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The existence of gravitational radiation was 
predicted by Einstein more than 100 hundred years 
ago…

… but until September 14th 2015 there was no direct 
confirmation of its existence.



Einstein equations

Train graveyard, Uyuni (Bolivia), 1999          
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• Nothing exemplifies this statement better than 
gravitational waves. 

• Compelling observational evidence of its existence 
obtained 60 years after its prediction (Pulsar binary). 

• Direct detection was expected towards the centennial 
of the theory. 

Centennial Day: November 25 2015. 

• This detection occurred on September 14 2015 and 
was announced on February 11 2016.

General Relativity 
“a theorist’s Paradise but an experimentalist’s Hell” 

(Misner, Thorne & Wheeler, Gravitation (1973))



Evidence prior to 
September 14 2015



The only experimental evidence for the existence of 
gravitational waves came from the study of binary pulsars.

What is a pulsar?      (J. Bell 1967) 

•  very compact star 
•  very fast rotating star 
•  strong magnetic field 

The first binary pulsar, PSR 
B1913 + 16, was discovered 
by radio astronomers Russell 
Hulse and Joseph Taylor in 
1974.

Hulse Taylor

The Hulse-Taylor binary pulsar



The collision of the 
two stars will occur in 
about 240 mill ion 
years ...

The decrease in the orbital 
period in PSR B1913 + 16 
is ~10 µs per year  

(~ 3.1 mm per orbit).

The orbital evolution of the 
Hulse and Taylor pulsar 
agrees with that of a system 
that emits gravitational 
rad i a t i on a c co rd i ng t o 
General Relativity.



What are gravitational 
waves?



Far away from the sources of the gravitational field, 
where the field is weak, the Einstein equations become a 
wave equation.

Geometry Matter

Einstein Equations

Weak field: gµ⌫ = ⌘µ⌫ + hµ⌫ (Minkowski + perturbation)
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General solutions that describe the propagation of a wave 
in the   -direction 

Such waves can be interpreted as "ripples" of space-time 
that propagate freely at the speed of light.

The solution to the wave equation are the gravitational 
waves, caused by the motion of mass distributions. 
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Effect of a gravitational wave on matter 

A gravitational wave produces tidal forces on any object it 
passes over. The distance between the test masses expands 
and contracts according to the frequency of the gravitational 
wave.



Quadrupolar formalism (Einstein-Landau-Lifshitz)

Simple estimation of the energy emitted in gravitational waves by 
an astrophysical source, under the constraints of weak field and 
slow motion (R ⌧ �)

We expand the Newtonian gravitational potential in the "wave 
zone":
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Estimates

The amplitude of a gravitational wave is usually 
expressed by a dimensionless quantity h that 
measures the relative displacement in length L that 
separates two test masses:

The amplitude of gravitational radiation produced by a 
source at a distance r:
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Example
Source of gravitational waves in the Virgo cluster radiating an 
energy equivalent to a solar mass per unit time. 

Therefore, a detector with base length of 104 m could measure 
changes in the relative length 

that is, of the order of a hundredth of a Fermi! That is, of the 
order of one hundredth the size of an atomic nucleus. 

The above estimate is very optimistic. The emission of 
gravitational radiation in astrophysical sources is much 
lower.



Example 2: Astrophysical source of mass      and radius    . 

Quadrupolar moment:
Q ⇠ "MR2

M R

parameter that measures the asymmetry of the source.

characteristic time of 
evolution of the source.

"
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Expressing the mass of the source in terms of its Schwarzschild 
radius and introducing a characteristic velocity
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R
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Gravitational waves 
sources



Continuous sources: rotating neutron 
stars and pulsars. Periodic signal.

Collision of compact binaries: 
inspiral, collision and pulsation of black 
holes and neutron stars. Chirp type 
signal.

Short eruptions: supernovae, non-
modeled transient sources. “Burst” type 
signal.

Stochastic sources: gravitational 
radiation background from the Big Bang.



Sensitivity curves of the PTA projects, the eLISA space 
interferometer and the aLIGO and aVIRGO terrestrial 
interferometers. They cover complementary frequency 
bands.

