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Gravitational-wave astronomy offers a novel testing ground for fundamental physics, namely by unfolding
new prospects of success in probing the nature of gravity. Current and near-future gravitational-wave interfer-
ometers are expected to provide deeper insights into long-standing open questions in gravitation such as the
existence of black holes. Although a cumulative number of both theoretical and observational arguments has
been strengthening the black-hole hypothesis, some sort of proof is still lacking. Up-to-date gravitational-wave
data does not preclude other exotic compact objects rather than black holes from being the ultimate endpoint of
compact binary mergers. The present work addresses classical phenomenological aspects of scalar and electro-
magnetic perturbations of two models of Kerr-like exotic compact objects featuring a surface with reflectivity R
(or, equivalently, an absorption coefficient κ ≡ 1−|R|2) instead of an event horizon (R = 0). While these hori-
zonless alternatives are prone to ergoregion instabilities when |R|= 1, it is shown that stability can be achieved
for any spin value and both scalar and electromagnetic perturbations when |κ| & 3%. The results suggest that,
at least in what regards this instability, Kerr-like exotic compact objects may be astrophysically viable.

I. INTRODUCTION

The first direct observation of gravitational waves (GWs)
[1] opened a new window onto the cosmos, particularly to the
most energetic astrophysical events in the universe. Unlike
electromagnetic waves (EWs), GWs interact weakly with mat-
ter [2, 3], thus enabling the unhindered access to GW sources,
such as binary systems made up of two compact objects.

Among the many questions precision GW astronomy can
tackle a fundamental one is whether it can probe the true na-
ture of black hole (BH) candidates [4–6]. The very defini-
tion of BH [7, 8] lies on the mathematical concept of event
horizon. Event horizons are 3-dimensional null hypersurfaces
which can be described by 2-dimensional spacelike surfaces
at any particular instant of time. This means that they are not
physically detectable by observers working in finite-size tele-
scopes or detectors. In fact, it is only possible to locate an
event horizon if the whole future history of spacetime, i.e. the
entire future of null infinity, is known. The global nature of
event horizons, known as teleological property, prevents any
(local) experiment whatsoever to determine its position [8].

Despite this hopeless scenario, in which no tangible direct
proof of BHs exists [5], astronomers and astrophysicists can
still look for strong gravity effects expected in the surrounding
environment of BH candidates. Around astrophysical com-
pact objects such as BH candidates is commonly an accre-
tion disk, a structure of material swirling onto a central body
[9]. Accretion disks are formed in close binary systems, i.e.
systems in which the distance separating two gravitationally
bound compact objects is comparable to their size. In such
a system mass streams from one compact object to the other,
around which an accretion disk is settled.

Matter in accretion disks emits radiation at different wave-
lengths. Observatories across the electromagnetic spectrum
thus provide indirect information about the properties of each
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BH candidate [10]. There has been a steady progress on im-
proving the angular resolution capabilities of radio telescopes
in pursuit of finer and finer images. International collabo-
rations such as the Space Very Long Baseline Interferome-
try mission and, more recently, the Event Horizon Telescope,
in particular, have been committed to imaging SgrA∗ fea-
tures [11, 12]. On the other hand, X-rays spectroscopy offers
the possibility of probing the neighborhood of BH candidates
down to just a few gravitational radii from the event horizon.

Besides electromagnetic radiation, a close binary system
emits GWs and therefore looses angular momentum and en-
ergy over time. As a result, its components move close to one
another faster and faster until they coalesce. After the coales-
cence of two compact objects in a binary system, the remnant
undergoes a ringdown stage, whose waveform is dominated
by its quasinormal modes (QNMs) [4]. If the final object set-
tles down into a Kerr BH, then the QNM spectrum is fully
defined by the its mass and angular momentum.

Coalescence events produce strong enough GWs to be de-
tected by Earth’s ground-based observatories, such as the
Laser Interferometer Gravitational-Wave Observatory (LIGO)
and the interferometric GW antenna Virgo. On September 14,
2015 the two detectors of LIGO have directly observed for
the first time a GW signal, emitted by a compact binary made
up of two BH candidates more than a billion years ago [1].
Since then, LIGO collaboration has identified four more simi-
lar compact binary coalescence events [13–16], two of which
were also detected by the Virgo collaboration.

Although event horizon’s teleological property precludes
any observational proof, a conclusive evidence of the exis-
tence of BHs might be coded in the late-time GW ringdown
signal from compact binary coalescences [2, 4–6]. However,
current EM and GW observations do not rule out small devi-
ations from the BH paradigm and, therefore, the existence of
other exotic compact objects (ECOs) rather than BHs [5, 6].
These are loosely defined in the literature as hypothetical ob-
jects more massive than neutron stars, sufficiently dim not to
have been observed by state-of-the-art EM telescopes and de-
tectors yet and, in most cases, without event horizon [6]. Ex-
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amples include boson stars [17], anisotropic stars [18], worm-
holes [19], gravastars [20], fuzzballs [21], black stars [22],
superspinars [23], Proca stars [24], collapsed polymers [25],
2−2 holes [26] and AdS bubbles [27]. An exhaustive review
including references (if any) on the formation, stability and
electromagnetic and gravitational signatures of such objects
can be found in [5].

