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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






Three(ish) Detections in the 
first science run (O1)







Simple Michaelson Interferometer 






The Ligo Detector
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Likely Location
of GW150914





4 km

LIGO Livingston



Mid-Station

LIGO Hanford





Neutron star

Cassiopeia A

•Young (~300 yr) compact object
•Position is well known
•Unknown spin-down parameters



Neutron Star Inspiral





Cosmic Microwave background as seen by Planck

Stochastic Background*

*Microwave
Background from the 

Planck satellite









Noise Spectra of the 
Livingston detector



• Binary pulsar J0737-3039 results constrain only 
the 0PN term in a parameterized model of 
deviations from GR

• The dynamical evolution of the waveform 
through merger of GW150914 provides bounds 
on values to 3.5PN due to the dynamics of the 
merger

• Evolution of phase over time of the signal limits 
the amount of dispersion the signals suffered in 
propagating ~ 1.2 x 109 years 

– Lower limit on graviton \wavelength: λg > 1013 km
– Upper limit on graviton mass: mg ≤ 1.2 × 10−22 eV/c2

LIGO-G1601964-v1 30 7th International Workshop on Astronomy 
and Relativistic Astrophysics, Gremado, 

Brazil  9-13 October 2016

Tests of General Relativity based on 
GW150914



Parameter estimates for the 3 
events

Final black hole (dimensionless) spins

Event luminosity distances (assumes LCDM cosmology)Effective spin parameter vs. mass ratio



LIGO observations have bounded event rates 
for similar systems to those observed

• Rates within 
previously 
estimated values 
prior to detection

• Rates exclude 
most pessimistic 
values

https://arxiv.org/abs/1606.04856



Observations cannot say much 
about spin at this time

LIGO-G1601964-v1 33 7th International Workshop on Astronomy 
and Relativistic Astrophysics, Gremado, 

Brazil  9-13 October 2016

https://arxiv.org/abs/1606.04856

















Gravitational Waves propagate 
through space

May 15, 2016 Matthew Evans at JHU 41






Simulation of the binary black-hole 
coalescence GW150914






Simulation of the binary black-hole 
coalescence GW151226











Black Holes Everywhere

May 15, 2016 Matthew Evans at JHU 45credit John M

BNS NSBH BBH POP3?

First Stars Formed



Early Noise Progression Livingston 4km

S1
S2
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Observed Effects of Gravity’s Distortion of 
Space

48

Gravitational Lensing – light 
bends around massive object

“Einstein’s Cross” – quasar’s light bends 
around a galaxy.  
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LIGO Scientific Collaboration 50

 

 

Advance Ligo Seismic 
Isolation is designed so 
as not to be a limiting 
noise source

Estimated Gravity 
Gradient noise

Residual Seismic Noise



Quad Suspensions

• Quadruple 
pendulum:
– ~107 attenuation 

@10 Hz
– Controls applied to 

upper layers; noise 
filtered from test 
masses

• Seismic isolation and 
suspension together:

10 19 / tH  t 10 

 Fused silica fiber
Welded to ‘ears’, 
hydroxy-catalysis 
bonded to optic

Magnets

Electrostatic



New Int er nal  Seismic Isol at ion 
Syst em



Black Hole Mergers



Stochastic Waves





Bar 
Detectors



Vacuum tube enclosures test

G0900437                         19May09      UC Davis
57
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Stochastic,
BHBH

NSNS

Burst

  Pulsar

Suspension
Substrate

Coating

Quantum

Gradient,
Gas

Merger

Merger

Sco X-1

LIGO now

Advanced Ligo
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