Font, Sintes & Sopuerta (2015)
arXiv:1506.03474

Moore, C. J., Cole, R. H., & Berry, 
C. P. (2014). Gravitational-wave 
sensitivity curves. Classical and 
Quantum Gravity, 32(1), 015014.

http://arxiv.org/abs/1506.03474


GW detectors



The (infinitesimal) change in the length of the arms 
causes a change in the intensity of the light (interference 
fringes) observed at the output of the interferometer.

ASTRONOMY: ROEN KELLY





LIGO Hanford Observatory



LIGO Livingston Observatory



Virgo Observatory



Detector Virgo



Virgo Valencia Group



Virgo Valencia Group



Virgo Valencia Group



Virgo Valencia Group



Virgo Valencia Group
Credit Einstein Toolkit



Advanced detectors



Expanded Interferometer Network 
2020+



The small amplitude of gravitational waves makes it 
necessary to minimize possible sources of noise.

Shot noiseThermic 
noise

Sismic 
noise

Advanced 
Interferometers

Initial  
interferometers
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Estimated progress (arXiv:1304.0670)



Estimated progress (arXiv:1304.0670)



Advanced detectors: a factor 10 in distance
• They will cover some 100,000 galaxies. 

• Rate of events per galaxy: 1 every 10,000 years ... 
• Approximately 1 event per month!

NS/NS, initial LIGO:  
~15Mpc, 1 event / 50 years 

NS/NS advanced LIGO:  
~200Mpc, 40 events / year



Einstein Telescope (2025+)

Third generation detector (post aLIGO, aVirgo and 
KAGRA). Concept design study funded by the EU.
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aLIGO 0.4-400 0.2-300 2-4000

ET 103-107 103-107 104-108



LISA: spatial interferometer (2034)

A "Mother" ship and two "Daughters" ships orbiting the Sun in a 
triangular configuration. 
Satellites separated by 1 million km and connected by laser beams, 
forming the arms of a high-precision interferometer. 

AEI/MM/exozet

elisascience.org

Misión L3 ESA 2034



LISA Pathfinder (2015)

ESA/
Astrium/ 
IABG

Objective: to place two test masses in near perfect free fall and 
control relative movement with unprecedented precision. The 
environment of the test masses will be the quietest place in the 
Solar System. Spanish participation (IEEC). 
Launch 2/12/2015 rocket VEGA (Kourou, French Guiana).



Some GW events



GW150914



Compact binary mergers



A catalog of 174 binary black hole simulations for gravitational 
wave astronomy, Mroué et al, Physical Review Letters (2013)

35 orbits, 91 BBH with precession, M1/M2=1:1 - 8:1,             
spin: 0  - 0.98, orbital eccentricity: % - 10-5



GW150914: black hole binary coalescence 

The signal increases in frequency and amplitude from 35 Hz to 
150 Hz en 



GW150914: spectrogram  



• Upper bound for the mass of the graviton (particle mediator of 
gravitational interaction).

• GW150914 demonstrates the existence of black holes of stellar 
origin more massive than         and establishes that binary 
systems of black holes exist in nature and can merge in times less 
than the age of the Universe.

In GR the graviton has zero mass and travels at the speed of light:
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If    is finite, low frequencies propagate more slowly than high 
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GW170814





GW170817
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Measure of H0



GW190521









Conclusion



Electromagnetic waves allow us to recognize the visible 
Universe - matter and radiation interaction.

Electromagnetic spectrum

NASA/CXC/
M.Weiss



Hay otros mensajeros cósmicos que nos permiten conocer 
cómo es nuestro Universo: 
• Neutrinos (Sol, SN1987A - IceCube 28 PeV neutrinos, Mayo 2013) 
• Ondas gravitatorias



Einstein predicted the existence of gravitational radiation. 100 years 
later his "gravitational symphony" is being completed … 

Great theoretical (numerical relativity) and experimental (terrestrial 
and space interferometers) efforts for its detection.

With the launch of gravitational wave detectors (terrestrial and in 
space), the 21st century is witnessing the birth of gravitational 
wave astronomy: a new window to the universe.

Simulation Detection



The era of multi-messenger 
astronomy