There has been a renewed interest in these exotic alterna-
tives over the last decades because some ECOs can mimic
the physical behavior of BHs, especially those whose near-
horizon geometry slightly differs from that of BHs. The
work presented herein addresses the phenomenology of scalar
and electromagnetic field perturbations of two models of
ECOs whose exterior geometry coincides with Kerr space-
time. While one consists of Kerr-like ECOs, i.e. objects
spinning below the Kerr bound (as introduced in [28–30]), the
other concerns superspinars. Both models are constructed so
that the objects feature a surface with a generic reflectivity R
(or, equivalently, an absorption coefficient κ ≡ 1− |R|2), in
place of an event or stringy horizon (R = 0), as well as an
ergoregion. The presence of an ergoregion and the absence
of an event horizon are the two key ingredients for ergore-
gion instabilities to develop. For that reason, Kerr-like ECOs
and superspinars may be unstable against linear field pertur-
bations, at least in some region of parameter space [31]. In-
deed, perfectly-reflecting (κ = 0) Kerr-like ECOs and super-
spinars exhibit some exponentially-growing unstable quasi-
normal modes and, thus, suffer from the so-called ergoregion
instability. However, it is shown that the unstable modes can
be mitigated or neutralized when the surface is not perfectly-
but partially- (κ > 0) or over-reflecting (κ < 0). In gen-
eral, the development of ergoregion instabilities is prevented
for both scalar and electromagnetic field perturbations when
|κ|& 3.0%.

Geometrized units (G = c = 1) are consistently used
throughout the text. Additionally, the metric signature
(−,+,+,+) is adopted.

II. KERR-LIKE ECOS AND SUPERSPINARS

The Kerr metric is an exact solution to Einstein field equa-
tions in vacuum corresponding to an object of mass M and
angular momentum per unit mass a (as measured from infin-
ity [7, 32]). In Boyer-Linquist coordinates (t,r,θ ,φ), the line
element reads [33]

ds2 =− ∆

Σ

[
dt−asin2

θ dφ
]2
+

Σ

∆
dr2

+Σdθ
2 +

sin2
θ

Σ

[
(r2 +a2)dφ −adt

]2
(1)

where Σ ≡ r2 + a2 cos2 θ and ∆ ≡ r2 − 2Mr + a2. The line
element has coordinate singularities at ∆ = 0 when a2 ≤M2,
which solves for r = r± ≡M±

√
M2−a2. The hypersurface

r = r+ is the event horizon. On the other hand, when a2 > M2,
r± are complex and, thus, are not coordinate singularities.

The Kerr spacetime is stationary and axisymmetric, i.e. its
metric does not depend explicitly on t nor on φ . In Boyer-

Lindquist coordinates, the Killing vectors associated with
these continuous symmetries are ξt ≡ ∂t and ξφ ≡ ∂φ , re-
spectively. When a2 < M2 (a2 > M2), the Killing vector ξt
is spacelike in the ergoregion, i.e. in the spacetime region
r+ < r < r+E (r−E < r < r+E ), where r±E ≡M±

√
M2−a2 cos2 θ .

The hypersurface r = r+E is called stationary limit surface or
ergosphere.

Following [29, 30], this work focuses on classical phe-
nomenological aspects of two models of ECOs whose exte-
rior geometry is described by the Kerr metric from r0 to in-
finity, where r0 is the location of a surface with reflectivity
R (or, equivalently, an absorption coefficient κ ≡ 1− |R|2).
Perfectly-reflecting and perfectly-absorbing surfaces are de-
fined by |R| = 1 and R = 0, respectively. The first model,
characterized by a2 < M2, sets the surface at a microscopic or
Planck distance from the would-be event horizon of the cor-
responding Kerr BH, i.e. r = r0 = r++δ , where 0 < δ �M.
The requirement that δ � M allows these ECOs to feature
an ergoregion (r0 < r+E ). Objects described by this model
will be referred to as Kerr-like ECOs1. The second model
concerns superspinars, i.e. objects violating the Kerr bound
(a2 > M2) and, therefore, without an event horizon. Although
r, hence r0, can take any real value, the conditions r0 > 0 and
r0 < r+E shall be assumed. The former prevents the existence
of naked singularities and closed timelike curves, whereas the
latter guarantees that the objects do have an ergoregion.

III. BH PERTURBATION THEORY

A. Quasinormal modes

In the framework of BH perturbation theory, massless field
perturbations Ψ• propagating in Kerr spacetime can be de-
composed into Fourier-harmonic modes Ψ̃•,

Ψ•(t,r,θ ,φ) =
∫ +∞

−∞

dω e−iωt
Ψ̃•(ω,r,θ ,φ), (2)

where the index • recalls that the field perturbation can be
a scalar or a component of either a vector or a tensor. The
governing equations can in general be reduced to a set of de-
coupled second-order ordinary differential equations (ODEs).
The one corresponding to the coordinate r usually has the
form [

d2

dr2
∗
+V (ω,r)

]
Ψ̃• = 0, (3)

where r∗ is some suitable radial coordinate, commonly called
tortoise coordinate, which tends to −∞ at the event horizon
(r→ r+) and to +∞ at infinity (r→ +∞). The effective po-
tential V satisfies

V (ω,r)∼
{

ω2, r∗→+∞

ϖ2, r∗→−∞
, (4)

1 Kerr-like ECOs reduce to Kerr BHs when δ = 0 and R = 0.
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with ϖ ≡ ω −mΩH , where ΩH ≡ a/(r2
+ + a2) is the angu-

lar velocity of the event horizon. As a consequence, one can
define two sets of solutions with asymptotics [34]

Ψ̃
+
• (ω,r)∼

 e−iωr∗ +A+e+iωr∗ , r∗→+∞

B+e−iϖr∗ , r∗→−∞

(5)

