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The spacetime:

Newton vs Einstein

Accelerating masses

cause ripples in space-time



Sources of GWs:

1) Binary systems, eg BH-BH or 

NS-NS etc

2) Tensor perturbations (inflation)

→ They affect the CMB

3) Supernovae (core collapse)
Massive star (~10-30 Msun) develops iron core which 

collapses in T~100ms. Proto neutron star forms → 

EoS stiffens → bounce → GWs



Brief history:

In 1915-16 Einstein formulated General Relativity

Soon after, he conjectured the existence of wave solutions,

but was uncertain due to gauge artifacts. 

Letter to Schwarzschild in 1916:



Later Einstein found 3 types of waves, but Eddington showed two of

them were spurious due to the choice of frame...

In 1936 he tried to publish a paper in Physical Review that

GWs do not exist (!) and the referee (Robertson of the FRW metric

fame) rejected it. So, Einstein sent an angry letter to the editor:



Later Einstein changed his mind again and now believed in GWs 

after realizing the error in his calculations. He then changed the title

and published the paper as “On gravitational waves”.



Argument settled forever in 1957 by Feynman:

Feynman’s argument that GWs 

are real: 

They displace the beads, thus

producing heat (due to friction)!



First detector in 1960 by Joseph Weber 



A pulsar is a highly magnetized rotating 

neutron star that emits beams of EM radiation 

out of its magnetic poles. They are very 

precise clocks! Eg J0437-4715 has a period 

of 0.005757451936712637 secs with 

error of 1.7×10^−17 secs!!

In 1974 Hulse and Taylor found 

that a pair of binary pulsars was

inspiralling in perfect 

agreement with GR!



Better way to detect GWs is with

interferometry! In 2002 LIGO 

started operating until 2010. 

AdvLIGO started in 2015. 

More details later on...



Difference between GWs and EM waves:

i) EM waves travel through space, GWs 

are ripples in spacetime itself

ii) EM waves can be absorbed, GWs cannot

iii) GWs are weakly interacting, 

EM waves strongly interact with charges

iv) GWs produced at minimum by 

quadrupole, EM by dipole. More later on...



Furthermore:

i) GWs are travelling, time-dependent 

tidal forces

ii) GW allow for a measurement of 

the luminosity distance dL(z), but not 

the redshift z!

iii) With EM counterpart we can 

construct Hubble diagram as for 

we do for the supernovae
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Gravity is weak and GWs interact weakly, so we need to linearize GR

GR is diffeomorphism invariant

Small perturbation around empty space

Gravity is weak and GWs interact weakly, so we need to linearize GR

GR is diffeomorphism invariant

Small perturbation around empty space



Linearize the Riemann tensor

Introduce “barred” h:

Use that in the full equations



Residual freedom, choose gauge (Lorentz gauge → GR eqs 
become decoupled wave equations)

Why is this possible?

Final result: with sources         or          in vacuum



Use the gauge to remove spurious degrees of freedom (dof).

Question: How many propagating dof does GR have?

Make the choices

Eliminate some of the hij

Finally the TT gauge:



Solutions in vacuum are plane waves

The polarizations

Structure of space-time

Expansion in Fourier space:



Effect on masses: study the geodetic deviation for two geodesics

The + polarization:

The x polarization



Feynman showed that GWs do work and carry energy. Energy of a

wave is  E~h^2, so second order!!! Do expansion:

Rewrite the Einstein eqs and average of wavelengths:

Define the energy momentum tensor of the waves



Do the expansion:

The GW energy momentum tensor is 

The energy flux and momentum carried by the waves are:



Solutions with sources via retarded Green’s function

The solution can be written

Low velocity expansion



Define moments

Introduce quadrupole tensor



Radiated power and angular momentum

Radiation from Octupole:



Inspiral binaries in circular orbits

Power emitted 

Frequency of the GW!



Introduce the chirp mass

The system is losing energy thus the frequency changes



Time to coalescence

Change of amplitude

with time



Elliptical orbits

Radiated power



Average over orbit

Change in period



Change in orbital elements

Orbit circularization

Time to coalescence (eg Hulse-Taylor pulsar)



Do rotating spherically symmetric objects emit GWs?

NO!

Inertia tensor

Go to a rotating frame



The quadrupole tensor is 

What happens for spherically symmetric objects (a=b=c)?

