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Ø We regularly see mergers of binaries involving masses above 3 solar masses: 
presumed black holes

How certain are we that these are the standard (Kerr) black holes of classical 
general relativity?

Ø Alternatives:
• Boson stars
• Dark matter stars
• Gravastars
• Wormholes
• Firewalls
• The unknown

What is the nature of compact objects?

We describe the dominant spin effects by introducing
effective parameters. The effective aligned spin is defined
as a simple mass-weighted linear combination of the spins
[23,24,121] projected onto the Newtonian angular momen-
tum L̂N , which is normal to the orbital plane (L̂ ¼ L̂N for
aligned-spin binaries)

χeff ¼
ðm1χ⃗1 þm2 χ⃗2Þ · L̂N

M
; ð4Þ

whereM ¼ m1 þm2 is the total mass of the binary andm1 is
defined to be the mass of the larger component of the binary,
such thatm1 ≥ m2.Different parameterizations of spin effects
are possible and can bemotivated from their appearance in the
GW phase or dynamics [122–124]. χeff is approximately
conserved throughout the inspiral [121]. To assess whether a
binary is precessing, we use a single effective precession spin
parameter χp [125] (see Appendix C).
During the inspiral, the phase evolution depends at

leading order on the chirp mass [34,126,127]

M ¼ ðm1m2Þ3=5

M1=5 ; ð5Þ

which is also the best measured parameter for low-mass
systems dominated by the inspiral [63,101,122,128]. The
mass ratio

q ¼ m2

m1

≤ 1 ð6Þ

and effective aligned spin χeff appear in the phasing at
higher orders [101,121,123].
For precessing binaries, the orbital angular momentum

vector L⃗ is not a stable direction, and it is preferable to
describe the source inclination by the angle θJN between

the total angular momentum J⃗ (which typically is approx-
imately constant throughout the inspiral) and the line-of-
sight vector N⃗ instead of the orbital inclination angle ι
between L⃗ and N⃗ [119,129]. We quote frequency-
dependent quantities such as spin vectors and derived
quantities as χp at a GW reference frequency fref ¼ 20 Hz.
Binary neutron stars have additional degrees of freedom

(d.o.f.) related to their response to a tidal field. The
dominant quadrupolar (l ¼ 2) tidal deformation is
described by the dimensionless tidal deformability Λ ¼
ð2=3Þk2½ðc2=GÞðR=mÞ&5 of each neutron star (NS), where
k2 is the dimensionless l ¼ 2 Love number and R is the NS
radius. The tidal deformabilities depend on the NS mass
m and the equation of state (EOS). The dominant tidal
contribution to the GW phase evolution is encapsulated in
an effective tidal deformability parameter [130,131]:

Λ̃ ¼ 16

13

ðm1 þ 12m2Þm4
1Λ1 þ ðm2 þ 12m1Þm4

2Λ2

M5
: ð7Þ

B. Masses

In the left panel in Fig. 4, we show the inferred
component masses of the binaries in the source frame as
contours in them1-m2 plane. Because of the mass prior, we
consider only systems with m1 ≥ m2 and exclude the
shaded region. The component masses of the detected
BH binaries cover a wide range from about 5 M⊙ to about
70 M⊙ and lie within the range expected for stellar-mass
BHs [132–134]. The posterior distribution of the heavier
component in the heaviest BBH, GW170729, grazes the
lower boundary of the possible mass gap expected from
pulsational pair instability and pair instability supernovae at

FIG. 4. Parameter estimation summary plots I. Posterior probability densities of the component masses and final masses and spins of
the GW events. For the two-dimensional distributions, the contours show 90% credible regions. Left: Source-frame component masses
m1 and m2. We use the convention that m1 ≥ m2, which produces the sharp cut in the two-dimensional distribution. Lines of constant
mass ratio q ¼ m2=m1 are shown for 1=q ¼ 2, 4, 8. For low-mass events, the contours follow lines of constant chirp mass. Right: The
massMf and dimensionless spin magnitude af of the final black holes. The colored event labels are ordered by source-frame chirp mass.
The same color code and ordering (where appropriate) apply to Figs. 5–8.
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1. Anomalous effects during inspiral

Ø Tidal effects cause quadrupole moments in 
each object, which modify GW signal

Ø Effect enters the waveform through 
compactness C = mass/radius
§ In particular, through 1/C5 = (R/M)5

Ø Boson stars can exist in wide mass range and 
have more noticeable effect than neutron 
stars

