




Gravity
The history of our understanding of gravity goes back to a long time ago…

Aristotle (350 BC) 
All that is earthly tends 
toward the center of the 
Universe, i.e., the 
center of the Earth

Galileo Galilei (1638) 
All unequal weights 
would fall with the 
same finite speed in a 
vacuum

Isaac Newton (1687)
All bodies are subject 
to an attractive force 
described in 
mathematical terms

Albert Einstein (1915)
Gravity is a property of 
space and time, modified 
by the presence of 
matter







Gravitational Radiation 
is a Quadrupolar Strain 
in space-time

There are two 
polarizations

Space is very stiff
For astrophysical sources 
you might expect h~1e-21



How big is the effect?
Zooming into an Atom














Simple Michaelson Interferometer



Simple Michaelson Interferometer 








LIGO Hanford Observatory





LIGO Livingston Observatory















Cosmic Microwave background as seen by Planck

Stochastic Background*

*Microwave
Background from the 

Planck satellite



Super Nova

Pulsars



May 15, 
2016 Matthew Evans at JHU 26





Simulation of the merging 
of two black holes






150914







Warped Space and Time Around Colliding Black 
Holes

Image Credit: SXS, the Simulating eXtreme
Spacetimes(SXS) project 

(https://www.ligo.caltech.edu/video/ligo20160211v10
) 

https://www.ligo.caltech.edu/video/ligo20160211v10







How much energy was radiated away in GW?
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• The two black hole merged to form a single black hole of 62 
times the mass of the sun

• As they merged, the equivalent of ~3 times the mass of our Sun 
was emitted in gravitational waves 

• That is a lot!!! Let's compare:
• Our Sun has lost 0.03% of its mass in 5 billion years, through 

electromagnetic emission (so this was 10,000 times more, in < 1s)
• The power output was briefly large than all of the light from all of the 

stars in the visible universe

• And still, it produced only a tiny distortion here on Earth:   
space-time is very, very stiff (roughly 1022 times stiffer than steel)

> 1 PeV / m2 at Earth!





















Thank You for your 
attention
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A comparison of the GW150914 and GW151226 merging black hole binary 
systems: This artist's illustration depicts the merging black hole binary systems for 
GW150914 (left image) and GW151226 (right image). In the GW150914 event, the 
black holes were 29 and 36 times that of our Sun, while in GW151226, the two black 
holes weighed in at 14 and 8 solar masses. Image credit: LIGO/A. Simonnet. - See 
more at: http://ligo.org/detections.php#sthash.drzqF9rW.dpuf



GW sources for ground-based detectors:
The most energetic processes 
in the universe

Casey Reed, Penn State 

Credit: AEI, CCT, LSU

Coalescing 
Compact Binary 
Systems: Neutron 
Star-NS, Black 
Hole-NS, BH-BH

- Strong emitters, 
well-modeled, 

- (effectively) 
transient

Credit: Chandra X-ray 
Observatory 

Asymmetric Core 
Collapse Supernovae

- Weak emitters, not 
well-modeled 
(‘bursts’), transient 

- Cosmic strings, soft 
gamma repeaters, 
pulsar glitches also 
in ‘burst’ class 

NASA/WMAP Science Team 

Cosmic Gravitational-
wave Background

- Residue of the Big Bang, 
long duration

- Long duration,  
stochastic background

Spinning neutron stars

- (effectively) monotonic 
waveform

- Long duration
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