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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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[Background: LIGO Hanford Observatory]

Detection of gravitational waves round the corner!
– first data from Adv-LIGO upcoming from the O1 runs . . .
– first detections expected soon after.

GW observations ⇒ physics / astrophysics.

Estimation of parameters is a crucial step in getting any physics
output from gravitational-wave observations.
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Science with GW observations
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Waveform
modelling

Test of GR
Stellar evolution,
Population / rates

Triggered searches,
masses, spin, e.o.s.

Rates, horizon
Cosmological
parameters

Gravitational-wave observations

Physics Cosmology Astronomy
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Parameter estimation as a crucial step
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♣ Astrophysics:

“Where in the sky?”

“What masses / angular momenta?”

♣ Cosmology:

“What redshifts and distances?”

♣ Fundamental physics:

“E.o.s. of NS?”, “Parameters of non-GR theories?”

“Consistency between observed parameters?”
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This talk
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♣ Basics

Detectors, sensitivity, sources

♣ Parameter estimation

Parameter estimation as a challenge

Procedure, algorithms employed, some results

♣ Cosmology

Cosmology motivation

Prospects of cosmology with GW

♣ Future directions
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Basics
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Detectors
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Detector network and baselines (ms)
[Source: http://www.gw-indigo.org, Pic: B. S. Sathyaprakash]

LIGO detectors in Hanford, Livingston
(U.S.A) and Virgo in Cascina (Italy).

KAGRA (Japan) and LIGO India . . .
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Sensitivity
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[https://www.advancedligo.mit.edu]

Amplitude
detectors!

♣ Ad-LIGO has 10 times more sen-
sitivity than initial LIGO; one can
survey 1000 times the volume of
the sky.
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Sources
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[Hannam et al (2009)]

“Chirp”

Inspiral
Merger

Ringdown

Post-Newtonian
Numerical Relativity

BH-QNM

Compact binary coalescences (CBCs):

Mergers of binary systems of NS / BH
⇒ well-modelled “chirp” waveform.

NS-NS:
Expected rates ∼ 40 (0.4 – 400) yr−1,

Horizon distance ∼ 0.4Gpc.

NS-BH:
Expected rates ∼ 20 (0.2 – 300) yr−1,

Horizon distance ∼ 1Gpc.

NS-NS:
Expected rates ∼ 40 (0.4 – 1000) yr−1,

Horizon distance: ∼ 8Gpc.

[Abadie et al (2010)] Bala’s talk!
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Parameter estimation
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What parameters to estimate?
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{m1,m2,~s1,~s2} : Intrinsic parameters.

{α, δ, z , dL, ι, ψ, φc , tc} : Extrinsic parameters.

The masses are completely degenerate with the redshift and it is only possible

to measure the redshifted mass, mz≡m(1 + z).

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

amplitude ⇒ the combination, M
z cos2 ι
dL

, very accurately

amplitude ⇒ dL to a reasonable degree
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The challenge!
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Likelihood
multimodal

[Plot by: Siddharth Mohite]

{M, q,~s1,~s2, α, δ, dL, ι, ψ, φc , tc}
9 parameters for non-spinning binaries.

15 parameters including spin.

Additional parameters (tidal, etc. terms) for NS.
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Bayesian Inference
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data = signal(~Ω) + noise,n

〈n|n〉 ≡
∫

df
||n(f )||2

S2(f )

Gaussian noise

S
(f

)

Bayesian parameter estimation: stochastic technique to sample the
posterior probability on the parameters given the data and a prior.

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

Evidence(data, I )

~Ω = {M, q,~s1,~s2, α, δ, dL, 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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Algorithms and software
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Documented in: Veitch et al (2014)

The parameter estimation algorithms are implemented LIGO
Algorithms Library (LAL) as LALInference.

♣ LALInferenceMCMC: Parallel tempering

♣ LALInferenceNest: Nested sampling

♣ LALInferenceBambi: Multinest

♣ pyPE: Ensemble samplers, etc. [Siddharth Mohite, AG, Walter Del Pozzo]

.
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Estimated parameters . . .
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Parameter estimation of high-mass BBH
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AG, Walter Del Pozzo, P. Ajith

[Pan et al (2011)]

♣ Uniform distribution of m1,2 ∈ [20, 50]M�.

♣ z . 0.5.

♣ SNR ≥ 8.

LALInference ⇒ Usual (redshifted) quantities, {Mz , q,mz
1,2, dL}

Compute: Physical (non-redshifted) quantities, {M,m1,2}
NR fit formulae to compute mass and spin of final BH:

Mf = M
[
1 +

(√
8/9− 1

)
η − 0.4333 η2 − 0.4392 η3

]
,

af

Mf
=
√

12 η − 3.87 η2 + 4.028 η3 .
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Measurement of parameters
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MASSES

COMPONENT FINAL

SPIN

Parameter 3 detector 5 detector
Component masses m1,2 13.9% 12.9%

Total mass M 11.4% 7.5%
Chirp massM 11.0% 6.5%
Final mass Mf 11.7% 7.6%
Mass ratio q 31.6% 29.2%

Symmetric mass ratio η 3.7% 3.1%
Final spin af /Mf 3.1% 2.6%

Luminosity distance dL 47.1% 30.0%
Sky location Ω (sq. deg.) 12.50 2.39
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Cosmology
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Measuring cosmological parameters
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≈ 0

Which cosmological parameters? Sriram’s talk.

