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February 12, 2016: The day after
Boilermakers help prove Einstein 
theory 

Scientists make history by detecting 
gravitational waves 

BOILERMAKER-BUILT STAINLESS steel vacuum 
tubes at advanced scientific test facilities in Washington 
and Louisiana have contributed to a major 
breakthrough in physics and astronomy. On Feb. 11, 
scientists announced that for the first time ever 
mankind has detected gravitational waves that were 
postulated by Albert Einstein 100 years ago as part of 
his general theory of relativity. 

Tags  Headline News 
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https://www.boilermakers.org/news/headlines/Boilermakers-help-prove-Einstein-theory
https://www.boilermakers.org/news/headlines/Boilermakers-help-prove-Einstein-theory
https://www.boilermakers.org/news/headline_news


October 4, 2017: The day after

#EinsteinRight
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Einstein’s Gravity

“On the electrodynamics of moving bodies”, Einstein  
Annalen der Physik. 17, 1905

Special Theory of Relativity (1905) 

• The laws of physics are invariant in all 
inertial systems. 

• The speed of light in vacuum is the same 
for all observers. 



Einstein’s Gravity

Special Theory of Relativity (1905) 

• The laws of physics are invariant in all 
inertial systems. 

• The speed of light in vacuum is the same 
for all observers. 

Nothing can travel faster than the speed of light... 

.... including gravitational interactions. 

“On the electrodynamics of moving bodies”, Einstein  
Annalen der Physik. 17, 1905
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Einstein’s Gravity

General Theory of Relativity (1915)  

Gravity: 
Curvature of spacetime, produced by 
the matter-energy content in the 
spacetime.

Curvature Matter/Energy
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Classical Tests Negative of one of Eddington’s photographic plates from his 
expedition to the island of Principe, during the total solar eclipse 

on May 29, 1919

prediction: 1.75’’ 
observation: 1.61’’   0.40±
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the matter-energy content in the 
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Classical Tests

A journalist asked Einstein what he would do if 
Eddington's observations failed to match his theory.   

Einstein famously replied:  "Then I would feel sorry 
for the good Lord.  The theory is correct."



Classical Tests

General Theory of Relativity (1915)  

Gravity: 
Curvature of spacetime, produced by 
the matter-energy content in the 
spacetime.

Classical Tests (1916): 

• Deflection of light by the sun
• Perihelion precession of Mercury’s orbit

en.wikipedia.org

Perihelion
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General Theory of Relativity (1915)  

Gravity: 
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the matter-energy content in the 
spacetime.

Classical Tests (1916): 

• Deflection of light by the sun
• Perihelion precession of Mercury’s orbit
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en.wikipedia.org

prediction: 43.03’’ per century 
observation: 43.11   0.45 per century±

Perihelion



General Theory of Relativity (1915)  

Gravity: 
Curvature of spacetime, produced by 
the matter-energy content in the 
spacetime.

Classical Tests (1916): 

• Deflection of light by the sun
• Perihelion precession of Mercury’s orbit
• Gravitational redshift of light
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Classical Tests

Principle of Equivalence (1907):

At every spacetime point in an arbitrary gravitational field it is 
possible to choose a “locally inertial coordinate system” such that, 
within a sufficiently small region of the point in question the laws 
of nature take the same form as in unaccelerated Cartesian 
coordinate systems in the absence of gravitation.

�⌫

⌫

= �(x2)� �(x1)

Doppler shift in the spectral lines of white 
dwarf Sirius B and Eridani B, observed by J. 

Adams, 1925



Gravitational Waves

• One of the most interesting predictions of GR, is 
the existence of gravitational waves (GWs). 

• According to GR, a change in the matter 
distribution in spacetime, causes a change in the 
curvature of spacetime. 

• GWs are the propagating changes in the 
geometry of spacetime – ripples in the fabric of 
spacetime, that carry energy and angular 
momentum away from the source. 

wikipedia.org 



Gravitational Waves

• One of the most interesting predictions of GR, is 
the existence of gravitational waves (GWs). 

• According to GR, a change in the matter 
distribution in spacetime, causes a change in the 
curvature of spacetime. 

• GWs are the propagating changes in the 
geometry of spacetime – ripples in the fabric of 
spacetime, that carry energy and angular 
momentum away from the source. 

• GWs are produced by a time-varying quadrupole 
moment of a system (analogous to a time-varying 
dipole moment producing EM waves)
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Observational Evidence of gravitational waves

• Binary Pulsars: Binaries of neutrons stars/white 
dwarfs, where atleast one of them emit a beam of 
electromagnetic radiation. 