Ψ̃
−
• (ω,r)∼

 B−e+iωr∗ , r∗→+∞

e+iϖr∗ +A−e−iϖr∗ , r∗→−∞

(6)

The field mode Ψ̃+
• (Ψ̃−• ) is commonly referred to as ‘in’

(‘up’) mode.
Once physical boundary conditions (BCs) at r∗→±∞ are

imposed, Eq. (3) defines an eigenvalue problem. If one re-
quires purely outgoing waves at infinity,

Ψ̃•(ω,r)∼ e+iωr∗ , r∗→+∞, (7)

the eigenvalues, the characteristic frequencies ωQNM, are
called QNM frequencies and the fields Ψ̃• QNMs [35]. The
set of all eigenfrequencies is often referred to as QNM spec-
trum. The QNM frequencies ωQNM are in general com-
plex, i.e. ωQNM = ωR + iωI , where ωR ≡ Re{ωQNM} and
ωI ≡ Im{ωQNM}. The sign of ωI defines the stability of the
QNM. According to the convention for the Fourier decompo-
sition (2), if: ωI < 0, the mode is stable and τdam ≡ 1/|ωI |
defines the damping e-folding timescale; ωI > 0, the mode
is unstable and τins ≡ 1/ωI defines the instability e-folding
timescale; ωI = 0, the mode is marginally stable.

Solutions to Eq. (3) describing Kerr-like ECOs and su-
perspinars must be a superposition of ingoing and outgoing
waves at r = r0. Thus, one will focus in particular on solu-
tions with asymptotics (6) satisfying the BC [29]

Ψ̃
−
• (ω,r0) = (1+R)A−e−iϖr∗0 , (8)

where r∗0 ≡ r∗(r0) < 0, which is equivalent to requiring that
the asymptotic coefficient A− satisfies the relation [29]

RA−e−i2ϖr∗0 = 1. (9)

For the sake of simplicity, the reflectivity R will be considered
model-independent, i.e. the underlying physical mechanisms
giving rise to the surface’s reflective properties (e.g. fric-
tional dissipation) shall be ignored and a heuristic approach
adopted. Furthermore, although R may depend on ω and/or
r0 [36], this work will only focus on constant-valued (ω− and
r0−independent) reflectivities.

Perfectly-reflecting (|R| = 1) BCs, generically known as
Robin BCs, are given by [37],

cos(ξ )Ψ̃
−
• (ω,r0)+ sin(ξ )Ψ̃

′−
• (ω,r0) = 0, (10)

where ξ ∈ [0,π) and the prime denotes differentiation with
respect to r∗. Note that ξ = 0 corresponds to a Dirichlet BC
(DBC), whereas ξ = π/2 refers to a Neumann BC (NBC) im-
posed on Ψ̃−• at r = r0, i.e.

Ψ̃
−
• (ω,r0) = 0 or e+iϖr∗0 +A−e−iϖr∗0 = 0, (11)

Ψ̃
′−
• (ω,r0) = 0 or e+iϖr∗0 −A−e−iϖr∗0 = 0, (12)

respectively. Alternatively, DBCs (NBCs) can be defined by
R =−1 (R = 1)2. Perfectly-reflecting BCs will hereafter be
referred to as DBCs and NBCs only.

B. Direct-integration shooting method

The QNM spectra to be presented in Sec. V were obtained
using a direct-integration shooting method comprising two
steps: the integration of Eq. (3) from infinity inwards up to
the reflective surface at r = r0, followed by a one-parameter
shooting method. The integration is performed using the
ansatz ψ̃• = e+iωr∗ΣN

n=0 dnr−n for the field Ψ̃−• , where the co-
efficients dn depend on the problem parameters (e.g. M, a,
R,. . .) and N is the number of terms of the partial sum. In-
serting the ansatz into Eq. (3) (with the substitution r∗ → r)
and equating coefficients order by order, it is possible to write
d1, . . . ,dN in terms of d0. The latter is usually set to 1. The
choice of N should be a trade-off between computational time
and accuracy. Then, one assigns a guess value to ω and inte-
grates Eq. (3) from r = r∞ to r = r0 so that the solution satis-
fies the relations Ψ̃−• = ψ̃• and dΨ̃−• /dr = dψ̃•/dr at r = r∞,
where r∞ stands for the numerical value of infinity. Finally,
the previous step is repeated for different guess values of ω

until the solution satisfies the BC (9). If the algorithm is nu-
merically stable, variations in N and/or r∞ do yield similar
results.

IV. SCALAR AND ELECTROMAGNETIC FIELD
PERTURBATIONS OF ECOS

A. Teukolsky’s equations

Scalar (s = 0), neutrino (s = ±1/2), electromagnetic (s =
±1) and gravitational (s±2) field perturbations in Kerr space-
time are described by a single master equation which can be
reduced into the system of ODEs

∆
−s d

dr

[
∆

s+1 dRs

dr

]
+V T

s Rs = 0, (13)

