
Spaatind 2020

Lecture 2
Gravitational Waves: Astrophysics

Alex Nielsen
University of Stavanger



TOPICS

1) What are gravitational waves?
Theoretical background

2) How do we know we are seeing gravitational waves?
Detecting new signals

3) What can we use gravitational waves for?
Astrophysics with gravitational waves
Fundamental physics with gravitational waves



[Image credit: LIGO-Virgo/Frank Elavsky/Northwestern University]



Detection statistics

● Task: Separate data x into signals and noise
● Approach: Compute some statistic f(x) and 
compare to a threshold T.
● Neyman-Pearson criterion: maximise p_Detection at 
fixed p_False alarm
● Solution: compute a likelihood ratio   

𝒇𝒇 𝒙𝒙 =
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> 𝑻𝑻

Neyman, Pearson 1933



Bayesian interpretation

𝑝𝑝 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠|𝑥𝑥
𝑝𝑝 𝐻𝐻𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛|𝑥𝑥
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𝑝𝑝 𝑥𝑥|𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑝𝑝 𝑥𝑥|𝐻𝐻𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝑝𝑝 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑝𝑝 𝐻𝐻𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝑝𝑝 𝑥𝑥|𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �𝑝𝑝 𝑥𝑥|σ,𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝 σ 𝑑𝑑σ

Monte-Carlo simulation parameter distribution 
corresponds to prior parameter distribution

Searle 2008



Limitations in real life

● Need a parameterised noise model
● GW detectors: cannot turn off signal
● Need a parameterised signal model
● GW detectors: cannot turn on signal
● For large parameter spaces, marginalisation may be 
expensive
● Result will depend on prior distributions



Fig 4 of LVC, PRL116 (2016) 061102

Unmodeled, coherent
power search

Modeled, template-based
matched filter search



(Simulated signal)



(No simulated signal)



Gravitational Waveforms
● Numerical relativity
either finite differencing or spectral methods

● Effective One Body (EOBNR)
maps two body problem to one body problem via effective Hamiltonian 
and calibrated to numerical simulations

● IMRPhenom
combines post-Newtonian inspiral with phenomenological fit model of 
numerical simulations of late inspiral and merger, and quasi-analytical 
ringdown phase

Source: Khan et al. PRD 93 (2016) 044007



PN order
Includes

(amongst other things)
0PN Kepler

Newtonian Gravity
0.5PN Zero in GR

1PN Pericenter advance (cf zero)
PPN parameters      

1.5PN Spin-orbit couplings
Gravitational tails (backscatter)

2PN Spin-spin couplings
(Newtonian) quadrupole-monopole (GR BH)
(Newtonian) magnetic dipole-dipole (cf zero)

3PN Tails of tails

5PN (Newtonian) Adiabatic tidal deformations

Post-Newtonian expansion (2-2 phase)

γ,β, ξ



OPN figure courtesy Madhu Jha

SEOBNRv2 source: https://www.gw-openscience.org



Fig. 6 of LVC PRL 16 (2016) 221101

Post-Newtonian phase bounds



Theoretical rates: 
predictions becoming constraints

Abadie et al. Class.Quant.Grav 27 173001 (2010)



Data-fitted noise and signal models 
after O1

Fig 9 of LVC 1606.04856 PRX6 041015



Table 3 of Nitz et al, arXiv 1910.05331

New signals, 2-OGC catalogue



Binary Neutron Star GW170817

Fig 2, ApJL848, (2017) L12



GW170817 sky location

Fig 2, ApJL848, (2017) L13



Binary Neutron Star Merger GW170817

Top of Fig 2 from LVC PRL119 (2017) 161101



BNS, short GRB

● Luminosity distance Mpc, Fermi sGRB 1.7 sec later

● 2010 “realistic” rates projection 1000 per Gpc3 per year, range 10 to 10,000

● Measured now to be per Gpc3 per year

● Hubble constant km per second per Mpc

● Speed of gravity −𝟑𝟑 × 𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏 ≤
𝛅𝛅𝒗𝒗
𝒗𝒗𝑬𝑬𝑬𝑬

≤ 𝟕𝟕 × 𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏

𝟒𝟒𝟒𝟒−𝟏𝟏𝟏𝟏+𝟖𝟖

𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏+𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑

𝟕𝟕𝟕𝟕−𝟖𝟖+𝟏𝟏𝟏𝟏
LVC PRL 119 (2017) 161101

LVC ApJL 848 (2017) L13





Neutron star equation of state

Fig 3 of “GW170817: Measurements of neutron star radii and equation of state” LVC arXiv: 1805.11581



Other potential GW sources

● Neutron star – Black hole systems

● Deformed rotating neutron stars

● Galactic supernovae

● Intermediate-mass black holes

● Astrophysical background

● Cosmic strings

● First-order phase transitions

● Inflationary particle production

● Non-perturbative preheating

● Inflationary vacuum fluctuations
Source: NASA/HST

observed 2019! – awaiting details…



Worldwide network

Source: Virgo/LAPP, T. Patterson



Observing scenarios

LVC and KAGRA, Fig. 2, Living Rev Relativity (2018) 21: 3



Source: S. Hild (2012)



Full GW spectra

Source: Wikimedia; C. Moore, R. Cole and C. Berry



Reference resources
Abbott et al. “The basic physics of the binary black hole merger 
GW150914” arXiv:1608.01940, Annalen Phys. (2016) 041015
LIGO Open Science Center: https://losc.ligo.org

Science summaries: https://www.ligo.org/science/outreach.php

PyCBC (Template searches and significance): https://pycbc.org/

Data analysis software: https://wiki.ligo.org/DASWG/LALSuite

Papers: https://www.lsc-group.phys.uwm.edu/ppcomm/Papers.html

cWB (Umodeled search): 
https://www.atlas.aei.uni-hannover.de/~waveburst/LSC/doc/cwb/man/

https://www.zooniverse.org/projects/zooniverse/gravity-spy

Data processing software: https://gwpy.github.io/

Data analysis software: https://wiki.ligo.org/DASWG/LALSuite



Thank you





Fig 3d of Salemi et al, PRD100 (2019) 042003



Table II of Nielsen et al, PRD99 (2019) 104012



X-ray binaries masses and spin

Fig. 1 of Nielsen J.Phys.Conf.Ser. 716 (2016) no.1, 012002



X-ray + GW masses and spins



Source: Martin Hendry
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