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Einstein’s legacies

A story about our quest to study the Universe using a 
new messenger

Gravitational radiation – waves that are an essential 
part of the Theory of General Relativity

The detectors we use are the most sensitive position 
meters ever operated

Quantum mechanics becomes a limiting factor 
when measurements get so precise

Einstein struggled with both ideas





Starry nights to violent worlds



A Black Hole (GRO J1655-40)

Surrounding gas flickers at 450 Hz
possibly due to Black Hole spin
(Chandra Xray Observatory)



Gravity’s messenger



Understanding gravity

Newton (16th century)
Universal law of 
gravitation

Worried about action 
at a distance

Einstein (20th century)
Gravity is a warpage 
of space-time

Matter tells spacetime 
how to curve  
spacetime tells matter 
how to move
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Spacetime curvature

The mass of an 
object curves the 
spacetime fabric

When the massive 
object vibrates, 
“ripples” of the 
spacetime propagate 
outward from it 

Image courtesy plus.math.org

Image courtesy lisa.nasa.govGRAVITATIONAL WAVE



Gravitational Waves are a 
prediction of general relativity 
“Ripples in space-time fabric”
traveling at speed of light

Stretch and squeeze the space 
transverse to direction of propagation

Strength strain

Emitted when large gobs of mass
accelerate

Gravitational wave (GW) basics
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Astrophysics with 
Gravitational Waves vs. Light

Very different information, mostly mutually exclusive
Difficult to predict GW sources based on EM             
observations

Light GW
Accelerating charge Accelerating mass

Images (pretty pictures) Waveforms (pretty sounds)

Absorbed, scattered, 
dispersed by matter

Very small interaction; 
matter is transparent

100 MHz and up 10 kHz and down



Astrophysical sources of GWs
Ingredients

Lots of mass (neutron stars, black holes) 
Rapid acceleration (orbits, explosions, 
collisions)

Colliding compact stars
Merging Black Holes

Supernovae
The big bang

Earliest moments
The unknown

Looking back in time

CMB
400 thousand 

years

Now
13 billion 

years

GWs
0 years



Black hole mergers

Yellow contours
Tidal forces

Red contours
GWs

Courtesy of J. Centrella, NASA

Courtesy of S. Hughes, MIT



The sounds of the Universe

Gravitational waves 
can be encoded into 
sound
The sounds can give 
us a very accurate 
picture of how the 
source behaves
Change frequencies 
(like false color)

Binary black holes 
with almost equal 
mass (3:1 ratio)

Schwartzschild
(no spin)

Kerr
(spin like whirlpools)

Sounds courtesy Scott Hughes, MIT



A bit of history
Gravitational radiation was first introduced by Einstein in 
1916 in his seminal paper on General Relativity
In a subsequent paper in 1918 Einstein gave the 
first correct formulation of gravitational waves
But he himself remained uncertain 
(not just of how immeasurably weak 
they are, but of their very existence)
Submitted a retraction in a paper 
with Rosen in 1937
Retracted the retraction after 
discussion with Infeld and Robertson
Doubts and controversy finally subside after 1957 
Experiment and observation have the final say 
(as usual) … 



PSR 1913 + 16
Two neutron stars orbiting each 
other at 0.0015c
One is a pulsar with its 
lighthouse beam pointed 
toward us
Emit GWs and lose energy
Measured change in orbital 
period due to GW emission

The evidence, at last

Exactly as 
predicted by GR 
for GW emission

Hulse & Taylor’s Binary Neutron Star System
(discovered in 1974, Nobel prize in 1993)

Change in
orbital period

Years



More evidence from CMB         
polarization ?

B modes !!!
Or dust ?

South Pole Telescope
BICEP2



Strength of GWs

In our galaxy (21 thousand 
light years away, 8 kpc)

h ~ 10 18

In the Virgo cluster of 
galaxies (50 million light 
years away, 15 Mpc)

h ~ 10 21

Typical binary pulsar at the end of its lifetime
(100 million years from now)
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Brain Pain !



How to directly detect a 
gravitational wave ?



Simple concept, 
challenging implementation

Make mirrors that are very still
Vibration isolation and 
thermal fluctuation control

Use laser light to probe the mirror position
Ultra-high precision optical measurement 
Manipulate quantum fluctuations of the light

Laser
Laser



Global network of detectors

LIGO

LIGO

LISA

VIRGOGEO

ACIGA

KAGRA

??

??



10 kg Fused Silica
25 cm diameter

10 cm thick



LIGO listened…
And had something to say



Astrophysics with 
first generation detectors

Journals include 
Physical Review 
Astrophysics Journal
Nature
Classical and Quantum 
Gravity
New Journal of Physics

Topics include
Neutron star and black 
hole coalescence
Gamma-ray bursts
Known pulsars (e.g . 
Crab)
Unknown pulsars
Transient sources 
(“bursts”)
Cosmological stochastic 
background

Over 50 published results

No direct detections
(yet)



The search for GRB070201
GRB 070201

Very luminous short duration, hard 
gamma-ray burst
Detected by Swift, Integral, others
Consistent with being in M31
Leading model for short GRBs: 
binary merger involving a
neutron star

Looked for a GW signal in LIGO
No plausible GW signal found
Can say with >99% confidence 
that GRB070201 was NOT caused 
by a compact binary star merger 
in M31

Conclusion: it was most likely a 
Soft Gamma Repeater giant flare 
in M31

Abbott et al., Ap. J 681, 1419 (2008)
Mazets et al., Ap. J 680, 545 (2008)
Ofek et al., Ap. J 681, 1464 (2008)

25%
50%
75%
90% DM31



Can we listen to fainter or 
more distant sounds?



Advanced LIGO

Phases of LIGO (~2000 to 
2020+)

Shot noise
SNR Power

Seismic 
noise 

Thermal 
noise 
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When telescopes improve



Advanced LIGO is happening now!

Same facilities 
and infrastructure

New detectors



Advanced LIGO 09/26/2014



The Quantum Limit



A fundamental question

We use light to measure the position of a particle (our 
mirror)

But light (photons) carries momentum that can be 
transferred to the particle

The momentum imparted by the light kicks the particle

Quantum uncertainty in the photons quantum 
fluctuations in the mirror position (because of the 
momentum transfer)



So how can we know the position of the mirror 
if our very attempt to measure moves it ?

Quantum Mechanics 
Measurements have uncertainty, no matter 
how perfect the measurement apparatus



Quantum uncertainty in LIGO

Radiation pressure noise
Stronger measurement 

larger backaction

Shot noise
More photons (laser power)
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Quantum giants

The 40 kilogram mirrors of Advanced LIGO 
are to be so well shielded from other forces 
that they can exhibit quantum behavior 

This is truly remarkable. 
Quantum physics governs 
the microscopic world, but 
we may observe it in human 
scale objects 



When the elusive wave is 
captured…

Tests of general relativity
Directly observe ripples of 
space-time

Astrophysics
Directly observe the Black Holes, 
the Big Bang, and objects beyond 
our current imagination

Directly observe quantum mechanical 
phenomena in human scale objects



Cast of Characters > 800



New eyes observe the Universe
and ears

^

???     

Visible (1957) Infrared (1991) 

COBE (1998) -rays (1995) 

GRBs (1995) 



The EndThe End
(but this is just the beginning)




