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…And as noted on slides







Hevelius, contemporary of Galileo

1609: Galileo observes the heavens
(and lands in jail) 



Isaac Newton, 1687:
Philosophiæ Naturalis Principia Mathematica 

aps.org

https://en.wikipedia.org/wiki/Philosophi%C3%A6_Naturalis_Principia_Mathematica


Albert Einstein
1915









Effect on Earth: tiny change 
in length of Meter Stick

From a Meter to 
1/10 human hair is
a factor of 1 million

Then…



From a Meter to 
1/10 human hair is
a factor of 1 million

Divide that by a million

Divide that by a billion

That’s 10-21m



Rai Weiss,
circa 1967



European Space Agency







If we make the arms 10x longer,
the effect is 10x bigger

(longer antenna à bigger signal)



First prototype detectors in 70’s – 80’s
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Vacuum chambers to 
protect and isolate optics
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LIGO Laboratory 
– Caltech, MIT  –
built observatories 

in ‘90s, and…

LIGO Livingston

…Observed with 
the initial detectors 

2005-2011, 
and saw…



nothing



Initial Detectors

That is to say, we saw no gravitational-wave signals. 
We learned how to build and commission detectors

We learned how to analyze the data
We created new upper limits and significant ‘non-detections’

…but it was clear we needed more sensitive detectors.



M. Evans Initial Reach
If we had one 
signal here…

Advanced Reach
…we would have  

1000 here!

Initial LIGO to Advanced LIGO:
Volume of space grows as the cube of sensitivity…

factor of 10 improvement means 1000x more stars in reach



Reality 
axis

Incredibly complex design, 
and hardware, needed 



Inspecting mirror during fabrication



Optics Table Interface
(Seismic Isolation System)

Damping Controls

Electrostatic
Actuation

Hierarchical Global
Controls

Mirror Isolation from Seismic noise
Quadruple pendulums; 

final stages built out of pristine glass
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Final elements
All Fused silica 
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1.3 Billion years after the Black Holes merged..
(and multicellular life started on earth…)

100 years after Einstein predicted gravitational waves…

50 years after Rai Weiss invented the detectors...

20 years after the NSF, MIT, and Caltech Founded LIGO...

10 years after Advanced LIGO got the ok...

6 months after starting detector tuning...

Two days after we started observing...



September 14, 2015 at 05:51 EDT:

Cosmic Rendezvous

1/10 of a second







This measured signal…

…minus Einstein’s 
prediction…

…equals noise
PRL 116, 061102 (2016) 



LIGO can actually 
measure the change 
in distance between 

our optics, 
due to a passing 
space-time ripple

An astonishingly tangible connection between:

the most cataclysmic conditions of space and time, 
– and –

stuff we make with our own hands





Was it a fluke? A one-time miracle?
…was it just a 1-in-100,000-years chance?



Currently 10 Black-hole binaries discovered



And that’s not all!



On 17 August 2017, LIGO and Virgo 
saw something new: 

Two Neutron Stars coalescing





LIGO/Virgo have observed gravitational waves from 
a binary neutron star inspiral!

LIGO-Virgo/Geoffrey Lovelace, Duncan Brown, Duncan Macleod, Jessica McIver, Alex Nitz

1



LIGO, Hanford, WA

LIGO, Livingston, LA

Virgo, Cascina, Italy



But not only gravitational waves…







Hubble/NASA





ESO-VLT/X-
Shooter





What’s next for LIGO?
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The advanced GW detector network

Advanced 
LIGO 

Hanford,
Livingston 

2015 

Advanced 
Virgo
2017

LIGO-India
2024

KAGRA
2019



Future Improvements: Reaching even further
● Want to fully exploit the observatories we have
● Ultimately will want more sensitive instruments – longer arms, 

quieter places
On earth….



AEI Max Planck

And in Space: LISA, a joint European-US mission
planned for the 2030’s



LIGO Scientific Collaboration



● (on Page 8



The 2017 Nobel Prize

Rai Weiss Barry Barish Kip Thorne
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