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October 30, 2013

Michele Irwin
APS Office of International Affairs

Endorsement of the application of Mr. Shasvath Kapadia for the APS-IUSSTF Physics Student Visitation 
Program 

Dear Ms. Irwin, 

I am writing to express my strongest possible endorsement for the application of Mr. Shasvath Kapadia for 
the APS-IUSSTF Physics Student Visitation Program. Shasvath is applying for this grant to present his recent 
work (in collaboration with myself) at the Gravitational-Wave Physics and Astronomy Workshop to be held in 
Pune from 17 to 20 December 2013. He also plans to visit my home institution, the International Centre for 
Theoretical Sciences, Tata Institute of Fundamental Research (ICTS-TIFR), Bangalore to work on the draft of the 
paper describing this work and to discuss followup projects. 

I have known Shasvath since summer 2012, while I was a senior postdoctoral scholar at California Institute of 
Technology. Shasvath was keen to work on a project related to LIGO science. Seeing his exceptional 
enthusiasm and motivation, I suggested him a project that aims to estimate the effective higher order terms in 
the adiabatic post-Newtonian approximation to the gravitational waves (GWs) from inspiraling compact 
binaries. The project aims to compute these higher order terms in comparison with accurate numerical-
relativity simulations of binary black holes. Gravitational waveform templates constructed using these higher 
order effective terms are expected to be very useful in the search for GWs from the inspiral of compact 
binaries using GW observatories like LIGO. Shasvath turned out to be a sharp, resourceful and hard working 
individual, and has made excellent progress with this work over the last few months. We expect to conclude 
this by the end of 2013. We are also thinking about a few follow-up projects. 

I believe that the visit of Shasvath to ICTS-TIFR will be beneficial to not only the Astrophysical Relativity 
Group at ICTS-TIFR and the Relativity Group at the University of Arkansas, but also to the Indian GW 
community. Funding agencies in India and USA are actively considering a project, called LIGO-India 
(www.gw-indigo.org/ligo-india), which involves relocating one of the Advanced LIGO detectors to India. 
The project has significant scientific merit and is in the highest stages of negotiation within the funding 
agencies. A project at the scale of Advanced LIGO necessitates the existence of a strong theory and observer 
community in India to support the project and to extract the best science out of it. The Indian GW community 
has been very active in the last few years and will strongly benefit from strong international collaborations. 

In summary, I support Shasvath’s application for the APS-IUSSTF Physics Student Visitation Program in the 
strongest possible way. Please don’t hesitate to contact me if you have further questions. 

Sincerely, 

Parameswaran Ajith  

 Dr. Parameswaran Ajith
Reader (F)
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The ICTS logo is the visual proof of the right-angled 
triangle theorem due to Bhaskara II, a 12th century 
Indian mathematician.*

In Lilavati, Bhaskara featured a pictorial proof 
of this theorem. 

:H�DUH�JLYHQ�WKH�ERWWRP�ULJKW�WULDQJOH��D���E�� 
We construct a square by making three copies  
of the triangle, as shown. 

The area of the large square is c².  
The side of the small square is (b – a),  
and its area is (b – a)².  
The area of all four triangles is  4 x ½ ab = 2ab.  
Then the area of all four triangles  
plus the area of the small square is  
c² = (b – a)² + 2ab.  
So c² = b² + a². Bhaskara’s one-word proof was “Behold!”

a
b

c

*See, for example Georges Ifrah,  
The Universal History of Numbers, Volume 2, Penguin, India (2005)
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Probing the nature of compact objects using gravitational-wave
ringdown and echoes
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Abbott et al., PRL 116, 061102 (2016)
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Probing the nature of the progenitor and remnant compact objects
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Are they really black holes, or exotic compact objects mimicking black holes?

Boson stars, dark matter stars, gravastars, shells, wormholes, non-local stars, . . .

Three “complementary” ways in three different regimes:

• Finite size effects during inspiral. HINDERER

• No-hair conjecture with ringdown quasinormal modes. THIS TALK

• Search for post-merger oscillations or “echoes”. THIS TALK
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Testing the no-hair conjecture
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non-linear

linear

ringdown

quasinormal modes (QNM)

ωlmn(Mf , af ), τlmn(Mf , af )

damped oscillations

“bell”

No-hair conjecture: A stationary black hole in Einstein’s
GR is described only by its mass and spin.

linear regime damped sinusoids

Consistency of what we observe with a set of QNM

frequencies / damping times?
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Ringdown of GW150914
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Abbott et al., PRL 116, 221101 (2016)

systematic bias from
non-linear regime

large statistical uncertainties very little signal

IMR

linear regime damped sinusoids

Time after peak ampl. SNR
1.0 ms
3.0 ms 8.5
5.0 ms 6.3
6.5 ms 4.8

Difficult to measure leading QNM for GW150914.



.

Expected improvement in the coming years
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Abbott et al., LLR (2016) 19:1

↓ 3× better

• Additional detectors.

Loudness scales as
√
Ndetectors.

• Accuracies scale with detector sensitivity.

For same event 3× better at design sensitivity.

• Leading QNM of GW150914-like source should be clearly detectable.

Multipole modes are needed for a ringdown-only test of the no-hair conjecture

Algorithm for ringdown parameter estimation no-hair conjecture test
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Testing the no-hair conjecture with ringdown quasinormal modes

7 of ??