1
sinθ

d
dθ

[
sinθ

dSs

dθ

]
−
[

m2 + s2 +2mscosθ

sin2
θ

−a2
ω

2 cos2
θ +2aωscosθ − sE

m
l

]
Ss = 0, (14)

where V T
s = [K2 − 2is(r−M)K]/∆+ 4isωr− λs, with K ≡

(r2 + a2)ω − am. Rs(r) and Ss(θ) are the radial and angular
functions, respectively. The functions Zs(θ ,φ)≡ Ss(θ)e+imφ ,
where m is the azimuthal number, are the spin-weighted
spheroidal harmonics, which reduce to the spin-weighted
spherical harmonics when a = 0, and sE

m
l ≡ λs + s(s+ 1)+

2 Plugging Eq. (8) and Ψ̃
′−
• (ω,r0) = −iϖ(1−R)A−e−iϖr∗0 into Eq. (10),

one can easily show that R =−[cos(ξ )− iϖ sin(ξ )]/[cos(ξ )+ iϖ sin(ξ )].
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2amω − a2ω2 are the angular eigenvalues. When aω � 1,
perturbation theory holds [38]

sE
m

l =
+∞

∑
n=0

f (n)slm(aω)n, (15)

where the coefficients f (n)slm are constant. Introducing the tor-
toise coordinate dr∗/dr = (r2 + a2)/∆ together with the new
radial function Ys(r) = (r2 +a2)∆s/2Rs, Eq. (13) becomes

d2Ys

dr2
∗
+V̄ T

s Ys = 0, (16)

V̄ T
s (ω,r) =

K2−2is(r−M)K +∆(4irωs−λs)

(r2 +a2)2 −G2
s −

dGs

dr∗
,

where Gs(r) = s(r−M)/(r2 +a2)+ r∆/(r2 +a2)2.

B. Perfectly-reflecting boundary conditions

Solutions to (16) have the asymptotic behavior [39]

Ys(r)∼

 r−se+iωr∗

r+se−iωr∗
r∗→+∞ (17)

Ys(r)∼

 ∆+s/2e+iϖr∗

∆−s/2e−iϖr∗
r∗→−∞, (18)

Perfectly-reflecting BCs on the radial function Y0 are de-
fined by DBCs and NBCs. Furthermore, the effective poten-
tial V̄ T

0 exhibits the asymptotic behavior (4) and the ‘up’ mode
of the radial function Y0 is given by (6). As a result, the ap-
proach sketched in Sec. III for the computation of QNM can
be straightforwardly applied to Eq. (16) with s = 0.

On the other hand, perfectly-reflecting BCs on the radial
functions Y±1 are more evolved. In Kerr spacetime, the com-
ponents E(α) and B(α) of the electric and magnetic fields,
respectively, are usually defined as seen in the orthonormal
frame of a zero angular momentum observer [40, 41]. EWs
are totally reflected when their Poynting vector is perpendic-
ular to the surface of a perfect conductor at the point of in-
cidence, where the tangential component of the electric field
and the perpendicular component of the magnetic field van-
ish. Thus, one requires that E(θ) = 0, E(φ) = 0 and B(r) = 0
at r = r0. In terms of the radial functions R±1, perfectly-
reflecting BCs at r = r0 yield D†∆R+1 = Λ∗∆R+1

DR−1 = ΛR−1
, (19)

where D ≡ ∂r − iK/∆ and Λ ≡ [λs + s(s + 1) + 2iωr −
eiϒB]/(2iK), with B =

√
[λs + s(s+1)]2−4a2ω2 +4amω

[30, 42–44] and ϒ ∈ [0,2π). ϒ = 0 refers to axial modes,
whereas ϒ = π refers to polar modes [45]. Note that BCs (19)
do not correspond to DBCs nor NBCs on the radial functions
R±1.

The radial functions Y±1 do not exhibit the same sort of
asymptotic behavior at r∗→±∞ as Y0, thus turning impossi-
ble to apply directly the approach sketched in Sec. III for a
QNM analysis. A possible solution to overcome this issue is
to transform Eq. (13) in such a way that its solutions behaves
asymptotically as the radial function Y0. The formalism to do
so was developed by Detweiler for electromagnetic perturba-
tions with s=−1 [46] and introduces the new radial function3

X−1 =

(
r2 +a2

∆

)1/2 [
α(r)R−1 +β (r)

dR−1

dr

]
, (20)

which satisfies the second-order ODE

d2X−1

dr2
∗

+V D
−1X−1 = 0, (21)

V D
−1(ω,r) =− U∆

(r2 +a2)2 −G2
−1−

dG−1

dr∗
,

U(ω,r) =V T
−1 +β

−1
∆

[
2

dα

dr
+

dβ

dr

]
.

The functions α(r) and β (r) are chosen so that the effective
potential V D

−1 is purely real. V D
−1, whose explicit form can be

found in [47], has the asymptotic behavior (4) and the radial
function X−1 can be written as a linear combination of ‘in’ and
‘up’ modes.

In addition to Eq. (13), the non-trivial BC (19) for R−1
must also be written in terms of the new radial function X−1.
Surprisingly, such transformation reduces to DBCs and NBCs
on the radial function X−1 for ϒ = π and ϒ = 0, respectively.
Eq. (20) allows one to make use of the general formalism
introduced in Sec. III. Besides, from a numerical point of
view, Detweiler’s transformation turns easier the integration
of Eq. (16) for electromagnetic (s=−1) perturbations, thanks
to the simplicity of the form of DBCs and NBCs.

V. NUMERICAL RESULTS

Although Kerr-like ECOs and superspinars differ in the do-
main of a and r0, their phenomenology is quite similar. For
the sake of comparison, the QNM spectra for both models are
presented and discussed simultaneously in the following. All
numerical integrations for s = 0 (s =−1) were performed us-
ing the first three (two) terms of the power series expansion
(15) for the separation constant4 sE

m
l and the integration pa-

rameters N = 10 and r∞/M = 400 (see Sec. III B). All phys-
ical quantities are normalized to the mass parameter M. The
guess values to the QNM frequencies were chosen according
to the numerical results in [29].

