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Course overview

• Historical Introduction to gravitational waves ( 1 lecture)


• General Relativity ( a warm up) ( 2 lectures )


• GW theory ( 2 lectures)


• GW sources & Detectors ( 1 lecture)


• Basics of GW data analysis (2 lectures)


• Applications (1 lecture)

Criteria for passing the course: 

• 80% attendance


• Oral exam You will be given a list of paper to choose from and we’ll 
have an oral exam based on it.



Phys. Rev. Lett. 116, 061102

Listening to the black holes for the first time - GW150914

This marked the birth of gravitational wave astronomy 
Most important discovery in this century

 at 11:50:45 am CET on 14 September 2015

60 years of experimental efforts and 100 years since its prediction we detected it.
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Credit: https://www.iap.fr/actualites/laune/2016/OndesGr/forme_onde_an.jpg

  Signal morphology 

Credit: ESA



Newtonian theory of gravity

• Planetary motion

•Galaxy dynamics

• Stellar dynamics

• Everyday physics

• Large scale structure simulations

Credit :  Godfrey Kneller's 1702 portrait of Isaac Newton

“Gravity is an instantaneous phenomenon” 

So no wave phenomenon…… 
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https://en.wikipedia.org/wiki/Godfrey_Kneller
https://en.wikipedia.org/wiki/Isaac_Newton


James Clark Maxwell

• Maxwell unified Electricity and magnetism


• This lead to the discovery of electromagnetic waves

• No medium required for propagation

• Travels with speed c = 3 × 108ms−1

Propagation of waves in EM theory and relativity

Highlights

With Special Relativity (1905) Einstein figured 
out Electricity and Magnetism are the 
different manifestations of the same field



Einstein’s Quadrupolar formula

Henri Poincaré suggested that gravity 
propagates at the speed of light  

1905 -
Einstein published Special Relativity{

1916 - Einstein published General Relativity

He noticed that his new theory can have a wave 
like phenomenon like EM waves

Quadrupole formula

Set a universal speed limit

• Is it physical ? 

• May be a coordinate effect.. 

Einstein doubted its existence



Einstein’s second biggest blunder

Einstein published General Relativity and GW 
solution1916 -

Arthur Eddington’s paper on GWs1932 -

Einstein and Nathan Rosen’s PRL paper1936 -

• Gravitational waves do not exist 

• Referee requested revision.

• Three propagating solutions



Sticky bead argument 

Chapel-Hill conference ( year 1957)

Felix Pirani had presented his latest research on 
the “observational effects of passing 
gravitational waves on two test masses in 
space”

Felix Pirani

Sticky bead on a rod
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This was 18 months after Einstein passed away…..



Andrzej Trautman’s contributions (1958)

Andrzej Trautman 

• Helped settle the theoretical debate 
• Convinced the community that gravitational waves are real 
• GWs produce measurable physical effects 
• Carry nonzero energy and momentum

Trautman provided one of the first mathematically rigorous proofs that 
gravitational waves are real, radiative solutions of Einstein’s equations 
that carry energy to infinity.

Leopold Infeld, Jerzy Plebański (PhD supervisor) did not allow 
to defend his PhD thesis. But Dirac convinced him 



Weber bar detector

Joseph Weber’s bar detector was the first serious experimental 
attempt to detect gravitational waves, built in the late 1950s and 
1960s.

The detector was a large 
aluminum cylinder
• ~2 meters long
• ~1 meter diameter
• Weighed about 1.2 tons
• It was suspended to isolate it 

from vibrations.
• Piezoelectric sensors were 

attached to measure tiny 
vibrations.
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• May such detectors were built 

• But Weber’s results could not be reproduced 

• It created excitements and paved way for 
LIGO

Weber bar detector (continued)
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Discovery of Pulsars

The first pulsar is know as 
Light Green Men (LGM)

Credits: Michael Kramer

Image Credit: Manchester, R.N. and Taylor, J.H. from , Pulsars (Freeman WH, San Francisco, 1977)

PSR B0329+54

Pulsars are Neutron Stars (remnants of SN explosion)
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PSR B1919+21



• They are Neutron Stars 

• They are highly magnetised 

• They are born in SN explosions. 

• They emit beams in Radio, X-rays and  
rays  

• They are extremely precise clocks 

• They can even be used as GPS

γ

Pulsars

More 1500 pulsars are known now



Hulse and Taylor pulsar ( )

•  First discovered binary pulsar system


•  It consisted of a neutron star and a pulsar


• The period of orbital motion is 


• They found that their period is decreasing.

7.75hr

Hulse and Taylor

Hulse Taylor Binary



Fun fact: 
 
Solar system generates 5000 W in 
GW due to orbital motion of the 
planets.

First indirect evidence for gravitational waves…..
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Infographics: Ben Gilliland/STFC



Infographics: Ben Gilliland/STFC



Phys. Rev. Lett. 116, 061102

Listening to the black holes for the first time - GW150914

This marked the birth of gravitational wave astronomy 
Most important discovery in this century

 at 11:50:45 am CET on 14 September 2015

60 years of experimental efforts and 100 years since its prediction we detected it.

GW150914
YY MM DD



The electromagnetic counter helped in better sky localization 



Current status of GW astronomy

• Four functional detectors, LIGO India under 
construction


• More than 300 GW detections.


• These include BBH, NSBH, BNS 

• One multi-messenger event GW170817


• Evidence of Stochastic GW background (PTA)
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More about GW sources and detectors will be 
discussed in future lectures



LIGO Virgo KAGRA (LVK) Observing runs

The sensitivity of different detectors during different observing runs are shown



LIGO Virgo KAGRA (LVK) Observing runs







Sources of Gravitational Waves



Any mass that undergoes an accelerated motion 
can generate gravitational signals

• Binary Black Holes

• Binary Neutron Stars

• Galaxy mergers 

• SMBBH mergers

• EMRIs

• cosmic strings

• Supernovae

• primordial dark matter decay

• Primordial GW background

Typical sources of GWs



Pulsar Timing Array

Pulsar Timing Arrays such as NANOGrav detect gravitational 
waves by measuring correlated nanosecond-scale timing 
deviations in millisecond pulsars, providing evidence for a 
nanohertz stochastic background likely produced by inspiraling 
supermassive black hole binaries

Credit: Sarah Burke Spolaor et.al. 2019



Credit : NASA

Credit: Observatory images from NASA, ESA (Herschel and Planck), Lavochkin Association (Specktr-R), HESS Collaboration (HESS), Salt Foundation (SALT), Rick 
Peterson/WMKO (Keck), Germini Observatory/AURA (Gemini), CARMA team (CARMA), and NRAO/AUI (Greenbank and VLA); background image from NASA









Concluding remarks

• First direct detection of gravitational waves (2015) — GW150914 by LIGO Scientific Collaboration

• Discovery of binary black hole mergers as a common astrophysical population

• First binary neutron star merger detection (2017) — GW170817

• Birth of multi-messenger astronomy (GW + EM + neutrinos) via GW170817

• Independent measurement of the Hubble constant using “standard sirens”

• Precision tests of General Relativity in the strong-field, dynamical regime

• Evidence for intermediate-mass black holes (e.g., GW190521)

• Detection of the gravitational-wave memory and higher-order modes (emerging evidence)

• Observation of a stochastic nanohertz GW background by PTAs such as NANOGrav

• Establishment of gravitational-wave astronomy as a precision cosmology tool
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