O
1

O
2

A
dL

IG
O

A
+

A
+

+

V
rt

V
oy

ag
er

E
T

D
X

E
T

B

C
E

1

C
E

2w

C
E

2n

10−3

10−2

10−1

100

101

102

103

104

105

106

ev
en

ts
/y

ea
r

ρ > 8 ρ > ρGLRT

M3

M10

M1

M3

M10

M1

Berti et al. (2016)

Design sensitivity ∼ 3 times higher.

Need about 3× design sensitivity to isolate subleading QNM

Assumed populations . . .

Single event!

Combine information from multiple detections:

• “Coherent mode stacking” Yang et al. (2017)

• Parameterized deformations Gossan et al. (2011), Meidam et al. (2014)
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Testing the no-hair conjecture with ringdown quasinormal modes
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• Even where one is not able to isolate the individual modes, one can look for
systematic departures in the QNM frequencies and damping times from their GR values.
. Gossan et al. (2011),Meidam et al. (2014)

ωlmn = ωGR
lmn(1 + δωlmn) , τlmn = τGRlmn(1 + δτlmn)

• Sensitive to generic deformations.

• The general expectation was that such tests would become effective only for
sources detected by third generation or space-based detectors.
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A “recipe” for ringdown parameter estimation
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GW150914: 10M ≈ 3.3ms
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Carullo et al. (2018) with AG

statistical uncertaintiessystematics from non-linear regime

place window early place window late

• Ringdown-hunting is a sophisticated data-analysis problem.

Ringdown template occasionally tries to latch
onto the pre-merger part of the signal

A higher mode in ringdown template often tries
to match leading order mode

• Remove earlier detector data and search in [10M,30M] following peak of signal.

• Effective criterion for “start of ringdown” from point of view of parameter estimation.
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• Start with GR templates with ringdown. Add systematic QNM deformations.

(2,2,0), (2,2,1), (2,1,0), (3,3,0), (3,3,1), (3,2,0), (4,4,0), (4,3,0), (5,5,0)

London et al. (2017)

• With O(5) BBH sources similar to GW150914, the systematic departures can be
measured with an accuracy of ∼ 1.5% by the Adv LIGO-Virgo at design sensitivity.

If we observe a 100 M�-60 M� BBH tomorrow,
we can use this algorithm to detect ringdown and
start testing the no-hair conjecture!
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Search for “echoes” after the merger
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Cardoso et al. (2016)In a large class of exotic compact objects,

Horizon-scale corrections ⇒ secondary bursts
of radiation.

Modulated and distorted train of “echoes”.

∆t = nM log(M/l)

n=8: wormholes

n=4: empty shell

n=6: thin-shell gravastars

Planck-scale corrections can appear relatively soon.

For an event like GW150914, ∆t = O(100 ms), at
aLIGO design can hope to see first few echoes.

Can search for “echoes” immediately following the
binary-merger detection.

Not sufficiently modelled; Exotic objects not envisaged in literature.
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Robust features?

12 of ??

0.00

0.05

0.10

0.15

V
(r

*) 
M

2

0.00

0.05

0.10

0.15

-50 -40 -30 -20 -10 0 10 20 30 40 50
r*/M

0.00

0.05

0.10

0.15

wormhole

black hole

outgoing at infinity

trapped outgoing at infinityoutgoing at infinity

ingoing at horizon

star-like ECO

trapped

outgoing at infinity
regular at the center

centrifugal barrier

Cardoso et al. (2016)

• Time difference between subsequent echoes.

• A “damping” at each reflection.

• A “phase-shift” at each reflection.

• Some change of the frequency content: “widening”. Zachary et al. (2017)
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Model-agnostic search and characterization using BayesWave
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• BayesWave: Morlet-Gabor wavelet reconstruction: Cornish & Littenberg (2015)

h(t) =

Ns∑
j=0

Ψ(t;Aj , f0j , τj , t0j , φ0j ) .

Ψ(t;A, f0, τ, t0, φ0) = Ae−(t−t0)2/τ2
cos (2πf0(t − t0) + φ0)
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A model-agnostic coherent search for echoes
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• Use wavelets that are trains of sine-Gaussians to reconstruct the signal

Ψ(t;An, f0, τ, tn, φn) =

Nechoes∑
n=0

Ae−(t−tn)2/τ2
n cos (2πf0(t − tn) + φn)

With:
An = γnA damping

τn = wnτ widening

tn = t0 + n∆t time between subsequent echoes

φn = φ0 + 2πf0n∆t + n∆φ phase shift subsequent echoes
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Results on detections: Prologue
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“background”
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Echoes search at O1 BBH detections - Bayesian evidences

Background calculation:
Analyze ∼ 200 8s-segments from GPSTime 1126073529 to 1126075217

All three events are well within the background.

Ka Wa Tsang (Nikhef) Echoes 2018 Nov 26 11 / 15
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GWTC-1 result

2 detectors
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Reconstructions from injection and all GWTC-1 detections

Injection (SNR=12)
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Summary and Outlook
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Yunes et al. (2016)
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Double Binary Pulsar

Lunar Laser Ranging

GW150914

of Mercury
Perihelion Precession

LAGEOS

Pulsar Timing Arrays

GW151226Windows of extremely strong-field gravity.

Probing length scales r ∼ 3M – r ∼ 2M.

Ringdown and echoes are two possible GW signatures . . .

Exciting new physics may show up soon!