(C.Berry, LIGO) 
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Observational Evidence of gravitational waves

• Binary Pulsars: Binaries of neutrons stars/white 
dwarfs, where atleast one of them emit a beam of 
electromagnetic radiation.

• In 1974, Russell Hulse and Joseph Taylor, 
discovered the binary pulsar system PSR 
B1913+16.

• The decay in the orbital period of the PSR 
B1913+16 system was studied over a period of > 
30 years.

• First indirect evidence for the existence of 
gravitational waves. 
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GR prediction

Nobel Prize in Physics, 1993

wikipedia.org 



Direct detection of gravitational waves

• When GWs pass through an object, they create a 
time-varying tidal forces. Direct detection 
involves measuring these spacetime strains.

“x”-polarisation “+”-polarisation
wikipedia.org 

h =
�L

L



Direct detection of gravitational waves

• When GWs pass through an object, they create a 
time-varying tidal forces. Direct detection 
involves measuring these spacetime strains.

• These spacetimes strains can be measured by 
Michelson interferometers.

“x”-polarisation “+”-polarisation
wikipedia.org 

h =
�L

L

https://media.giphy.com/media/3o6UB2IcnqwluDIXv2/giphy-downsized-large.gif 
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LIGO

Laser Interferometer Gravitational-wave Observatory 

ligo.caltech.edu 

4 km long Michelson interferometers 

LSC & Virgo: Phys. Rev. Lett. 116, 061102 
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September 14, 2015

LSC & Virgo: Phys. Rev. Lett. 116, 061102 
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LIGO detections of BBH mergers



Tests of GR using gravitational waves

• Coalescences of binary black holes (BBHs) 
provides an opportunity to test GR in highly 
relativistic strong-field regimes of gravity.

LSC & Virgo: Phys. Rev. Lett. 116, 061102 



Inspiral-merger-ringdown consistency test

• The IMR consistency test is based on estimating 
the final mass and spin from the initial (low 
frequency) and final (high frequency) stages of a 
BBH coalescence and checking their consistency. 

AG et al. (PRD 94, 021101) 
AG et al. (arXiv:1704.06784)
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Inspiral-merger-ringdown consistency test

• The IMR consistency test is based on estimating 
the final mass and spin from the initial (low 
frequency) and final (high frequency) stages of a 
BBH coalescence and checking their consistency. 

• If GR is right, then the independent estimates of 
the mass and spin of the final BH should be 
consistent with one another. 

• Alternatively, one can define fractional 
parameters in the final mass and spin, that should 
be consistent with the GR prediction (0,0).
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Inspiral-merger-ringdown consistency test

• The IMR consistency test is based on estimating 
the final mass and spin from the initial (low 
frequency) and final (high frequency) stages of a 
BBH coalescence and checking their consistency. 

• If GR is right, then the independent estimates of 
the mass and spin of the final BH should be 
consistent with one another. 

• Alternatively, one can define fractional 
parameters in the final mass and spin, that should 
be consistent with the GR prediction (0,0).

GW170104

LSC & VIRGO: PRL 118.221101 

AG et al. (PRD 94, 021101) 
AG et al. (arXiv:1704.06784)
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Inspiral-merger-ringdown consistency test

• The IMR consistency test is based on estimating 
the final mass and spin from the initial (low 
frequency) and final (high frequency) stages of a 
BBH coalescence and checking their consistency. 

• If GR is right, then the independent estimates of 
the mass and spin of the final BH should be 
consistent with one another. 

• Alternatively, one can define fractional 
parameters in the final mass and spin, that should 
be consistent with the GR prediction (0,0).

• Finally, we combine information from multiple 
events to obtain tighter bounds on possible 
deviations from GR.

LSC & VIRGO: PRL 118.221101 

AG et al. (PRD 94, 021101) 
AG et al. (arXiv:1704.06784)



Inspiral-merger-ringdown consistency test

• Observation of GWs from a population of BBH 
systems would allow us to obtain much tighter 
constraints on possible deviations from GR.

• The test can be used to detect certain deviations 
from GR, for example, where the energy and 
angular momentum loss differs from the 
predictions of GR.

AG et al. (PRD 94, 021101) 
AG et al. (arXiv:1704.06784)



• In all the tests of GR performed so far using the LIGO and Virgo detections of gravitational waves, 
including the IMR consistency test, there have been no deviations from GR observed yet.

• All the detections are consistent with a quasi-circular binary black hole coalescence as described in GR.
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“Don’t Panic.” 
Hitchhikers’ Guide to the Galaxy
Douglas Adams 
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