§ mass of the object
§ mass of the bosonic particle
§ strength of self-coupling

Gravitational wave signatures of alternative objects 



2. Ringdown of newly formed object

Ø Black hole ringdown: GW signal is   
superposition of damped sinusoids:

Characteristic frequencies, damping times:

where        ,        final mass and spin

Ø Boson stars, dark matter stars:           
qualitatively different spectrum

Ø With upcoming LIGO/Virgo upgrades:                
dominant mode frequency measurable to 
percent level  

Gravitational wave signatures of alternative objects 
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We show that second-generation gravitational-wave detectors at their design sensitivity will allow
us to directly probe the ringdown phase of binary black hole coalescences. This opens the possibility
to test the so-called black hole no-hair conjecture in a statistically rigorous way. Using state-of-the-
art numerical relativity-tuned waveform models and dedicated methods to e↵ectively isolate the
quasi-stationary perturbative regime where a ringdown description is valid, we demonstrate the
capability of measuring the physical parameters of the remnant black hole, and subsequently deter-
mining parameterized deviations from the ringdown of Kerr black holes. By combining information
from O(5) binary black hole mergers with realistic signal-to-noise ratios achievable with the current
generation of detectors, the validity of the no-hair conjecture can be verified with an accuracy of
⇠ 1.5% at 90% confidence.

Introduction – The detection of gravitational waves
(GWs) by the LIGO and Virgo Collaborations [1, 2] has
opened up a variety of avenues for the observational ex-
ploration of the dynamics of gravity and of the nature
of black holes. GW150914 [3] and subsequent detections
[4–9] have enabled unique tests of general relativity (GR)
[5, 6, 8, 10]. Among the several detections, GW150914
still holds a special place, not only because it was the
first and the loudest binary black hole event detected, but
also because it was the kind of textbook signal that al-
lowed measurements of the frequency and damping time
of what has been interpreted as the least damped quasi-
normal mode (QNM) of the presumed remnant black hole
(BH) resulting from a binary black hole merger [10]. This
sparked considerable interest in the community, since it
opened up the prospect of more in-depth empirical stud-
ies of quasi-stationary Kerr black holes [11, 12] in the near
future, as the sensitivity of the Advanced LIGO and Ad-
vanced Virgo detectors is progressively improved [1, 13].
Consistency with the prediction of GR hinted that the
end result of GW150914 was indeed a Kerr black hole
[14], but inability to detect more than one QNM did not
yet allow tests of some key GR predictions for these ob-
jects. As first predicted by Vishveshwara [15] and fur-
ther investigated by Press [16], and Chandrasekhar and
Detweiler [17], in the regime where linearized general rel-
ativity is valid, the strain of the emitted gravitational-
wave signal, at large distances from the BH and neglect-
ing subdominant power-law tail contributions, takes the

form

h(t) =
X

nlm

Anlme

�t/⌧nlm cos(!nlmt + �nlm) . (1)

For black holes in GR, all frequencies !nlm and damp-
ing times ⌧nlm are completely determined by the black
hole’s mass and spin.1 This can be viewed as a mani-
festation of the black hole no-hair conjecture, which es-
sentially states that in GR, a stationary axisymmetric
black hole is determined uniquely by its mass, intrinsic
angular momentum, and electric charge (with the latter
expected to be zero for astrophysical objects) [19–26]; see
[27] for a review. This connection is key to several tests
that have been proposed in the literature [28–36]. So far
the possibility to verify (or refute) experimentally the
no-hair conjecture has been explored mostly in the con-
text of third-generation ground-based [37, 38] or space-
based [39] gravitational-wave detectors. In this Letter, we
show that the existing advanced interferometric detector
network, when operating at design sensitivity, will be ca-
pable of testing the no-hair conjecture with an accuracy
of a few percent with the observation of the ringdown
signal already for O(5) GW events.

1 BH perturbation theory alone cannot predict the amplitudes
Anlm and relative phases �nlm; in the case of black holes re-
sulting from a binary merger, these are set by the properties of
the parent binary black hole system; see e.g. [18].
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3. Gravitational wave echoes

Ø Sufficiently compact object without horizon: 
ingoing gravitational waves scatter many 
times at effective potential barriers

Ø If microscopic horizon modification scale              
then time between echoes is

where n set by nature of object:
§ n = 8 for wormholes 
§ n = 6 for thin-shell gravastars
§ n = 4 for empty shell

Ø For GW150914 (M = 65 Msun), ℓ = ℓPlanck, n = 4:          
𝚫t = 117 ms
§ Possibility of probing quantum gravity 

modifications of black holes (e.g. fuzzballs)

