’ r)aG'Ylm
klm([, r)0¢Ylm

(11)

where the first term inside the summation is of odd parity,
(=1)"!, while the second term is of even parity (—1)".
Plugging Eq. (11) back into Eq. (10) one can arrive at a

Schrodinger like equation,

(l, r) sin Gangm

aZl// 621//
em em 1% _ 0’ 12
at2 ar% + em(r)l//em ( )
Where Wem = a™ is for odd parity and w,, =

(9,h"™ — 9, f'™) for even parity and

l+1

Ven(r) = f(r) = (13)
is the effective potential for electromagnetic perturbation.

C. Dirac field

The dynamics of a massless fermionic field g, in a
curved background is determined by the Dirac equation,
(a - )l//dlrac =0, (14)

where y* are the coordinate dependent Dirac four-matrices
and I', are the spin connections in the tetrad formalism.

Following [91], we separate out the angular dependence
and rewrite the covariant equations of motion Eq. (14) as

azwgirac _ azwduac . V4

dlrac( )W(:jtirac = 0’ (15)

Vi (r) = ’*—1f<r>(l+1 VI L AVS ) (16)

r r

are the effective potential corresponding to the two
chiralities labeled as “+” and “—.” However, for the
background spacetime of the form (2), one can transform
the potential for opposite chiralities into one another
following a Darboux transformation (DT). The DT is a
method for relating second-order ordinary differential
equations (ODE) written in a form without involving
first-order derivative terms [92,93]. Such forms of an
ODE are generally known as the canonical form. For
the case of black hole perturbation theory, it was observed
that the equations governing the black hole perturbations
of different parity are related. The Regge-Wheeler equa-
tion governing the odd parity perturbations and the Zerilli
equation governing the even parity one are isospectral.
Chandrasekhar [94] showed that the solutions of the two
different parity perturbation equations are related to each
other. The transformation proposed by Chandrasekhar to
relate the odd and even parity perturbations is one example
of the DT. The fact that the solutions to black hole
perturbation equations corresponding to different parity
can be transformed among each other using the DT can be
seen from the simple fact that such equations can be
written as Schrodinger like second-order ODEs. In the case
of the Dirac equation in curved space-time, as mentioned
in this subsection, w; .. and w7, are related by the DT as

W dirac = (\/ )+ )Wdlrac’ ¢ =constant.  (17)

The potentials V. is an example of the DT where one
can be transformed into the other. This, in turn, implies that
both potentials provide the same quasinormal spectrum
(i.e., they are isospectral), as shown in [93,94]. Thus, we
will only consider the potential V.

Figure 1 shows the effective potential for scalar, electro-

or? or? magnetic and Dirac perturbation as a function of the
coordinate r, for different values of the dimensionless
where parameter y in the naked singularity regime. We observe
0.12 r
1.005 0.1 ,‘ 02 F}g?g -
it AT =1.005 - - - - A 050
;s ! f Ee s . s
. '_"' oia00 —— 0.08 ,% 4 12 0.15 | ii =1:400 ——
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= 0 S D SR P
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002 | ) , . : \
y - 3 \ » 3 ‘\4
L e e 0 Soremnil el N . ol i SR L Y -
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FIG. 1. Plots of the effective potential for massless scalar (left panel), electromagnetic (middle panel) and Dirac (right panel)

perturbations with respect to the coordinate r, for / = 1 and different values of y in the naked singularity regime.
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that in the regime of weakly naked singularity (1 <y <
3v/3/4), the potential profile for all the three types of
perturbations are characterized by a peak at r, >0
which rises to an infinite wall close to the singularity
[V(r - 0) - o], except for the [ =0 mode of scalar
perturbation. The effective potential for the / =0 mode
of scalar perturbation diverges to —oco close to the singu-
larity, [V'22 (r — 0) — —oo], rendering the system unsta-
ble [95]. Hereafter, unless otherwise mentioned, we will only
consider / > 0 modes of scalar and electromagnetic pertur-
bations and / > 0 modes of Dirac perturbation.

The divergence of the effective potential distinguishes the
spacetime (2) with a naked singularity from the correspond-
ing black hole solution, in which case the effective potential
is characterized by a single potential peak outside the event
horizon. As y increases from y = 1, the potential peak shifts
toward smaller values of r,, until it changes to a plateau and
finally merges with the potential wall at sufficiently large
values of y. In this case, the effective potential is charac-
terized solely by the infinite wall near the singularity. We
also note from Fig. 2 that the height of the peak of the
potential profile for a given value of the parameter y changes
with the type of perturbation considered. From Fig. 2 we
note that for a given y, the height of the peak of the effective
potential is maximum for the fermionic (or Dirac) pertur-
bation and minimum for electromagnetic perturbation. Also,
for each type of perturbation, the peak height and width
increase with the multipole number.