H0 : Hubble parameter
Ωm : Matter fraction
ΩK : Curvature fraction
ΩΛ : Dark energy fraction Ωr + Ωm + Ωk + ΩΛ = 1

ȧ

a
≡ H0 ;

ä

a
= H2

0

{
−Ωr −

1

2
Ωm + ΩΛ

}
Expansion and acceleration of the universe.

Measurable is redshift ⇒ Redshift-distance relation:

dL = c(1 + z)

∫ z dz ′

H(z ′)
, H(z) = H0

√
Ωm(1 + z)3 + ΩK (1 + z)2 + ΩΛ
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Standard candles
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[Perlmutter, Schmidt – Measuring Cosmology
with Supernovae (2003)]

[Kim et al (1997)]

♣ Sources of known luminosity –
like Supernovae of Type Ia.
. Sriram’s talk.
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Necessity of new input .
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[PLANCK Collaboration (2013)]

♣ Calibration relies on multiple
steps in the cosmic distance ladder
and a large amount of systematics
can creep in.

♣ There is a large variability in
the light-curves of SNIa and their
physics is not fully understood.

♣ Even the Hubble parameter is
not measured to a great accuracy!

♣ Tension between supernova and
Planck results! Sriram’s talk.

♣ An independent measurement
will be of prime significance.
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Standard sirens
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[Hannam et al (2009)]

“Chirp”

Inspiral
Merger

Ringdown

Post-Newtonian
Numerical Relativity

BH-QNM

♣ Gravitational wave give direct access
to the luminosity distance to the event
without relying on any distance ladder.

♣ They can be used as “standard sirens”
analogous to supernovae as standard
candles.

♣ Unfortunately the redshift is totally de-
generate with mass and cannot be inde-
pendently estimated.
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Cosmology 
 Redshift
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Use cosmology: distance → redshift ⇒ physical masses.

Use redshift information from coincident electromagnetic event:

redshift + distance ⇒ cosmology.

Opens up the possibility of an independent measurement of the
cosmological parameters with an entirely different systematics.
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NS mergers ⇔ Sh-GRBs
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[http://www.astro.caltech.edu/ avishay]

[Nissanke et al (2010), Nissanke et al (2013)]

♣ A CBC involving a NS is believed to be
associated with a Sh-GRB. Resmi’s talk.

♣ Redshift of the coincident e.m. event.
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Drawbacks . . .
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♣ Horizon distance for even NS-BH .
1Gpc ⇒ only limited cosmology can be
probed.

♣ Probability of coincident observation
is low (∼ 1 event per year).
[Metzger & Berger (2009)] Varun’s talk.

♣ Can one use BBH instead?
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Cosmology with BBH
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No electromagnetic counterpart. Only information can come from
identification of potential host galaxies.

Q: Which part of the galaxy catalog should we look in?

A: The entire range of redshifts allowed by the prior on cosmology.
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Cosmology with BBH
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Walter Del Pozzo (2011)

Too many galaxies even within the allowed range . . .

Use all possible galaxies!

Stack information from independent observations.
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“Stacking” events
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Figure : Evolution of H0 with number of events.

Animation by: Walter Del Pozzo
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Results of Del Pozzo (2011)
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3 detectors 5 detectors

z . 0.1, SDSS catalogue ⇒ Hubble parameter to ∼ 5%.
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Merits . . .
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♣ No immediate e.m. follow-up necessary. Varun’s talk!

♣ Much greater horizon distance ⇒ higher redshifts.

♣ Some recent pop. synth. models predict more BBH than NS-BH
mergers.

♣ Take advantage of these and see what more can be done . . .

.
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IMR waveforms ..
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[Hannam et al (2009)]

Inspiral
Merger

Ringdown

Post-Newtonian
Numerical Relativity

BH-QNM

Inspiral only Inspiral-Merger-Ringdown

♣ Inspiral-merger-ringdown waveforms
. ⇒ Improvement in sky localization.
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Higher redshifts
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Coincides with time-scale for reasonable obs. from LIGO.

Inspiral-merger-ringdown waveforms.

♣ Higher redshifts, z . 0.5.

♣ Galaxy catalogues are incomplete.

.

Large Synoptic Survey Telescope
– extraordinarily wide and deep!
– reasonably complete to z ∼ 1.
– start bringing in data by 2020.

♣ Until then, do optical follow-up on GW error box.

♣ Currently we simulate the optical follow-up.
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Simulating the optical follow-up
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Galaxy distribution – uniform in comoving volume.

n(z, α, δ) ∝
dV

dzdαdδ

Luminosity distribution – Schecter function.

Φ(M) = 0.4 ∗ log(10.0)φ∗10−0.4(α+1)(M−M∗)e−10−0.4(M−M∗)

Selection function – step function.

S(m) = θ(m −mth)
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Cosmology from high-redshift BBH
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AG, Walter Del Pozzo, P. Ajith

♣ Uniform distribution of m1,2 ∈ [20, 50]M�.

♣ z . 0.5.

♣ SNR ≥ 8.
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Cosmology results
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Cosmology results
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Summary of cosmology results
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Further work and outlook
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GW oriented:

♣ Systematics, sensitivity to calibration uncertainties.

♣ Inclusion of waveforms with higher harmonics.

Cosmology / astronomy oriented:

♣ Use e.m. results as a prior.

♣ Combine with GW results from a Sh-GRB.

♣ Weight galaxies with probabilities of hostings CBCs.

♣ Study dependence on completeness of catalogues.
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THANK YOU!


