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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

Bright and dark sirens

Archisman Ghosh
Nikhef, Amsterdam

Tata Institute of Fundamental Research

2019 Aug 27



.

Gravitational-wave observations of compact binary coalescences

10 binary black holes (BBHs)

1 binary neutron star (BNS)

Following two observing runs of Advanced LIGO-Virgo . . .
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11 detections exciting science ∼ 40 publications > 16, 000 citations

My expertise: probing strong-field gravity gravitational-wave cosmology
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Plan of the talk

4 of 31

• Compact binaries as standard sirens

• H0 measurement as immediate deliverable

Standard siren H0 from GW170817

Galaxy catalogue method simulations, O1 & O2 BBHs

• What we need for the future?

Importance of systematic effects

Required synergy GW / EM / instrumentation

• Outlook
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Compact binaries as standard sirens

5 of 31

Schutz (1986), Holz & Hughes (2005)

• GW from compact binaries give us a direct access to luminosity distance.

Independent measurement of phase evolution and amplitude

Phase evolution ⇒ Mz ≡M(1 + z) “redshifted chirp mass”

Amplitude ∼ M
z

dL
× fn.(angles) ⇒ dL “luminosity distance” (degenerate with inclination)



.

Compact binaries as standard sirens

6 of 31

Schutz (1986), Holz & Hughes (2005)

• GW from compact binaries give us a direct access to luminosity distance.

Independent measurement of phase evolution and amplitude

Phase evolution ⇒ Mz ≡M(1 + z) “redshifted chirp mass”

Amplitude ∼ M
z

dL
× fn.(angles) ⇒ dL “luminosity distance” (degenerate with inclination)

• Independent of the cosmic distance ladder!
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dL → cosmological parameters

7 of 31

Hubble constant

→

Redshift-distance relation: Late-time expansion / acceleration parameters

dL = c(1 + z)

∫ z dz′

H(z′)
, H(z′) = H0

√
Ωm(1 + z′)3 + ΩΛ

Where does z come from?
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Where does z come from?

8 of 31

• Spectral lines!

observed “frequency”; intrinsic “frequency” at source

• Spectral lines for compact binaries?

For BBH, features totally degenerate with total mass

For BNS, degeneracy only weakly broken

Need to fall back on EM for z!
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H0 with GW170817

9 of 31

BNS: GW170817

Optical counterpart: SSS17a

Multimessenger astronomy

with GW and EM

Discrepancy in its state-of-the-art measurements!

←− 14% −→
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Discrepancy in state-of-the-art measurements of H0!
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2000 2004 2008 2012 2016 2020 2024
Year of Publication
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Hubble Constant Over Time

Cepheids CMB TRGB

Cepheids

TRGB

CMB

Freedman (2019)

Two contrasting methods applied on nearby and very distant cosmological scales

Standard candles

Cosmic distance ladder

Discrepancy between measurements at “nearby” and cosmological scales.

4.4 σ as of March 2019! Cosmological origin?

Planck collaboration (2015) + Λ-CDM Reiss et al. (2016)

≈ 0.7%

≈ 2%
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H0 with GW170817
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vH = 3017 ± 166 km s−1

≈ 5%

Distance, dL = 43.8+2.9
−6.9

Mpc

≈ 11%

Independent of any distance ladder

LSC-EPO

Abbott et al. Nature 551 #7678, 85-88 (2017)

H0 = 70.0+12.0
−8.0 km s−1Mpc−1

≈ 14%

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

GWs provided a direct measurement of the luminosity distance!

vH ≡ zc ≈ H0dL

Redshift (recession velocity) came from host galaxy NGC 4993.

First plot in the GW Hubble diagram:
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Better with more detections

12 of 31

Nissanke et al. (2010)

Nissanke et al. (2013)

Joint estimate

Individual

101 102

Number of events

100

101

σ
h

0
/h

0
 (

%
)

BNS w/o counterpart

Golden BNS w/o counterpart

BNS with counterpart

Golden BNS with counterpart

10-10M¯ BBH with counterpart

Chen et al. (2018)

see also: Feeney et al. (2019)
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Combine information from multiple similar detections.