3 Given that ∆R+1 and R−1 satisfy complex-conjugate equations [44], it suf-
fices to consider the case when s =−1 only.

4 The power series expansion (15) is a good approximation of sE
m

l when
|aω| . 1. This inequality is satisfied by the fundamental l = m = 1 QNM
frequencies when a/M . O(0.1) or a/M & O(1.0) (see Fig. 1). However,
it is worth pointing out that the numerical results are more sensitive to the
number of terms of the expansion when a/M approaches 1±.
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Figure 1. Real (top) and imaginary (bottom) parts of the fundamental l = m = 1 scalar and electromagnetic QNM frequencies of perfectly-
reflecting Kerr-like ECOs (left) and superspinars (right) as a function of a/M, for DBCs (R =−1). The left (right) arms of the interpolating
functions refer to negative (positive) frequencies in the bottom-left panel and to positive (negative) frequencies in the bottom-right panel. The
shaded region in the top-left panel corresponds to the superradiance domain (0 < ω < mΩH ). The inset plots in the bottom panels show that
the minimum instability timescale of scalar QNMs is about 10× greater than that of electromagnetic QNMs.

A. Total reflection (|R|= 1)

Fig. 1 shows the fundamental l = m = 1 scalar and electro-
magnetic QNM frequencies of perfectly-reflecting Kerr-like
ECOs and superspinars with different characteristic parame-
ters5 {a,r0} for DBCs (R =−1). Note that the bottom panels
are plots of the absolute value of ωI . Similar results hold for
NBCs (R = 1).

The scalar and electromagnetic QNMs of Kerr-like ECOs
plotted in Fig. 1 are superradiant modes, i.e. satisfy the su-
perradiance condition 0 < ω < mΩH . As one would expect,
the presence of a reflective surface instead of an event hori-
zon results in greater amplification factors for scalar and elec-
tromagnetic field perturbations scattered off Kerr-like ECOs
when their frequency match one of the QNM frequencies of
the object (see Appendix).

5 Since δ �M, δ is a more suitable parameter for characterizing Kerr-like
ECOs than r0.

Scalar and electromagnetic QNMs are qualitatively simil-
iar. In regards to Kerr-like ECOs, ωR and ωI are negative
(positive) in the slow-rotation (fast-rotation) regime and both
appear to have the same sign despite the value of a/M. In fact,
within numerical accuracy, ωR and ωI change sign from nega-
tive to positive and, thus, vanish at some critical value ac (say),
i.e. QNMs turn from stable to unstable as a/M increases.

In other words, perfectly-reflecting Kerr-like ECOs admit
zero-frequency scalar and electromagnetic QNM [48]. The
instability threshold for scalar and electromagnetic QNMs ac-
tually coincide. It can be shown that these zero-frequency
modes are linked via Eq. (13) with ω = 0 [30]. Indeed, set-
ting ω to 0 in Eq. (13) for s = 0 and s = −1, one can find
several relations between the radial functions R0 and R−1 and
their first derivatives. One such relation is

R0 ∝
dR−1

dr
+

iam
∆

R−1. (22)

Taking the derivative with respect to r of (22), multiplying it
by ∆ and using Eq. (13) with s =−1 to get rid off the second
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derivative of R−1, one gets

∆
dR0

dr
∝

dR−1

dr
+ i
(

am
∆
− l(l +1)

am

)
R−1. (23)

On the other hand, in the static limit (ω = 0), the BC (19)
reduces to

dR−1

dr
+ i
[

am
∆
− (1− eiϒ)

l(l +1)
2am

]
R−1 = 0. (24)

The expressions in (22) and (23) have the exact same form of
Eq. (24) for axial and polar modes, respectively. Eq. (24)
holds with ϒ = 0 if R0(r0) = 0 and with ϒ = π if R′0(r0) = 0,
where the prime denotes differentiation with respect to r. Ax-
ial (polar) QNMs of perfectly-reflecting Kerr-like ECOs are
generated by scalar QNMs satisfying DBCs (NBCs)6.

Contrarily to scalar and electromagnetic QNMs of Kerr-
like ECOs, those of superspinars turn from unstable to sta-
ble as a/M increases. Furthermore, it follows from the fact
that relations (22) and (23) are valid for any value of a that
superspinars also admit coincident zero-frequency scalar and
electromagnetic QNMs.

The aforementioned instability finds its origin in the pos-
sible existence of negative-energy physical states inside the
ergoregion. In general, the absence of an event horizon turns
horizonless rotating ECOs unstable [29, 31]. The event hori-
zon of Kerr BHs, which can be regarded as a perfectly-
absorbing surface (R = 0), prevents the falling into lower and
lower negative-energy states. The same does not occur when
considering perfectly-reflecting BCs, hence the development
of instabilities.

The instability domain for both scalar and electromagnetic
QNMs of Kerr-like ECOs and superspinars is depicted in
Fig. 2. The threshold decreases monotonically as r0 → r+
(i.e. as δ/M → 0) for Kerr-like ECOs and as r0 increases
for superspinars satisfying DBCs. However, the critical value
displays a maximum when r0/M ≈ 0.53 for superspinars sat-
isfying NBCs. Fig. 2 suggests that there is a critical value
of r0 above which perfectly-reflecting superspinars are stable
regardless the value of a. This should coincide with the ergo-
sphere: if the reflective surface is located at r = r0 ≥ r+E , the
superspinar’s exterior geometry does not contain an ergore-
gion, meaning negative-energy physical states cannot exist,
hence the absence of instability.

