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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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Plan of talk
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Orientation and basics of LIGO-Virgo data analysis

Searches −→ parameter estimation −→ science implications

Testing general relativity

Results with O1 and O2 detections

Future prospects and plans
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LIGO-Virgo data analysis
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Cosmological + BBH Supernova explosions
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Data analysis of CBCs
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Generate (real-time) triggers Rigorous analysis of data around trigger Fundamental physics, astrophysics, cosmology

Abbott et al., PRX 6, 041015 (2016)

Searches Parameter estimation Implications

Low latency
quick

BayesSTAR

RapidPE

High latency
accurate

LALInference
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Searches
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BACKGROUND

COINCIDENT TRIGGERS

O2 TEMPLATE BANK

MATCHED FILTERING

RANKING & SIGNIFICANCE

Abbott et al. arXiv:1811.12907 [astro-ph.HE]
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The waveform template
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Analytical parametric description of GW solutions in GR:

h(f ; Ω) = A(f ; Ω)e iΦ(f ;Ω)

Φ(f ; Ω) = Φ(f ;m1,m2, ~s1, ~s2)

Modelled by a combination of:

• Post-Newtonian theory (early inspiral)

• Numerical relativity (merger)

• Black hole perturbation theory (ringdown)

Phenom (hybrid) EOB
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Intrinsic parameters

7 of 40

• Component masses, m1,2

• Component dimensionless spin angular momenta, ~s1,2 ~s ≡ ~J
m2

• Tidal parameters for neutron stars, λ1,2

• Any residual eccentricity?

Neutron stars in binaries are tidally deformed.

Have a measurable effect on the orbital motion.
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Two polarizations
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Dominant (2, 2)-mode to leading order:

h+(t) =
2Mη

D
(πMfGW)2(1 + cos2 ι) cos 2φ(t)

h×(t) =
4Mη

D
(πMfGW)2 cos ι sin 2φ(t)

M ≡ m1 + m2 η ≡
m1m2

M2

• Distance, D

• Inclination angle, ι

• Phase at coalescence, φc

• Time of coalescence, tc
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Antenna beam pattern functions
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• Polarization angle, ψ: h = F+h+ + f×h×

• Two angles in the sky (θ, φ) −→ (α, δ), right ascension and declination



.

Parameter estimation: what parameters?
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Intrinsic parameters: {m1,m2, ~s1, ~s2, λ1, λ2, . . .}
Extrinsic parameters: {α, δ, dL, ι, ψ, φc , tc}
For BBHs masses are completely degenerate with the cosmological redshift and it is only possible

to measure the “detector-frame” redshifted mass, mz≡m(1 + z). For mergers involving a NS the

degeneracy is approximate, but cannot be broken in practice by second-generation detectors.

At least 15 parameters for BBHs

At least 17 parameters for BNS

phase ⇒ redshifted chirp mass,Mz ≡
(mz

1m
z
2 )3/5

(mz
1

+mz
2

)1/5
, very accurately

⇒ mass ratio, q ≡ m2
m1

, to a reasonable degree; strongly correlated with spin & tidal

amplitude ⇒ combination of
Mz (1+cos2 ι)

dL
, M

z cos ι
dL

(dominant 22-mode dependence)

polarisation ⇒ cos2 ι poorly

amplitude ⇒ dL to a reasonable degree
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Bayesian parameter estimation
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data = signal(~Ω) + noise,n

〈n|n〉 ≡
∫

df
||n(f )||2

S2(f )

Gaussian noise

S
(f

)

Bayesian parameter estimation: obtain the posterior probability distribution on
the parameter space given the data and a prior probability distribution.

Posterior(~Ω|data, I ) =
Prior(~Ω|I )L(data|~Ω, I )

Evidence(data, I )

~Ω = {M, q, ~s1, ~s2, λ1, λ2, α, sin δ, dL, cos ι, ψ, φc , tc}

L(data|~Ω, I ) = P(data|signal(~Ω), I )

= exp

(
−

1

2

〈
data− signal(~Ω)|data− signal(~Ω)

〉)
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Bayesian model selection
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• Compute the odds ratio between various models

O12 =
P(H1|I)

P(H2|I)

P(data|H1, I)

P(data|H2, I)