Precision: σH0
/H0 ∼ 1/

√
N
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Better with more detections
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Nissanke et al. (2010)

Nissanke et al. (2013)

Joint estimate

Individual
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Number of events
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BNS w/o counterpart

Golden BNS w/o counterpart

BNS with counterpart

Golden BNS with counterpart

10-10M¯ BBH with counterpart

Chen et al. (2018)

see also: Feeney et al. (2019)
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Abbott et al. Nature 551 #7678, 85-88 (2017)

Mandel, Farr, Gair (2018); Chen et al. (2018); Mortlock et al. (2018)

Careful of systematic effects!

GW selection effects

threshold SNR → interferometer horizon

only nearby signals detected

Detection efficiency (selection function):

Neff(Ω) =

∫
Edet

dE
∫

dθ p(E|θ, Ω,H,I) p(θ|Ω,H,I)

Integrate over all detectable data sets
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Degeneracy with inclination

14 of 31

Abbott et al. Nature 551 #7678, 85-88 (2017)

Hotokezaka et al. (2018): jet→ inclination→ H0

Broken with GW alone? Multiple detectors. Higher modes.

Distance-inclination degeneracy: GW
amplitude from by a distant binary
viewed face-on (or face-off) is similar to
that of a closer binary viewed edge-on.
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H0 with galaxy catalogues: Schutz method
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Idea in Schutz (1986).

MacLeod and Hogan (2008) in context of LISA.

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

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

Nair et al. (2018) Chen et al. (2018); Fishbach et al. (2018); Gray et al. (2019) (with AG)
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Different possible galaxies for single event

Multimodal H0 estimate for each event

C
o
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Unimodal joint H0 result

dL estimate z values H0 estimate

dL estimate z values H0 estimate

H0 estimate

+

+

⇒

⇒

Schutz method
galaxy catalogues in absence of transient EM counterparts

applicable also for binary black holes Schutz (1986)
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Counterpart / identified host galaxy

dL estimate z value H0 estimate

+ ⇒

Schutz method
galaxy catalogues in absence of transient EM counterparts

applicable also for binary black holes Schutz (1986)
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Different possible galaxies for single event Multimodal H0 estimate

dL estimate z values H0 estimate

+ ⇒

Schutz method
galaxy catalogues in absence of transient EM counterparts

applicable also for binary black holes Schutz (1986)
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A different event

Different possible galaxies for single event Multimodal H0 estimate

dL estimate z values H0 estimate

+ ⇒

Schutz method
galaxy catalogues in absence of transient EM counterparts

applicable also for binary black holes Schutz (1986)
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Unimodal joint H0 result

dL estimate z values H0 estimate

dL estimate z values H0 estimate

H0 estimate

+

+

⇒

⇒

Schutz method
galaxy catalogues in absence of transient EM counterparts

applicable also for binary black holes Schutz (1986)
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H0 with galaxy catalogues: the complete story
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Abbott et al. Nature 551 #7678, 85-88 (2017)

Mandel, Farr, Gair (2018); Chen et al. (2018); Mortlock et al. (2018) Messenger & Veitch (2013); Gray et al. (2019) (with AG)

p(xGW|DGW, H0) =
p(xGW|G,H0)
p(DGW|G,H0)

p(G|DGW, H0) +
p(xGW|Ḡ,H0)

p(DGW|Ḡ,H0)
p(Ḡ|DGW, H0)

in-catalogue out-of-catalogue

GW selection effects

threshold SNR → interferometer horizon

only nearby signals detected

Detection efficiency (selection function):

Neff(Ω) =

∫
Edet

dE
∫

dθ p(E|θ, Ω,H,I) p(θ|Ω,H,I)