Another interesting observation regarding the spectra of
Kerr-like ECOs and superspinars in Fig. 1 is that ωI has a
maximum value. In general, for the values of r0/M un-
der investigation, the maximum value of ωI occurs when
a ∈ [0.95,1.00[M (a ∈]1.00,1.05]M) for Kerr-like ECOs (su-
perspinars) and is in general greater (lower) for less compact
objects, i.e. as M/r0 decreases [29]. Furthermore, QNMs
appear to be unstable as a/M → 1±. Although the numer-
ical integration of Eqs. (16) and (20) is not feasible when

6 Although scalar QNM frequencies for NBCs were computed using the
modified radial function Y0, it turns out that the conditions R′0(r0) = 0 and
Y ′0(r0) = 0 yield similar results as long as δ �M.
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Figure 2. Ergoregion instability spin threshold of the fundamental
l = m = 1 scalar and electromagnetic QNMs of perfectly-reflecting
Kerr-like ECOs (top) and superspinars (bottom) for both DBCs (R =
−1) and NBCs (R = 1). The shaded regions refer to the domain of
the instability.

a/M = 1, the interpolating functions of ωI in Fig. 1 are pos-
itive (MωI ∼ 10−6) when extrapolating to a = M. On the
one hand, this suggests that the instability might not be to-
tally quenched for Kerr-like ECOs/superspinars with a = M.
On the other hand, the fact that ωR approaches the superradi-
ance threshold (ωR→mΩH ) as a/M→ 1± bears some resem-
blance to the zero-damped modes (ωI = 0) reported in [49] for
extremal Kerr BHs.

A suitable choice for the instability timescale is τins ≡
1/max[ωI ], whose values are plotted in the insets of Fig. 1
for the explored range of r0/M and both DBCs and NBCs.
The instability timescale is greater for more compact Kerr-
like ECOs and less compact superspinars. Typical values are
of the order of 1−10 s (0.1−1.0 s) for scalar (electromag-
netic) QNMs of Kerr-like ECOs and superspinars with mass
M = 10−100M� and both BCs.

B. Partial and over-reflection (|R|≶ 1)

The main point of last section is that perfectly-reflecting
Kerr-like ECOs and superspinars are unstable against scalar
and electromagnetic field perturbations when a/M ∼ O(1).
Perfectly-reflecting BCs prevent the absorption of negative-
energy physical states which may occur inside the ergoregion.
It is then worth asking whether the introduction of some ab-
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Figure 3. Left: imaginary part of the fundamental l = m = 1 electromagnetic QNM frequencies of a Kerr-like ECO featuring a surface with
reflectivity R ∼ 1 at r = r0 = r++ δ , with δ/M = 10−5. Right: imaginary part of the fundamental l = m = 1 scalar QNM frequencies of a
superspinar featuring a surface with reflectivity R ∼−1 at r = r0/M = 0.7.

sorption at the reflective surface can mitigate or even neutral-
ize the linear instabilities shown in Fig. 1. Fig. 3 is an illus-
trative example of the effect of small absorption coefficients
(|κ|� 1) on the stability of Kerr-like ECOs with δ/M = 10−5

and superspinars with r0/M = 0.7. Note that the maximum
value of the imaginary part of the frequency decreases mono-
tonically as |κ| increases. Indeed, the instability is quenched
when considering partially- and over-reflecting BCs for Kerr-
like ECOs and superspinars, respectively. Similar results hold
for objects with different values of r0/M and satisfying ei-
ther DBCs or NBCs. The introduction of an absorption coef-
ficient whose absolute value is greater than 0.4% (3.0%) shuts
down scalar (electromagnetic) instabilities for any spin value.
This agrees with the fact that ωI is greater for electromagnetic
QNMs when a/M ∼ O(1).

VI. CONCLUSION

The recent GW detections from compact binary coales-
cences heralded the dawn of a brand new field in astronomy
and astrophysics. The newborn era of precision GW physics
is expected to probe strong-field gravity spacetime regions in
the vicinity of compact objects and, most importantly, to pro-
vide strongest evidence of event horizons. While current EW
and GW observations do support the existence of BHs, some
other exotic alternatives are not excluded yet− not even those
which do not feature an event horizon. Thus, there has been a
remarkable theoretical effort to propose new models of ECOs
and study their phenomenology.

Following this trend, this work aimed to explore classi-
cal phenomenological aspects of scalar and electromagnetic
field perturbations of two simple models of ECOs built from
Kerr solution, named herein as Kerr-like ECOs and super-
spinars. Both objects feature an ergoregion and are endowed
with a surface with reflective properties rather than an event
or stringy horizon, i.e. a perfectly-absorbing surface. As first
shown by Friedman [31], asymptotically-flat stationary so-
lutions to Einstein field equations possessing an ergoregion
but not an event horizon may develop instabilities when lin-

early interacting with scalar and electromagnetic field pertur-
bations, especially when rapidly rotating. Although Kerr-like
ECOs and superspinars have the key ingredients to trigger er-
goregion instabilities, it turns out that only those whose sur-
face is perfectly- or quasi-perfectly-reflecting admit unstable
scalar and electromagnetic QNMs.

