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Motivation

Gravitational wave has enabled first tests of genuinely strong-field
dynamics of General Relativity.
So far 5 binary black holes (and 1 binary neutron star!).
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Black Hole Mimickers

Do we know that these are really black holes?
Other exotic compact objects have been postulated:

Boson star

Dark matter star

Gravastar

Wormhole

Firewall

Fuzzball
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Gravitational wave echoes

Horizon-scale corrections ) secondary
bursts of radiation (modulated series of
”echoes”)

If an exotic compact object has a radius
r0 = 2M + l where l ⌧ M, the expected
successive time interval of echoes is

�t = nM log(M/l)

n = 8 wormholes

n = 6 thin-shell gravastars

n = 4 empty shell

For l = Planck length and M = mass of
GW150914, one gets �t = O(100ms).

Cardoso et al (2016)
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Motivation of morphology-independent analysis

Theoretical predictions still in toy model stage

There may be other exotic objects that are not yet envisaged

Morphology-independent analysis can capture a wide range of potential
echo signals.
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BayesWave: Reconstruction with wavelets

An algorithm to search for unmodelled coherent signals.
Cornish & Littenberg (2015)

Morlet-Gabor (Sine-Gaussian) wavelets are used for reconstruction.
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Our modification: Comb of sine-gaussians

Wavelets of a comb of sine-gaussians are used for reconstruction.
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Each wavelet has 4 extra intrinsic parameters:

dt Time separation between gaussians

d� Fixed phase shift across gaussians

� Damping factor (in A)

w Widening factor (in ⌧)

The number of sine-gaussians N
G

in each
wavelet is fixed to be 5. 9 intrinsic parameters
are being sampled following a proposal Fisher
matrix corresponding to 2 sine-Gaussians.
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BayesWave: Model selection

Detector Output = Signal + Glitch + Gaussian Noise

signal model: F+
detector
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arr
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⇥
detector
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arr

)
d .o.f . = 9N

wavelet

+ 4
glitch model: independent sum of wavelets in each detector

d .o.f . = 9N
wavelet

N

detector

noise model: estimated by BayesLine algorithm

When N

detector

> 1 and with a signal present, the signal model will be preferred

because it gives a more parsimonious description.

Bayesian statistics:
in-built notion of Occam’s razor
(prefer fewer variables)

logB
S/N = 474.65 ± 0.33

logB
S/G = 39.79 ± 0.39
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Simulated signals

Simulated signal added to detector noise with combined
signal-to-noise ratios = 25 (which is the loudness of
ringdown in GW150914 at the design sensitivity of
advanced LIGO).

Comb of sine-gaussians

same form as generalized wavelet

Inspiral toy model

extreme mass ratio
inspiral in a Schwarzschild spacetime with
Neumann reflective boundary condition
where the horizon would have been

Gaussian noise

Prior range:

dt = [0., 0.25] s

damping = [0., 1.]

widening = [1., 2.]

dphi = [0., 2⇡]
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Results: Background distribution

Background (histogram):
distribution of evidence ratios for gaussian noise, signal/noise and
signal/glitch

Foreground (dashed line):
evidence ratios for inspiral toy model (# of echoes = 10) at di↵erent
signal-to-noise ratios
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Results: Comb of sine-gaussians (# of echoes = 10)

Recovered parameters:

dt = (0.040 ± 0.007)s

damping = 0.69 ± 0.05

widening = 1.16 ± 0.09
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Results: Inspiral toy model (# of echoes = 10)

Recovered parameters:

dt = (0.040 ± 0.007)s

damping = 0.71 ± 0.11

widening = 1.12 ± 0.12
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Results: Pure gaussian noise

Recovered parameters:

dt = (0.015 ± 0.012)s

damping = 0.01 ± 0.05

widening = 1.49 ± 0.06
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Conclusions

Morphology-independent analysis pipeline can be used to

detect, and

characterize the echo.

This information can in turn be used to identify the nature of the
potentially exotic compact object.
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