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Einstein: gravity = curved spacetime




Accelerating Mass: Gravitational Waves




Accelerating Mass: Gravitational Waves




Space-time is very stiff!
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The Challenge

e Maximum strain from a
neutron star binary in a

nearby galaxy: | ,‘3 @ .

102




The Challenge

Sun —Earth 150 million km
distance: (93 million miles)

Gravitational
wave stretching:

width of 1 atom




LIGO Hanford Observatory 2 .LIGO Livingston




LIGO Livingston Observatory
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LIGO Hanford Observatory




Cutting — Edge Techology

~ world’s largest high vacuum
systems

_ sophisticated multi-stage
vibration isolation suspension
systems

_» super-polished, low-absorption
mirrors

Big Scary Laser

Do not look Into beam ™, b|g Scary |asers!
with remaining eye (-




14 Sept 2015, 09:50:45 UTC
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Nature S Blggest Explosmns

. Total energy emltted 2 X 1041 kWh
5 Peak Ium|n051ty 3 6 X 1049W
% AII stars in Unlverse A 1048W
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At peak emission, GW150914 emitted more - .. -
power than all the stars in the observable
Universe.




Masses in the Stellar Graveyard

in Solar Masses




Nobel Prize in Physics

Scientists

Rainer Weiss,

Barry C. Barish

and

Kip S. Thorne

for decisive

contributions to

the LIGO detector and the
observation of gravitational waves
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A New Phenomen
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f a Massive Star

Massive Star

ystars .
» :
upergiant
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SUPERNOVA

 “,utron Star

Black Hole
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Short Gamma-Ray Bursts
the brightest explosions in the universe
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Einstein says

Speed of gravity

Speed of light




Einstein says

Speed of gravity

Speed of light

We measured

few seconds
1 +/- el =1 +/- 0.000000000000001
130 million years
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More Efv'idén'_c‘e fo r Dark Matter
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foreground galaxy

background galaxy

lensed image seen of
background galaxy




Without Dark Matter ...

foreground galaxy

background galaxy

lensed image seen of
background galaxy
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Credit: Brian Metzger
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Big Bang

Exploding White Dwarfs Cosmic Ray Fiss
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Merging Neutron Stars
Dying Low Mass Stars




What’s next?










seconds

gravitational wave
background

cosmic
microwave
background

380,000 =
years

Image: NASA / WMAP Science Team (adapted)

13.7\%
billion
years




“Einstein Telescope” (2030s)

an underground cryogenic detector in Europe




LISA : Laser Interferometer Space Antenna

-

(launch 2034)




Black-Hole Cannibalism

image: NASA / eLISA; sound: S. Hughes




Scientists '
found

grovitotionol

Waves in
Outer Space.
If only j¢

were that

easy to fing
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