The analysis led to two highlighting conclusions. First,
when the object’s surface is perfectly-reflecting (|R|= 1), an
instability develops when the object is spinning at a rate either
above or below some critical value of the rotation parameter.
Despite the dependence of the instability domain on the com-
pactness of the object, it generally occurs when a/M ∼O(1).
The instability is intimately linked to the ergoregion, where
negative-energy physical states can form. These cannot be
absorbed by the object’s surface and, therefore, cause the ex-
ponential growth of field perturbations.

Second, the ergoregion instability of a Kerr-like ECO (su-
perspinar) is either attenuated or neutralized when its sur-
face is not perfectly- but partially- (over-)reflecting. An
absorption coefficient greater/smaller than approximately
0.4%/−0.4% (3.0%/−3.0%) prevents unstable scalar (electro-
magnetic) QNMs to develop in Kerr-like ECOs/superspinars
with a/M ∼O(1). The results concerning Kerr-like ECOs are
in agreement with those reported in [29] and with the heuristic
argument evoked in [30].

Extensions of the work presented herein are manifold. A
first step in broadening the work scope could be to study
Kerr-like ECOs and superspinars satisfying RBCs at the re-
flective surface and also to apply the framework to Reissner-
Nordström- and Kerr-Newman-like ECOs. However, perhaps
the most significant line of research concerns gravitational
perturbations of perfectly-, partially- and over-reflecting Kerr-
like ECOs and superspinars. Given that the phenomenology of
scalar perturbations bear close resemblance to that of electro-
magnetic perturbations, it is worth asking whether such sim-
ilarity also extends to gravitational perturbations or not. It
would be interesting to assess the minimum value of the ab-
sorption coefficient needed to shut down ergoregion instabili-
ties triggered by gravitational perturbations and compare it to
the heuristic prediction in [30]. However, since the canonical
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energy-momentum tensor for the gravitational field vanishes
identically, one cannot derive the form of perfectly-reflecting
BCs near the would-be event horizon. Despite this subtlety,
it is tempting to argue that perfectly-reflecting BCs, what-
ever form they take for gravitational perturbations, reduce to
DBCs and NBCs on Detweiler’s radial function, similarly to
the scalar and electromagnetic cases. Tracing back DBCs and
NBCs on Detweiler’s radial function to their form in terms
of Teukolsky’s radial function and its first derivative could in
particular provide some physical insight into the nature of the
gravitational field’s energy-momentum tensor.

A second line of research is related to the reflectivity coeffi-
cient R introduced in Sec. III. For the sake of simplicity, this
parameter was assumed to be not only frequency-independent,
but also model-independent. A possible future extension may
lift the first assumption and consider Kerr-like ECOs and su-
perspinars with frequency-dependent reflectivities. As for the
second, while, from a purely theoretical perspective, a suit-
able choice of the object’s reflectivity appears to fully neutral-
ize any ergoregion instabilities that would develop in the case
of total reflection, whether the values of reflectivity needed
for stability can be achieved in naturally-occurring ECOs or
not surely depends on the object’s interior structure, whose
intrinsic features and interactions define in turn the reflective
properties of its surface. To the author’s best knowledge, sat-
isfying models for the interior structure of Kerr-like ECOs and
superspinars have never been reported and, therefore, the na-
ture of the mechanisms giving rise to their reflective properties
remains an open question.

At last, the method of matched asymptotic expansions used
to derive an approximate analytical expression for the amplifi-
cation factors of the superradiant scattering of low-frequency
scalar perturbations off slowly-rotation Kerr-like ECOs could
also be applied to the electromagnetic case. Furthermore, fol-
lowing [36], it would be interesting to compute the emission
cross section and corresponding spectrum for Kerr-like ECOs
and superspinars.

Appendix: Amplification factors of scalar field perturbations
scattered off Kerr-like ECOs

The amplification factors Z0lm [45] of scalar field pertur-
bations scattered off Kerr-like ECOs can be computed by in-
tegrating Eq. (13) with s = 0 and extracting the amplitude
of the outgoing wave at infinity. The very same problem can
be solved analytically in the low-frequency regime (Mω� 1)
using matching-asymptotic techniques [28]. For that purpose,
the spacetime region outside the reflective surface at r = r0 is
split into a region near the would-be event horizon, where
r − r+ � 1/ω , and a region far from it, i.e. at infinity,
where r− r+ � M. One starts looking for asymptotic solu-
tions to Eq. (13) in each spacetime region and imposing BC
(9), and then matches them in the overlapping region, where
M� r− r+� 1/ω . In the following, besides Mω � 1, the
assumption a�M for slowly-rotating objects is also consid-
ered.

The spacetime curvature induced by Kerr-like ECOs van-

ishes at infinity, where the approximations M ∼ 0 and a ∼ 0
hold. With these assumptions, Eq. (13) with s = 0 reduces to
the wave equation for a massless scalar field of angular fre-
quency ω and angular momentum l in Minkowski spacetime,

d2R̂0

dr2 +

[
ω

2− l(l +1)
r2

]
R̂0 = 0, (A.1)

where R̂0(r) ≡ rR0. The general solution of this ODE is a
linear combination of Bessel functions of the first kind,

R̂0(r) =
√

r
[
αJl+1/2(ωr)+βJ−l−1/2(ωr)

]
, (A.2)

where, in general, α,β ∈ C. The large-r behavior of the
asymptotic solution (A.2) is

R̂0(r)∼
√

2
πω

[α sin(γ−)+β cos(γ+)] , (A.3)

where γ± ≡ ωr± lπ/2, which can be written as a superposi-
tion of ingoing and outgoing waves,