• Evidence accumulates over multiple detections
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Abbott et al. arXiv:1811.12907 [astro-ph.HE]
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Abbott et al. arXiv:1811.12907 [astro-ph.HE]
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Testing general relativity
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Double Binary Pulsar

Lunar Laser Ranging

GW150914

of Mercury
Perihelion Precession

LAGEOS

Pulsar Timing Arrays

GW151226

Yunes et al. (2016)

Abbott et al., PRL 116, 061102 (2016)

Abbott et al., PRL 116, 221101 (2016)

Probing strong-field gravity

First probes into the dynamical regime of
strong field general relativity (GR).
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Testing GR: the waveform model
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The gravitational waveform carries information about:

• The nature of and properties of the binary

• The non-linear dynamics of spacetime

• The final object
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Three roads to testing GR
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“Look under the lamppost”

• Consistency: data is described by the waveform (and the noise) model

• Search for generic deformations to the waveform model

• Look for signatures of specific theories

Perform model selection: GR / non-GR?
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Residuals .
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Abbott et al., PRL 116, 221101 (2016)

• Residual of the data after subtracting the best-fit wave-
form is statistically consistent with detector noise at other
times when no signal is present.
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Inspiral-merger-ringdown consistency test
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INSPIRAL
MERGER-
RINGDOWN

−−−−−−−−−−−−−−→

Initial masses and spins −−−−−−−−−−−−−−→

−−−−−−−−−−−→

Final mass and spin

Independent prediction of final
mass and spin

NR fit

⇐
⇒

COMPARE!
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Inspiral-merger-ringdown consistency test
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GW150914

Abbott et al., PRL 116, 221101 (2016)

Abbott et al., PRL 118, 221101 (2017)

GW150914 + GW170104

Mass and spin of the remnant object estimated from

the inspiral and merger-ringdown parts agree with

each other given GR predictions.

Ghosh et al. (2016); Ghosh et al. (2017)

Might not have been true in modified GR.

Stronger constraints on systematic departures from

GR combining information from multiple detections.
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Inspiral-merger-ringdown consistency test
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ā

f −0.1 0.0 0.1
−0.1

0.0

0.1

−0.4
−0.3
−0.2
−0.1

0.0
0.1
0.2
0.3
0.4

∆
M

f/
M̄

f

10 20 30 40 50

Number of events

−0.4
−0.3
−0.2
−0.1

0.0
0.1
0.2
0.3
0.4

∆
a

f/
ā
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Stronger constraints on systematic departures from
GR combining information from multiple detections.
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Parametrised tests of GR

• GW waveforms are expressed in terms of effective series, for 
the Phenom family: 

• Modified theories of gravity change the series (e.g. PPE: 
Yunes & Pretorius, arXiv:0909.3328, Cornish+,arXiv:
1105.2088) 

• Perturb the GW phase around GR (Li+,arXiv:1110.0530, 
Agathos+,arXiv:1311.0420) 

• Bound violations by computing posterior distributions for the        
in concert with the physical parameters of the system

34

h(f ; ✓) = A(f ; ✓)ei(f ;✓)

(f ; ✓) =
7X

k=0

('k + '
(l)
k )f (k5)/3 +

X
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'ig(f)
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LVC, arXiv:1602.03841

'̂j = 0 () GR
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Constraints on parameterized deformations from GR
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GW150914 + GW151226 + GW170104

GW150914

−−
−−
→

Li et al. (2011); Agathos et al. (2013); Meidam (PhD thesis, 2017); Meidam et al. (2017)

Abbott et al., PRL 116, 221101 (2016)

Abbott et al., PRL 118, 221101 (2017)

Allowing coefficients in waveform models to deviate from
their GR values, the deviation parameters do not show
any departure from their GR values.

First-ever measurement of orbital dynamics
beyond leading order in v/c.

Deviation in
(

v
c

)3
coefficient constrained to O(10%)

Dynamical self-interaction of spacetime

Spin-orbit interaction



.