IV. TIME EVOLUTION OF PERTURBATION

To study the time-evolution of the perturbation we
rewrite the perturbation equations (7), (12), and (15) in
terms of null coordinates, u =t—r, and v =+ r,,

2

4 (u,v) + V,(u,v)y;(u,v) =0;
gy Vil v) + Vilu, v)i(u. v)
i € (scalar, em, dirac) (18)
0.2
v=1.005
,"| Scalar
i EM —-—-
0.15 1 Dirac ———-
. '.
= \
S 1
£
2 041
K|
[
@
>
0.05
0 ‘
0 50 100 150 200
r/M

To numerically integrate Eq. (18), we follow the integration
scheme, proposed by Chirenti and Rezzolla [96],

16—A2V,~(s)

m—%(s) +0(A%)

wi(N) = (yi(W) +y;i(E))
(19)

where A is the step-size and S = (u,v), W = (u+ A, v),
E=(uv+A) and N= (u+ A, v+ A) are the grid-
points in the u—v plane. For an effective potential of the
form, depicted Figs. 1,2, the above integration scheme is
found to be more stable compared to more popular
integration scheme due to Gundlach, Price and Pullin [97],
consistent with the observation in Ref. [96]. In general, in
the linear regime the eigenfrequencies are not sensitive to
the choice of the initial conditions, hence, we model the
initial perturbation by a Gaussian wave packet of width ¢
centered around v = v,.,

(v=v¢)?

wilu=0,v)=¢ 27 .

(20)

We also assume that close to the singularity the perturbation
1S constant,

wilr,=0,1)=y;(u=v—-2v9,v) =0, V exl. (21)
The choice of the null boundary condition (21) deserves
some attention.

The presence of the central naked singularity renders
the spacetime (2) (with y > 1) globally nonhyperbolic.
However, following Wald’s suggestion [98] (see also
Refs. [99-105]), it is possible to uniquely define dynamics
of test fields even in such a spacetime, provided there exist
a unique self adjoint extension of the operator A;,

d2

A=——4+V. 22
! dr3+ ! (22)

.$
—_
I g
o
(6]

NN
[ XS ENATNIES

Vscalar
N

0 50 100 150 200
r./M

FIG. 2. The left panel shows the difference in the effective potential for the scalar, electromagnetic and Dirac perturbations for
y = 1.005 and [/ = 1. The right panel shows the effective potential for massless scalar perturbation for y = 1.005 for different values of /.
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FIG. 3. Semilogarithmic plots of the time-evolution of massless scalar field perturbation for the / = 1 mode and different values of y.

The time-profile has been extracted at r, = 200.

The operator A; acts on the Hilbert space of square
integrable functions, H = L?(r,,dr,) on a static hyper-
surface orthogonal to a unit time-like Killing vector 0,.
To analyze, the existence of an unique self adjoint exten-
sion of the operator A;, one studies the eigenfunction of the
equation,

Ay = tiy;. (23)
The operator A; is said to be essentially self-adjoint
(existence of a unique self-adjoint extension) if at least
one of the eigenfunctions of A; (for each sign of i) fails
to be square-integrable near the singularity. Close to the
singularity, one can approximate

flr)y=1— /yiMrlﬂ + 0(r3?), (24)

ro~r+0(r’?), (25)
I(I+1)+2C;, I(I+1) _

Vi(r) & e > +0(r3/%),  (26)

where C; = 1,0,3(8y — 1)(I/ + 1)/(32y) for scalar, electro-
magnetic and Dirac perturbations respectively. Thus, close
to the singularity one can write Eq. (23) as

2 (1
_d ‘/;lr(z «) (l(l:g 1) 4. ->z//i(r*) = diy,(r,).  (27)

*

The general solution to Eq. (27) close to the singularity is of
the form (for both signs of the eigenvalue i)
wi~C(riit )+ G o) asr, - 0. (28)
The first solution fails to be square-integrable near the
singularity, and hence, A; is essentially self-adjoint. It is
important to note that the addition of positive terms to the
effective potential in Eq. (27) (including the mass of the test
field) does not alter the essential self-adjointness of the
operator A;. Such terms effectively act as repulsive terms,

increasing the rate of divergence of the larger solution
and the convergence of the smaller solution close to the
singularity [99,106]. Further, assuming the time-dependence
of the perturbation field as y;(z, r,) = ey ;(r,), we write
Egs. (7), (12) and (15), near the singularity (up to leading
order in r,) as