R̂0(r)∼
eilπ/2
√

2πω

(
A+ e+iωr +A− e−iωr) , (A.4)

where A+ ≡ β −αei(l+1/2)π and A− ≡ αeiπ/2 +eilπ β . In the
case of QNMs, the absence of ingoing waves at infinity re-
quires the BC A− = 0 [28]. As for the scattering problem,
both terms in (A.4) are considered, with the first (second) cor-
responding to a reflected (an incident) wave. The reflected and
incident energy fluxes at infinity are proportional to

|O|2 ∝ |α|2 + |β |2 +2(−1)l Im(αβ
∗), (A.5)

|I |2 ∝ |α|2 + |β |2−2(−1)l Im(αβ
∗), (A.6)

respectively. The main goal of the asymptotic matching is
to find expressions for α and β in terms of M, a, l, m, δ

and R to compute the amplification factors defined by Z0lm =
1− |O|2/|I |2 [45]. The small-r behavior of the asymptotic
solution (A.2) is

R0(r)∼ α
(ω/2)l+1/2

Γ(l +3/2)
rl +β

(ω/2)−l−1/2

Γ[−l +1/2]
r−l−1. (A.7)

Near the would-be event horizon, Eq. (13) reduces to

d
dr

(
∆

dR0

dr

)
+

[
r4
+ϖ2

∆
− l(l +1)

]
R0 = 0. (A.8)

Introducing the radial coordinate z=(r−r+)/(r−r−) and the
definition R0(z) = ziω̂(1− z)l+1F0(z) for the radial function,
where ω̂ = ϖr2

+/(r+− r−), one can bring the radial equation
into the form

z(z−1)
d2F0

dz2 +[c− (2b+ c)z]
dF0

dz
−abF0 = 0, (A.9)

with a = l + 1+ 2iω̂ , b = l + 1, c = 1+ 2iω̂ . Eq. (A.9) is a
standard hypergeometric ODE, whose most general solution
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is a superposition of hypergeometric functions. In terms of
the radial function R0, the solution reads

R0(z) = A z−2iω̂ F0(a,b,c;z)+B F0(a,b,c;z), (A.10)

where A,B ∈ C, a = a− c+ 1, b = b− c+ 1 and c = 2− c.
The small-z behavior of the asymptotic solution (A.10) is

R0(r)∼ Ae−iϖ r+
2M r∗ +Be+iϖ r+

2M r∗ , (A.11)

where r∗ is the tortoise coordinate. For slowly-rotating objects
(a�M), Eq. (A.11) can be written as

R0(r)∼ Ae−iϖr∗ +Be+iϖr∗ . (A.12)

Therefore, the BC (9) to be imposed at r = r0 is

B/A = R̂ ≡R e−2iϖr∗0 , (A.13)

where r∗0 ≡ r∗(r0)< 0. On the other hand, the large-z behavior
of Eq. (A.10) is

R0(r)∼Z+ql +Z−q−l−1, (A.14)

where q = r/(r+− r−) and

Z+ ≡
Γ(2l +1)
Γ(l +1)

[
A

Γ(1−2iω̂)

Γ(l +1−2iω̂)
+B

Γ(1+2iω̂)

Γ(l +1+2iω̂)

]
,

Z− ≡
Γ(−2l−1)

Γ(−l)

[
A

Γ(1−2iω̂)

Γ(−l−2iω̂)
+B

Γ(1+2iω̂)

Γ(−l +2iω̂)

]
.

Eq. (A.14) exhibits the same dependence on r as the small-
r behavior of the asymptotic solution in the far region (A.7).
Matching the two solutions, it is straightforward to show that

α =
AZ+Γ(l +3/2)

(ω/2)l+1/2(r+− r−)l
(A.15)

β =
AZ−Γ(−l +1/2)

(ω/2)−l−1/2(r+− r−)−l
. (A.16)

Plugging the expressions for α and β into (A.5) and (A.6), one
obtains an approximate analytical expression for the amplifi-
cation factors Z0lm = 1−|O|2/|I |2 for the scattering of low-
frequency scalar field perturbations off slowly-rotating Kerr-
like ECOs.

A comparison between this approximation and the corre-
sponding numerical results is presented in Fig. 4 for l =
m = 1 scalar field perturbations scattered off Kerr-like ECOs
with a/M = 0.90, δ/M = 10−5 and different reflectivities R.
The numerical results for the BH case (R = 0), in agree-
ment with those reported in [45], show that the amplification
factor increases as ω increases, except when ω → mΩH ∼
0.313/M, i.e. near the superradiant threshold. The intro-
duction of a partially-reflecting BC at r = r0 does not alter
the domain of the superradiant regime. However, when R is
nonzero, some resonances become noticeable around frequen-
cies which match the real part of QNM frequencies of the
Kerr-like ECO. Furthermore, the peaks become steeper and
narrower as |R| increases. Like in classical mechanics, the
scalar field perturbation extracts more rotational energy when
its frequency coincides with the object’s proper frequencies
of vibration. As one would expect, the agreement between the
low-frequency approximation and the numerical results is bet-
ter when MωR� 1 . Nevertheless, the curves corresponding
to the analytical results do reproduce the shape of the reso-
nance peaks, which occur when 0.03 . Mω . 0.313.
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Figure 4. Amplification factors for superradiant (0 < ω < mΩH )
l =m= 1 scalar field perturbations scattered off Kerr-like ECOs with
a/M = 0.9 and featuring a surface with reflectivity R at r = r0 ≡
r++δ , where r+ is the would-be event horizon of the corresponding
Kerr BH and δ/M = 10−5.
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