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2016: One hundred (one)

years of General Relativity
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One hundred (one) 

years of successes
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“Matter tells space time how to curve, and curved 

space time tells matter how to move.”
- John Wheeler
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Einstein's Last Great Prediction...
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The Nobel Prize in Physics 1993 was awarded jointly to 

Russell A. Hulse and Joseph H. Taylor Jr. "for the 

discovery of a new type of pulsar, a discovery that has 

opened up new possibilities for the study of gravitation"
J.H. Taylor and J. Weisberg,  “A New Test of General 

Relativity: Gravitational Radiation and the Binary 

Pulsar PSR 1913+16,” Astrophys. J. 253, 908 (1982).

1980’s: Indirect 

evidence for 

gravitational waves

…but until now they had never been directly detected.
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A gravitational wave is a propagating 

disturbance of the space-time

When masses move rapidly, the 

space-time becomes stirred by 

their motion:

Gravitational waves start traveling 

outward with the speed of light
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Gravitational waves in a nutshell

 Unavoidable consequence of General Relativity

 Classical phenomenon (as far as we know)

 Theory and phenomenology well understood

 Measured in the weak regime

 Can be used to probe strong gravitational fields

 Can be used to test GR or alternative theories

 Can be used to test fundamental physics

 Information complementary to light and particles
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A bit of theory

Weak field limit:
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Vacuum solution

where

Transverse, two polarizations, speed of light
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What is the effect of a gravitational 

wave?
“+” polarization:

“x” polarization:
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Gravitational waves are tiny!

Distance Earth-Sun (1.5 x 107 km)….

…stretches by a fraction of an atom!

For two coalescing compact objects into a black hole:

How do we detect them?
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Compact binary systems

Compact binary systems Bursts

Isolated compact objects Stochastic background

Sources we can probe
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The gravitational-wave spectrum 
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Laser Interferometer 

Gravitational-wave Observatory

Hanford, WA

Livingston, LA
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LIGO Schematics
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What it looks like from the 

outside Photo credits: LIGO Laboratory; Kai Staats. 
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What it looks like from the inside

Photo credits: Kai Staats. 
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Virgo

GEO

LIGO Livingston

LIGO Hanford

LIGO India

KAGRA

International network
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Partners
75+ agreements with astronomers 

for electromagnetic follow-up

MOUs with Icecube, Antares for 

neutrino follow-up
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Laser light travels on light cones:

On the x-axis, integrate from x=0 to x=L

Repeat for y-arm. Difference is (h   = -h   = h):
11 22

N

trips

ds
2 = −𝑐2dt2 + 1 +hij dx𝑖dx𝑗 = 0

The gravitational strain

“strain”
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Required sensitivity for these

sources

Can we reach this precision?

If we look at on/off fringes, with a 4-km arm:

but...
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Required sensitivity for these

sources

Can we reach this precision?

If we look at on/off fringes, with a 4-km arm:

…first build up power in the arms



LIGO Document G1600940-v1

Required sensitivity for these

sources

Can we reach this precision?

then…

If we look at on/off fringes, with a 4-km arm:
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Average flux of photons

Fluctuations (shot noise):

200 W of laser light carries 10   photons per second, 

giving a sensitivity of

19
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B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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• 7 ms delay between 

arrival times at 

Livingston and Hanford

• Filtered to remove low 

frequency fluctuations 

and single frequency 

lines

• Hanford’s data inverted 

to account for 

orientation of detectors

LIGO’s first detection
GW150914: September 14, 2015, 9:50:45 UTC
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B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102

Inspiral: low velocity 

and weak 

gravitational field. 

Late inspiral/plunge: 

high velocity and 

strong gravitational 

field.

Merger: nonlinear 

and non 

perturbative effects.

Ringdown: 

excitation of 

quasinormal modes
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Black hole masses

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) arXiv 1606.01210.

Black hole masses
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Distance and final black hole

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Distance and final black hole

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Spins

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Spins

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) arXiv 1606.01210.
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GW150914 statistical significance

•False alarm rate is 

less than 1 event 

per 203,000 years

•A significance of   

> 5.1 sigma 

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Where did it come from?
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Skymap sent for EM follow-up

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration + Astronomers) arXiv:1602.08492
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Astrophysical 

implications

B. P. Abbott et al. (LIGO Scientific 

Collaboration and Virgo 

Collaboration)arXiv:1602.03842

B. P. Abbott et al. (LIGO Scientific Collaboration 

and Virgo Collaboration) ApJL, 818, L22, 2016
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General Relativity tests

 Inspiral, merger and ringdown consistency tests

 Tests of QNMs

 Deviations from GR waveforms

 Graviton Compton length
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IMR consistency tests

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) arXiv:1602.03841
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IMR consistency tests

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) arXiv:1602.03841
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QNM tests

Can we probe the event horizon 

from the ringdown?
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QNM tests

Can we probe the event horizon 

from the ringdown?

 One measured damped 

mode

 Quality factor can be 

obtained with different mass 

and spin, overtones, 

harmonics.

 Consistent with GR but 

inconclusive

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys.Rev.Lett. 116 (2016) no.22, 221101
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Deviations from GR waveforms

 Allow for fractional changes 

with respect to the GR value

 Obtain constraints on 

possible deviations from GR
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Deviations from GR waveforms

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys.Rev.Lett. 116 (2016) no.22, 221101

 Allow for fractional changes 

with respect to the GR value

 Obtain constraints on 

possible deviations from GR
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Graviton Compton length
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Graviton Compton length

Limit on graviton mass: mg ≤ 1.2 × 10−22 eV/c2

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys.Rev.Lett. 116 (2016) no.22, 221101
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LIGO has opened a new window on the universe 



LIGO Document G1600940-v1

LIGO has opened a new window on the universe 

In the next 5 years, it is likely we will have:

 Hundreds of compact binary coalescence and other source detections

 SNR ~ 100 (GW150914 is ~ 24)

 Observation of fine details of these systems (number, distances, masses, 

spins, EoS, environment...)
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LIGO has opened a new window on the universe 

In the next 5 years, it is likely we will have:

 Hundreds of compact binary coalescence and other source detections

 SNR ~ 100 (GW150914 is ~ 24)

 Observation of fine details of these systems (number, distances, masses, 

spins, EoS, environment...)

What can we do with this information?
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Challenges / food for thought
 What can we learn on the structure, formation, evolution of black holes and neutron stars? 

Can we think of new measurable effects?
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Challenges / food for thought
 What can we learn on the structure, formation, evolution of black holes and neutron stars? 

Can we think of new measurable effects?

 Is GR the “correct theory” of gravity in strong regimes? Can we devise further tests of GR 
which exploit the information contained in GWs?

 Which alternative models of gravity can we rule out? Can we use LIGO detections to test 
Lorentz invariance or general covariance?

 Do “exotic” compact objects exist?

 Can we prove/disprove the presence of a horizon? Test the no-hair theorem? Laws of black 
hole mechanics/thermodynamics?

 Can we use this information to learn about the large scale structure of the universe, dark 
matter, dark energy?

 Can we probe quantum gravity with compact binary coalescence detections? Can we 
observe a new gravitational scale?

 Are there any other astrophysical/cosmological objects which can produce detectable GWs?

We have an open window in front of us, let's look what's beyond it!


