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Einstein: gravity = curved spacetime



Accelerating Mass: Gravitational Waves



Accelerating Mass: Gravitational Waves



Space-time is very stiff!

Wave
medium

elastic modulus 
(Gpa)

rubber 0.1

wood 10

steel 200

diamond 1200

spacetime 1024



The Challenge

NASA/Swift/Dana Berry

• Maximum strain from a 
neutron star binary in a 
nearby galaxy:

10-21



The Challenge

Gravitational 
wave stretching:

Sun – Earth 
distance:

width of 1 atom

150 million km
(93 million miles)



LIGO Hanford Observatory



LIGO Livingston Observatory





LIGO Hanford Observatory

The Challenge:        
The GW stretches LIGO’s 
arms by one part in 1021…



super-polished, low-absorption 
mirrors

big scary lasers!

sophisticated multi-stage 
vibration isolation suspension 
systems

Cutting – Edge Techology

world’s largest high vacuum
systems

KAGRA project 16

Status 
9 Connection and the 

leak tests of 3km X 3km 
beam tubes have been 
finished. 

Y arm tunnel and vacuum tubes

X arm tunnel and vacuum tubes



14 Sept 2015, 09:50:45 UTC



Credit: SXS Lensing



Nature’s Biggest Explosions

• Total energy emitted:   2 x 1041 kWh
• Peak luminosity:            3.6 x 1049 W
• All stars in Universe:      ~ 1048 W

At peak emission, GW150914 emitted more 
power than all the stars in the observable 

Universe.







A New Phenomenon …



17th Aug 2017, 1:41 pm:



Neutron Star

Black Hole







Short Gamma-Ray Bursts
the brightest explosions in the universe



Fermi

Integral



Speed of gravity
--------------------- =    1
Speed of light

Einstein says



Speed of gravity
--------------------- =    1
Speed of light

Einstein says

We measured
few seconds

1 +/- ---------------------- = 1 +/- 0.000000000000001 
130 million years



More Evidence for Dark Matter





Without Dark Matter …



The Origin of the Elements



Credit: Brian Metzger



1M2H/UC Santa Cruz and Carnegie Observatories/Ryan Foley





What’s next?







Image: NASA / WMAP Science Team (adapted)

cosmic 
microwave 
background

gravitational wave 
background

10-22

seconds



“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




