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Ripples in the fabric of spacetime



Gravitational waves: A theoretical challenge
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Sticky bead argument (Bondi/Feynmann - Chapel Hill)

Major contributions to radiation theory [from E.T.Newmann] 
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PROPERTIES
- Transverse
- Speed of light
- Carry energy
- “plus” & “cross” polarization
- Quadrupole sources
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Potential of charge distributions, dipoles, ...



… and the quadrupole!



Multiple moments of the mass/charge distribution 

Multipole expansion

Intuition: Qij ~ deviation from spherical distribution along the axes



Quiz: Which one is a GW source?



GW strain

● Car collision (D ~ m): h ~ 10-43

● Supernova explosion (D ~ 10 kpc): h ~ 10-17

● Black hole collision (D ~ 100 Mpc): h ~ 10-21

Strongest sources: 

● Big Bang
● Mergers of black holes and neutron stars)
● Supernovae

Gravitational waves: An experimental challenge
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First observational evidence: PSR B1913+16

1993 Nobel prize: Hulse & Taylor
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Neutron star, pulsars, binary systems

Double pulsar PSR J0737−3039Single Pulsar



Two-body problem in general relativity
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Two-body problem in general relativity

And many many others...
And many many others...And many many others...

http://www.youtube.com/watch?v=1agm33iEAuo


Waveform ID: Adiabatic inspiral 

F.Dyson 1963 (Landau-Lifshitz 1951) → intense GW 
flash from coalescing binaries made of compact 
objects

Wave frequency is twice the orbit’s frequency

Chirp mass:

Trivial mass scale:



Waveform ID: The ringdown
“It was a natural question then to ask: how does one see a black hole? 
So, using a computer, I scattered packets of gravitational waves from a 
black hole and the quasinormal modes emerged carrying the signatures 
of the black hole… this was theoretical. I had never dreamed that this 
would take on an aspect of reality some day,” 

Prof. Vishveshwara (6 March 1938 – 16 January 2017)
[www.thehindu.com]





Virgo

European Gravitational Observatory (EGO),

Cascina, Pisa (Italy)







August 2017



Livingston

Hanford
GW150914: First wave detected on Earth



 

https://arxiv.org/abs/2102.05939


 

 

GWTC-1

https://arxiv.org/abs/2102.05939
https://arxiv.org/abs/2102.05939


 

GWTC-3

https://arxiv.org/abs/2102.05939
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VIRGO

Livingston

Hanford

0 ms 8 ms 14 ms

SNR=13.7 SNR=7.3 SNR=4.4 

GW170814: A three detectors observation



Localization





\

GW170817: binary neutron star inspiral

http://www.youtube.com/watch?v=V6cm-0bwJ98






GW170817: binary neutron star inspiral
Mchirp = 1.188(+4/-2)



GW170817: multi-messenger observations



GRB170817: Gamma-ray burst

Evidence for the connection:   GRB <==> Compact binary mergers

?



Kilonova (AT2017gfo)



NS-BH and NS-NS collisions → 
decompression of cold neutron star matter 
(1974) D. Schramm, J. Lattimer …
… D. Eichler, T. Piran, F. Thielemann, 
S.Rosswog and many others

Unbound mass (baryons) m~0.01M

Mass ejecta, r-process and … shine !

e- Thermalization & Black body radiation

● Radioactive heating in expanding 
plasma (β decay, α decay, fission)

● r-process element opacity (106 

absorption lines)
● Detailed atomic and ionization 

abundances (composition)

→ challenges for nuclear and atomic physics





Cosmography

Type Ia Supernovae (ShoES)
H0 = 73.24 ± 1.74 km s−1 Mpc−1
Reiss+ arxiv:1604.01424

CMB (WMAP, Planck)
H0 = 69.3 ± 0.7 km s−1 Mpc−1



Standard sirens

V = H0 D

Distance from the GW analysis

GW170817
D = 44 Mpc (15%) Assume sky position 

[B.Schutz Nature 1986]



GW190521



- Pair instability mass gap 
- Links to galaxy formation 
- Eccentricity

GW190521



Neutron star - black hole binary



GW spectrum



Einstein Telescope



LISA



Fundamental physics
Is the graviton massive?  

(Best bound available comes from GW) 

Do GW travel at the speed of light? Do they disperse?  
Are they only tensorial? 

Are these objects actually black holes? 

Can we use these signals to understand dark matter? 
 

Is General Relativity a correct description of gravity,  
in the dynamical and large curvature regime of these mergers? 

Big bang / early universe



 

Take a walk on the dark side 

https://arxiv.org/abs/2102.05939