Gravitational wave signatures of alternative objects 
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FIG. 1. Qualitative features of the e↵ective potential felt by
perturbations of a Schwarzschild BH compared to the case
of wormholes [12] and of star-like ECOs with a regular cen-
ter [22]. The precise location of the center of the star is model-
dependent and was chosen for visual clarity. The maximum
and minimum of the potential corresponds approximately to
the location of the unstable and stable PS, and the correspon-
dence is exact in the eikonal limit of large angular number l.
In the wormhole case, modes can be trapped between the
PSs in the two “universes”. In the star-like case, modes are
trapped between the PS and the centrifugal barrier near the
center of the star [28–30]. In all cases the potential is of fi-
nite height, and the modes leak away, with higher-frequency
modes leaking on shorter timescales.

where r
min

is the location of the minimum of the potential
shown in Fig. 1. If we consider a microscopic correction
at the horizon scale (` ⌧ M), then the main contribution
to the time delay comes near the radius of the star and
therefore,

�t ⇠ �nM log

✓
`

M

◆
, ` ⌧ M , (6)

where n is a factor of order unity that takes into account
the structure of the objects. For wormholes, n = 8 to
account for the fact that the signal is reflected by the
two maxima in Fig. 1, whereas for our thin-shell gravas-
tar model and the empty-shell model it is easy to check
that n = 6 and n = 4, respectively. The results shown in
Fig. 2 for ` = 10�6

M are perfectly consistent with this
picture, with the wormhole case displaying longer echo
delays than the other cases with the same compactness.
Our results show that the dependence on ` is indeed log-
arithmically for all the ECOs we studied.

As argued in Ref. [12], the logarithmic dependence dis-
played in Eq. (6) implies that even Planckian corrections
(` ⇡ L

P

= 2 ⇥ 10�33 cm) appear relatively soon after
the main burst of radiation, so they might leave an ob-

servable imprint in the GW signal at late times. From
Eq. (6), a typical time delay reads

�t ⇠ 54(n/4)M
30


1� 0.01 log

✓
`/L

P

M

30

◆�
ms , (7)

where M

30

:= M/(30M�).
The picture of GW signal scattered o↵ the potential

barrier is also supported by two further features shown
in Fig. 2, namely the modulation and the distortion of
the echo signal. In general, modulation is due to the
slow leaking of the echo modes, which contain less en-
ergy than the initial one. In the wormhole case, this
e↵ect is stronger due to the fact that modes can also leak
to the “other universe” through tunneling at the second
peak of the potential. While the amplitude of the echoes
is model-dependent, for a given model it depends only
mildly on `. Distortion is also due to the potential bar-
rier, which acts as a low-pass filter and reflects only the
low-frequency, quasibound echo modes. This implies that
each echo is a low-frequency filtered version of the previ-
ous one and the original shape of the mode gets quickly
washed out after a few echoes1.

B. Waves generated by infalling or scattered
particles

The features above are observed in a simple scattering
process, but are also evident in the GW signal produced
by head-on collisions or close encounters, in the test-
particle limit. The latter di↵er from the radial plunge
studied in Ref. [12] in that their pericenter r

min

> 3M ,
i.e. the particle does not cross the radius of the PS
(in fact, scattered particles in the Schwarzschild geom-
etry can never get inside the r = 4M surface). In
order to compute the GW signal, we use the Regge-
Wheeler-Zerilli decomposition reviewed in Appendix B
(cf. Ref. [31] for details).
We have studied the GW emitted during collisions or

scatters between point particles and ECOs; again the
general qualitative features are the same as those dis-
cussed in Section IIA and independent of the nature
of the ECO. To be specific, we show in Fig. 3 the Zer-
illi wavefunction for a point particle plunging into (left
panel) or scattering o↵ a wormhole with ` = 10�6

M , with
initial Lorentz boost E = 1.5. The coordinate system we
use is such that the particles are moving along the equa-
tor, and it di↵ers - by a ⇡/2 rotation - from the coordinate
axis used in Ref. [12]. As such, the l = 2 Zerilli-Moncrief
wavefunction, for example, has contributions from az-
imuthal numbers m = 0,±2. Note also that it is easy to

1
Incidentally, we note that all these features (namely time delay,

echoes, modulation, and high-frequency filtering) are precisely

what one would expect by the scattering of sound waves in a

finite-size cavity.
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express these results in a rotated frame [32, 33], and we
checked that the waveforms agree up to numerical errors

with our previous study [12] 2.

2
Note however the following typo in the original publication: the