Constraints from modified dispersion

24 of 40

GW150914 + GW151226 + GW170104

GW150914 + GW151226 + GW170104

GW170104

Abbott et al., PRL 118, 221101 (2017)

Will (1998); Mirshekari et al. (2012)

Agathos (PhD thesis, 2016); Samajdar (PhD thesis, 2017); Samajdar & Arun (2017) Hubble scale ≈ 1.3× 1023km

Modified dispersion relation:

(different frequencies travel with different speeds)

E2 = p2c2 + A pαcα

λA ≡ hcA1/(α−2)

α 6= 0 → local Lorentz invariance violation

α = 0 → massive graviton (for A > 0)

λg ≡
h

mg c
> 1.6× 1013km

mg < 7.7× 10−23eV/c2

Effect gets enhanced with propagation over a distance!
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Yunes et al. (2016)
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Polarization from 3-detector observation of GW170814
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Abbott et al., PRL 119, 141101 (2017)Isi & Weinstein (2017) Need multiple detectors: thanks to Virgo!

six polarizations −→ distinct antenna patterns

In GR: GW are transverse, traceless
only tensor polarizations

pure tensor / pure scalar = 1000 / 1
pure tensor / pure vector = 200 / 1
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Constraints from GW170817+GRB
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Abbott et al. Astrophys. J. 848 #2, L13 (2017)

Delay of only a few seconds after a propa-
gation over one hundred million light years.

tEM − tGW = 1.74± 0.05 s

Constraints on speed of gravity assuming GRB emitted within 10s of GW

−3× 10−15 6
vGW − vEM

vEM
6 +7× 10−16

“Shapiro time delay” of GW and EM in the gravitational potential of our galaxy:

−2.6× 10−7 6 γGW − γEM 6 1.2× 10−6

Test of the equivalence principle.
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GW170817

40
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16

Creminelli, Vernizzi, arXiv:1710.05877  
Sakstein, Jain, arXiv:1710.05893 
Baker et al, arXiv:1710.06394

Many models that could potentially explain  
the accelerated expansion yet evade solar system  

constraints via screening have been ruled out

*

* note that if gravity did not propagate at c,  
timing of binary pulsars would be impossible (Damour & Deruelle 81) 
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Tests of general relativity with GW170817
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Abbott et al. arXiv:1811.00364 [gr-qc]Dipole radiation

• Parameterized deviations do not show any departures from GR values.

• “Inverse square law” → constraints on extra dimensions.
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Expected improvement of results with more detections
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Amplitude detectors⇒ 27× volume surveyed in same time

Abbott et al., LLR (2016) 19:1

• Additional detectors.

Loudness scales as
√
Ndetectors.

• Accuracies scale with detector sensitivity.

For same event 3× better at design sensitivity.

• Accuracies scale roughly with
√
Nevents.

After ∼ 100 events, systematic deviations in
(
v
c

)3
constrained to 1% accuracy.

Dynamical self-interaction of spacetime

Spin-orbit interaction
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Some prospects of doing better . . .
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GW150914 + GW151226 + GW170104

Abbott et al., PRL 118, 221101 (2017)

Multipole moments: Kastha et al. (2018)

Insights from simulations in modified gravity?

• Searching for systematic systematic departures.

• Is this the optimal way of testing?

• Use theoretically motivated combinations.

• Use correlations between parameters.
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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

Three “complementary” ways in three different regimes:

• Finite size effects during inspiral.

• No-hair conjecture with quasinormal modes.

• Search for post-merger oscillations or “echoes”.
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Testing the no-hair conjecture with ringdown quasinormal modes
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Berti et al. (2006)

Abbott et al., PRL 116, 221101 (2016)

No-hair conjecture:
A stationary black hole in Einstein’s general relativity is de-
scribed only by its mass and spin.

During ringdown, the quasinormal mode frequencies and damping

times will depend only on the mass and spin of the remnant black

hole, which can be obtained from linearized Einstein equations on

Kerr background.

⇒ Test for dependences ωlmn(Mf , Jf ), τlmn(Mf , Jf ).

Difficult to measure leading QNM for GW150914.

Design sensitivity ∼ 3 times higher.
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Testing the no-hair conjecture with ringdown quasinormal modes
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Multiple approaches to study ringdown:

• “Coherent mode Stacking”

• TIGER-like test
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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)

• 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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Carullo et al. (2018)

• 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.

• Effective criterion for “start of ringdown”
from point of view of parameter estimation.
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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.

One feature expected to be reasonably robust: constancy of time difference between the subsequent echoes.
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Conclusions and outlook
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More and louder detections

New tests:

• More theoretically motivated searches?

• “Null stream” test for polarization

• Observation of ringdown

Multiple efforts

• Searches for exotic behaviour

Model-dependent and model-agnostic approaches
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