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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)

TIFR Centre Building, IISc Campus, Subedarpalya, Malleshwaram, Bengaluru 560012, India
Tel: +91 80 2360 8200, Fax: +91 80 2360 8199, E-mail: ajith@icts.res.in
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Cosmology – The next decade
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GW Basics
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Slide from: Samaya Nissanke
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Gravitational-wave sources
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Cosmological + BBH Supernova explosions

Spinning deformed NS NS-NS, NS-BH, BBH
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Tidal deformations in neutron stars
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Bernuzzi et al. (2015)

Neutron stars in binaries are tidally deformed.

Have a measurable effect on the orbital motion.
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Intrinsic parameters
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• Component masses, m1,2

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

• Tidal parameters for neutron stars, λ1,2

• Any residual eccentricity?
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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

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

10 of 30101 102 103

Frequency (Hz)

10−24

10−23

10−22

10−21

N
oi

se
st

ra
in

am
pl

itu
de

(H
z−

1/
2 ) AdvLIGO ZDHP

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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Parameter estimation results

11 of 30

10 20 30 40 50 60
primary mass (M ¯ )

0

5

10

15

20

25

30

35

40

se
co

n
d
a
ry

 m
a
ss

 (
M

¯
)

LVT151012

GW170608

GW170814

GW150914

GW170104

GW151226

LIGO/Virgo/Patricia Schmidt

LIGO/Virgo/NASA/Leo Singer 
(Milky Way image: Axel Mellinger)

GW150914

GW151226

LVT151012

GW170104

GW170814

GW170817

GW170608

GW150914

Abbott et al., PRL 116, 061102 (2016)
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Abbott et al., PRL 119, 161101 (2017)
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GW Cosmology
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Cosmography
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Hubble param-
eter

Matter
fraction

Dark energy
fraction

→

−−
−−
→ →

. H0 : Hubble parameter

. Ωm : Matter fraction

. ΩΛ : Dark energy fraction Ωm + ΩΛ = 1

Govern the expansion and acceleration of the universe.

Redshift-distance relation:

dL = c(1 + z)

∫ z dz′

H(z′)
, H(z) = H0

√
Ωm(1 + z)3 + ΩΛ
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Cosmology: Hubble’s law
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recession velocity of a galaxy in
the local universe

recession→ stretching of spacetime itself→ expansion of the universe

usually measured as a cosmological redshift vH = c z

Note: significant overestimate!

distance to the galaxy

Hubble parameter

Edwin Hubble, Proc. Nat. Acad. Sciences. (1929)

−→

Cosmic distance ladder: Reiss et al. (2016)

−→ vH = H0 d ←−
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State-of-the-art measurements of H0
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Freedman (2017)

Two contrasting methods applied on nearby and very distant cosmological scales

CMB anisotropies: very sensitive to parameters
that drive the expansion of the universe

Standard candles

Cosmic distance ladder

Discrepancy between measurements at “nearby” and cosmological scales.

Planck collaboration (2015) Reiss et al. (2016)
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Three roads to GW cosmology
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• Electromagnetic counterparts:

Schutz (1986); MacLeod and Hogan (2008); Del Pozzo (2012); Chen et al. (2017); Nair et al. LIGO-P1700098

• Information from physics of NS:

Mass-function. Taylor et al. (2012); Taylor & Gair (2012)

Tidal deformations. Messenger & Read (2011); Del Pozzo et al. (2017)

• Angular correlations from GW localization. Oguri (2016)
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Hubble parameter with GW170817
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Optical counterpart: SSS17a

Host galaxy: NGC 4993

observed vrecession = vH + vpeculiar

universe is not homogeneous at small scales:
galaxies attracted towards local matter overdensities

NGC 4993: vrecession = 3327 ± 72 km s−1

Correct for peculiar velocity of group of galaxies

vH = 3017 ± 166 km s−1

Distance, dL = 43.8+2.9
−6.9

Mpc

(assuming sky location of counterpart)

Independent of any distance ladder!

Abbott et al. Astrophys. J. 848 #2, L12 (2017); LSC-EPO Abbott et al. Nature 551 #7678, 85-88 (2017)

H0 = 70.0+12.0
−8.0 km s−1Mpc−1
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What next?
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Nissanke et al. (2013)

Schutz (1986)

Multiple observations with transient counterparts.

Narrow beam with potential host galaxies around optical
counterpart if host galaxy not uniquely identified.