2y (r
d l/;;(% *) + (l(l;z 1) + .. ')Wi(r*) = a)zy/i(r*). (29)

*

The general solution of the Eq. (29) is of the form as Eq. (28)
and for y; to be normalizable close to the singularity,
C; must vanish, which implies

Myl o = 0. (30)
Thus, the boundary condition (21) guarantees that the
perturbation field is normalizable close to the singularity
and is also consistent with Ref. [98].

Figure 3 shows the time evolution of the scalar pertur-
bation for the / = 1 mode along a line of constant r,. We
observe that close to the black-hole limit (y = 1), the time
profile of the scalar perturbation is characterized by distinct
echoes with diminishing amplitude and frequency. As y
increases, the echoes become less prominent. For suffi-
ciently large values of y, the enveloping oscillation of the
echoes align to give rise to characteristic quasinormal
modes, which later decay to give late-time tails. A study
on the time domain profiles for all the three different types
of perturbations suggests that the tail falls off as r~(2/+2+7),

It may be noted that the existence of distinct echoes in
the time evolution of perturbations was found to be related
to the presence of a weakly naked singularity in the Janis-
Newman-Winicour spacetime [68], however, in the present
case, the quasinormal ringing and late-time tails can also be
observed in the time evolution of the massless scalar field
when the singularity is strongly naked.

Time evolution of the / = 1 mode of electromagnetic
and [ =0, 1 modes of Dirac fields also show similar
characteristics (Fig. 4). However, for higher multipole
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FIG. 4. Semilogarithmic plots of the time-evolution of the / = 1 mode of electromagnetic (top panel) and / = 0, 1 modes of Dirac
perturbations (middle and bottom panel). The time-profile has been extracted at r, = 200.

modes, all the three types of perturbation (scalar, electro-
magnetic, and Dirac) grow unboundedly with time,
suggesting instability. Figure 5 shows the time-evolution
of the [ =2, 3, 4, 8 modes of the perturbations. To
ascertain that the instability of the 4D-EGB naked singu-
larity-spacetime is not a numerical artefact, we have also

checked our results by slightly shifting the location of
the inner boundary, (ry, = 7 & &2, where 1) ~e;e < 1).
The consistency of our numerical analysis is further
supported by testing the instability of the negative-mass

Schwarzschild singularity against even parity metric
perturbations [105,107,108].

6 6
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FIG. 5.

and Dirac fields (right panel) for y = 1.005.

Semilogarithmic plots of the time-evolution of the [ = 2, 3, 4, 8 modes of scalar (left panel), electromagnetic (middle panel)
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TABLE I

electromagnetic perturbations and / = 0, 1 modes of massless Dirac perturbations.

Characteristic fundamental quasinormal frequencies for /=1 mode of massless scalar and

Scalar

o(l=1)

Electromagnetic

o(l=1)

Dirac

o(l=0)

o(l=1)

1.25
1.28
1.29
1.30
1.35
1.40
1.60

0.3699 — 0.0082i
0.3797 - 0.0107i
0.3827 - 0.01161
0.3855 - 0.0125i
0.3977 - 0.0170i
0.4074 — 0.0215i
0.4314 — 0.0390i

0.3528 — 0.0132i
0.3613 — 0.01661
0.3638 — 0.01771
0.3662 — 0.0188i
0.3766 — 0.0243i
0.3842 — 0.0301:
0.3943 — 0.0451i

0.2545 - 0.0131:
0.2614 — 0.0149i
0.2634 — 0.0155i
0.2653 — 0.0161i
0.2750 — 0.0207i
0.2827 — 0.0248i
0.2957 — 0.0392i

0.4676 — 0.0084i
0.4787 - 0.0113i
0.4820 — 0.0123i
0.4852 —0.0133i
0.4985 — 0.0186i
0.5097 — 0.0241i
0.5375 - 0.0399i

Once the echoes align, mode frequencies can be
extracted from the time profile by using Prony’s method
of fitting the time-domain data with a series of damped
exponentials with some excitation factors [95,109],

W)=Y Cremior, (31)