Integrate over all detectable data sets

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 with galaxy catalogues: simulations
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Gray et al. (2019) (with AG)

A few key features from the “mock data challenge”:

• Performed at BNS distances

• With galaxy catalogs about 35 times sparse / 3 times dense

• O(10− 100) galaxies per event

• Redshift uncertainties, clustering ignored
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H0 with galaxy catalogues: results on simulations
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Gray et al. (2019) (with AG)
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H0 with galaxy catalogues: results on simulations
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Luminosity Weights

Uniform Weights

Gray et al. (2019) (with AG)

Luminosity weighting of galaxies: improves by ∼ 1.3

Brighter (visible) galaxies are more likely hosts

B-band: star formation rate

K -band: total mass

Clustering of galaxies: improves by ∼ 2.5 Chen et al. (2018)
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H0 from GW170817 with GLADE catalogue
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Fishbach et al. (2018)

205◦ 200◦ 195◦ 190◦

-15◦

-20◦

-25◦

Right Ascension

D
ec

lin
at

io
n NGC 4993

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

R
ed

sh
if

t
z

• GW170817 assuming no counterpart:

• Correcting for catalogue incompleteness

• Luminosity weighting
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H0 from GW170814 with DES catalogue
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Soares-Santos et al. (2019)

• DES Y3 “gold” catalogue: thoroughly surveyed GW170814 sky region.

• First realistic application
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H0 from O1 & O2 detections
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Abbott et al. arXiv:1908.06060
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H0 from O1 & O2 detections
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Abbott et al. arXiv:1908.06060

Detections with considerable catalogue support: features of galaxy catalogue

Detections with relatively empty catalogues: features of population assumptions

Detection efficiency in the denominator:

Depends on population parameters – mass distribution, rate evolution.
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H0 from O1 & O2 detections
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R(z) ∝ (1 + z)3:
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Detections with considerable catalogue support: features of galaxy catalogue

Detections with relatively empty catalogues: features of population assumptions

Detection efficiency in the denominator:

Depends on population parameters – mass distribution, rate evolution.

Perform robustness studies with varying assumptions:
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Towards a precise and accurate GW measurement of H0
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Thorough understanding of systematic effects is crucial

• Peculiar velocity flows (EM)

• Uncertainties in galaxy catalogues (EM)

Photometric measurements of redshifts

Estimates of luminosities for weighting

• Selection effects (GW and EM)

Population properties: mass distribution, rate evolution, . . .

Catalogue completeness

• Waveform systematic effects (GW)

• Detector calibration uncertainties (GW) ampl. < 4% systematic?



.

H0-statistical: towards the future
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• Fold in probabilities of regions hosting the sources

Luminosity weighting: use luminosity as a proxy for mass and rate distribution

Astrophysically-motivated weighting of host galaxies

• Galaxy clustering

Sources correlated with visible matter distribution: clustering of galaxies

Cluster catalogues ⇒ probability density of mergers in redshift space

Construct merger density catalogues

Beyond H0?
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Correlations of GW/EM distributions
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Oguri (2016) Mukherjee & Wandelt (2018) Zhang (2018)

DESI / Euclid

Vijaykumar+ (in progress)

Angular / 3D correlation functions GW distributions with cluster catalogues / LSS

ET BBO + Euclid / SKA
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Cosmology without EM

29 of 31

• Information from physics of NS: ET

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

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

. Multiband: BBO/DECIGO

• Effect of cosmological constant over evolution of binary! Nishizawa (2012)
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Outlook
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• Short-term: H0 measurement jointly with EM observations.

Systematic effects in EM and GW!

• More interaction between bi/multimessenger communities!

Cosmology from kilonova models?

• GW sources as rungs of the distant ladder: nearby and distant.

Standard candles, sirens, rulers, . . .

Gupta et al. (2019): GW as SNe calibrators
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