A fully statistical analysis using cross-correlation with
a galaxy catalog in absence of a transient optical
counterpart.

applicable also for binary black holes

extension to other cosmological parameters?
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“Stacking” events

18 of 30

In
d

ep
en

d
en

t
even

ts

Different possible galaxies for single event

C
o

m
b

in
e

in
form

a
tio

n
fro

m
a

ll
o

b
served

even
ts
⇒

dL posterior z posterior H0 posterior

dL posterior z posterior H0 posterior

H0 posterior

+

+

⇒

⇒



.

Statistical “cross-correlation” with galaxy catalogues
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Idea in Schutz (1986).

MacLeod and Hogan (2008) in the context of LISA.

Del Pozzo (2012) in the context of Adv-LIGO.

aLIGO-Virgo; 30 CBCs to z = 0.1 + SDSS⇒ H0 to ∼ 5%

Selection effects!

Nair et al. LIGO-P1700098: EM and GW selection effects enter in a similar way.
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H0-statistical: selection effects
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Abbott et al. Nature 551 #7678, 85-88 (2017)

Mandel, Farr, Gair (2018); Chen et al. (2017) Messenger & Veitch (2013); Gray et al. (in prep.)

dLH0 ≈ zc

GW selection effects

threshold SNR → interferometer horizon

only nearby signals detected

Detection efficiency:

Neff(Ω) =

∫
Edet

dE
∫

dθ p(E|θ, Ω,H,I) p(θ|Ω,H,I)

EM selection effects

depth of telescope

incomplete galaxy catalogues

Correct for / take into account possible contribution of
galaxies missing from catalogue.

Integrated method of taking into account both effects.
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H0-statistical: results on simulations
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Chen et al. (2017) Sur (2017, Masters thesis), Gray et al. (in prep.)

Incomplete galaxy catalogue

Ajith, Brady, Chen, Datrier, Del Pozzo, Fishbach, Gair, Ghosh, Gray, Hendry, Holz, Magaña-Hernandez,

Messenger, Qi, Samajdar, Sur, Van Den Broeck, Veitch
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Ongoing and future work
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• Fold in probabilities of galaxies hosting the sources.

Luminosity weighting.

Astrophysically-motivated weighting of host galaxies?

• Going beyond H0?

Caveat: incompleteness of galaxy catalogues.

Sources correlated with visible matter distribution?

Cluster catalogues ⇒ probability density in redshift space?

• Cross-correlation with clustering more effective?
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Future prospects
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102110–210–410–610–810–1010–1210–1410–16

LIGOLISA-likepulsar timingCMB future space

Hz

early-Universe quantum fluctuations

massive black-hole binaries

captures into MBHs merging NS, BH

rotating NSGalactic binariesGravita2onal-wave sources

29First-order phase transi2ons, superstring kink & cusps, infla2onary signature, new sources!

LISA

Pulsars

White dwarf binaries

Supernova

Supermassive 
BH Binaries

Slide from: Samaya Nissanke
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GW detectors

Slide from: Samaya Nissanke
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Future detectors
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Moore, Cole, & Berry, http://rhcole.com/apps/GWplotter/
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A host of methods
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Paper Detector Source Distance Catalogue Num. Acc. H0

MacLeod & Hogan (2008) LISA EMRI z ≈ 0.5 SDSS 20 1%

Del Pozzo (2012) aLIGO-Virgo CBC z = 0.1 SDSS 30 5%

Taylor et al. (2012) aLIGO-Virgo BNS z . 0.15 100 10%

Taylor & Gair (2012) ET BNS z 6 4

Messenger & Read (2012) ET BNS z ≈ 1

Del Pozzo et al. (2017) ET BNS z 6 2 1000 8%

Oguri (2016) ET BBH z 6 1.5 3%

Nishizawa (2012) DECIGO/BBO BNS 106

Chen et al. (2012) aLIGO-Virgo CBC z 6 0.1 simulated 300 2%

aLIGO-Virgo CBC z 6 0.1 simulated 250 7%

aLIGO-Virgo CBC z 6 0.1 simulated 250 14%
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Using information from physics / astrophysics of NS
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Clustering
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Oguri (2016)
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Synergetic multimessenger science: road to the future
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Hotokezaka et al. (2018): jet→ inclination! Pian et al. (2017)

Bernuzzi et al. (2015)

GW & EM!

Kilonova→ NS-EoS?