.
i Mw
I

where w; is the complex quasinormal frequency of the jth
mode. The real part of the quasinormal normal frequency
corresponds to the actual frequency of the wave motion,
while the imaginary part corresponds to the damping rate.
The fundamental quasinormal mode frequency is charac-
terized by the value of w; with the lowest damping rate, i.e.,
with the smallest Im(w). Table I shows the characteristic
fundamental quasinormal frequencies for the / = 1 mode of
scalar and electromagnetic perturbation and / = 0, 1 modes
of Dirac perturbation. The quasinormal frequencies have
been extracted for values of the dimensionless parameter y
for which the echoes have aligned. We observe that the
magnitude of both the real and imaginary parts of the
quasinormal frequencies increases with y for each type of

0.18
0.16 -
0.14 |
012}
0.1
> 0.08 |
0.06 -
0.04 |
0.02 |

0

scalar

(W)

0 50 100

r/M

perturbation. If we consider the mass (¢) of the perturbing
scalar field to be non zero, then the effective potential in
Eq. (8) gets modified to,

I(1+1 1df(r
Vit = 1) (D

r r

+ u2>. (32)

Thus the asymptotic value of the effective potential changes

to V¥ (r — o) — u?. For a sufficiently large mass of the
probing scalar field, there exists a trough in the effective
potential outside the peak, resulting in quasibound states,
which are manifested as elongation of the individual
echoes (Fig. 6).

The quasinormal mode frequencies evaluated using
Prony’s method depend on the choice of the starting point
of the ringdown profile. To eliminate possible errors in
determining the quasinormal mode frequencies, we have
verified the quasinormal mode frequencies with time-
profile data generated using different grid sizes (A). For
each such time profile, we have checked the stability of
the fundamental quasinormal mode frequencies by fitting
with the series in Eq. (31) with a different number of
terms (~100-200).

0.4

0 100 200 300 400 500 600 700 800
t/M

FIG. 6. Plots of the effective potential for massive scalar field (left) and the corresponding time-domain profile for the / = 1 mode with

y = 1.005.
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V. CONCLUSION

The cosmic censorship conjecture suggests that space-
time singularities must always be hidden by an event
horizon. However, it has been argued that under suitable
initial conditions, gravitational collapse may lead to a
naked singularity [66]. In general, for gravitational col-
lapse, the quantum considerations are toward avoidance of
a singularity [110-113]. So, if, for certain values of theory
parameters, a gravity theory predicts the occurrence of a
naked singularity, then it is of paramount importance
to check the stability of such a spacetime with naked
singularity against perturbation. If such a spacetime
happens to be sufficiently stable, then one asks the
associated question of how to observationally distinguish
such an atypical spacetime.

In the present work, we considered an asymptotically flat,
static, spherically symmetric spacetime (2) with a central
singularity. We observed that the singularity becomes
globally naked for y > 1. It is important to emphasize that
the metric (2) satisfies the field equations of all variants of
the (consistent) 4D-EGB theory [16,52-55]. Hence, we
studied the stability and response of such a naked singu-
larity-spacetime against perturbation by test fields without
resorting to any particular version of the (consistent)
4D-EGB theory.

We added test scalar, electromagnetic, and Dirac fields in
the background of the 4D-EGB naked singularity-spacetime
and observed the time evolution of the perturbations
numerically. The effective potential of all the three types

of perturbation diverges to oo close to the singularity. So,
we chose the null Dirichlet boundary condition consistent
with [68,114]. We observed that for / = 1 modes of scalar,
electromagnetic perturbation, and / = 0, 1 modes of Dirac
perturbation, the time-domain profile gives distinct echoes
when the dimensionless parameter y is slightly greater than
unity (weakly naked singularity regime). As gamma
increases, the time gap between the individual echoes
decreases, and finally, for sufficiently large gamma, the
echoes align to yield characteristic quasinormal frequency
of the spacetime. However, as [ is increased from unity, the
time-domain profile (Fig. 5) suggests an instability. We have
verified the instability of the spacetime till / = 10.

So, we conclude that the 4D-EGB spacetime with a
naked singularity is unstable against test scalar, electro-
magnetic, and Dirac perturbations which constrain the
Gauss-Bonnet coupling constant a < M?>. We plan to
extend our analysis to study the full gravitational pertur-
bation of the 4D-EGB black hole and naked singularity in
all versions of the (consistent) 4D-EGB theory. Such an
analysis will not only provide an opportunity to constrain
the parameter space of a but will also be able to predict
direct observational distinctions between the different
versions of the 4D-EGB theories.
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