In general



The Post-Newtonian expansion (PN):

Decompose in terms of v/c

Expand the geodesic equation

The expansion becomes



Where
0PN (Newton’s term)

1PN

2PN

2.5PN

Not conservative!!!
Reason for GWs
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GWs require photon-based distance measurements to be detected! We need

something that travels at the speed of light (which is constant), hence:



Laser interferometry

(Michelson 1887)

Electric field measured:



Connection with GWs (effect on distances)

Similarly (on the way back):

Total time and difference in phase:



The detector measures the total strain but measurements given in

terms of signal-to-noise

Final measurement depends on the transfer function T(f)

The output also includes the noise (more later)

Depends on detector geometry



Spectral noise density is variance of the noise:

Signal to noise ratio (K is the filter function):

Noise:

Spectral noise density



Final expression for the Signal to Noise:

Then

Example 1: stochastic backgrounds

Optimal filter



Example 2: Distance to coalescing binaries

Averaging over inclination etc we can solve for the distance 

Function that depends on geometry 
of the system, inclination etc



Average amplitude on Earth and length of detector

Sources on noise:

1) Shot noise: photons are discrete! They follow Poisson distribution

Total signal to noise:

Large N limit of Poisson → Gaussian!
Can you prove it?



2) Radiation pressure (laser beam hitting mirror)

3) The quantum limit (shot noise+rad pressure)

4) Seismic noise
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LIGO detection (2015):

The two LIGO detectors. The signals 
have to appear in both of them!

Processed to look real (noise reduction etc)
Notch → Removes noise eg at 60Hx etc.



The signal (strain) from both LIGO detectors (S/N~24):

The signal in time – frequency and strain-frequency domain:



Fit to the data:



Overview and comparison of all GW observations



Overview and comparison of all GW observations (update Dec. 2018)



Overview and comparison of all GW observations (update Dec. 2018)
ArXiv: 1811.12907



Merger rate of events (up to Dec. 2018), as a function of redshift and mass ArXiv: 1811.12940

Cutoff at ~45Msun



Overview and comparison of all GW observations (update Oct. 2020)
arXiv: 2010.14527
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Overview and comparison of all GW observations (update Oct. 2020)
arXiv: 2010.14527



Overview and comparison of all GW observations (update Oct. 2020)
arXiv: 2010.14527



Neutron star- neutron star binary: there’s an optical counterpart!

Neutron stars are collapsed stars, supported by neutron degeneracy

pressure. Masses <1.4 Msun

Usually emit radiation in pulses (→ pulsars)

LIGO saw event GW170817 linked to GRB170817A, detected by

Fermi



Detected by 2 LIGOs and Virgo → triangulation!

Spin of the objects is important in this case: 



Other GW experiments/detectors:

BICEP 2

LISA
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GRB170817A was observed ~1.7 s after GW170817 →
1) Constraints on speed of GWs and modifications of gravity!

     

2) Optical counterpart → redshift → cosmological constraints

3) Possible constraints on the equation of state of neutron stars  



1) PBHs (see Inflation lecture) may scatter in clusters (aka 
hyperbolic encounters)

     

2) Amplitude and power emitted

1711.09702



3) Frequency domain and power spectrum 

4) The quadrupole tensor is given by 



5) The power spectrum:

6) Total power and peak frequency

Hankel function



7) Peak frequency is important (detectable by LIGO)

8) GW memory effect! After scattering (ω→0) spacetime 
remembers event…



9) Possibility of detection by LISA-LIGO:
i) LISA+LIGO are sensitive in specific frequencies-strains.
ii) These are known as sensitivity curves (see below).
iii) PBH by hyperbolic encounters gives unique predictions for strain+frequency. Also unique stain for 

detector.
iv) The scattering will be seen as a unique (not periodic even like in the binaries) event, aka a glitch.



1) Michele Maggiore, Gravitational Waves Volume 1: Theory and experiments, 
Oxford University press (2007)

2) LIGO detection papers: 
    https://www.ligo.caltech.edu/page/detection-companion-papers

3) Luc Blanchet, “Energy losses by gravitational radiation in inspiralling compact 
binaries to five halves post-Newtonian order”, gr-qc/9603048 

4) Jorge L. Cervantes-Cota et al, “A Brief History of Gravitational Waves”,    
    arXiv:1609.09400

5) P.C. Peters, “Gravitational Radiation and the Motion of Two Point Masses”,      
 Phys.Rev. 136 (1964) B1224-B1232
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