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1916

Einstein just published his General Theory of Relativity, 
and is looking for ways to observationally test it. Albert Einstein
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gravity  =  curved spacetime
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gravitational waves: disturbances in the curvature of 
spacetime, generated by accelerated masses, that 
propagate as waves.
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Albert Einstein

To a large extent, gravitational waves 
are produced like electromagnetic waves.

ü An accelerated charged particle will emit waves.
ü Acceleration cannot be spherically symmetric.
ü Propagates with the speed of light.

v Gravitational wave emission requires a changing 
quadrupole moment.

v It is effectively changing distances perpendicular to the 
propagation (transverse wave).

v Polarizations: + and X (plus and cross).
v Amplitude decreases as 1/r.
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gravity is weak   è impossible to detect (?)



Resonance bar detectors (Joseph Weber)

1960’s

Concept: tidal forces due to gravitational waves 
distort the bar. It resonates if the distortion changes 
at the resonance frequency. 

Richard Feynman convinced the community at the 
1957 Chapel Hill conference (under pseudonym Mr. 
Smith) that gravitational waves are real using the 
“sticky bead” argument.

1969: Weber claims discovery of gravitational waves. 
He starts claiming regular detections. Others try but 
can’t reproduce his results.



Laser Interferometer 
Gravitational-wave Observatory

Courtesy: David Shoemaker

Rai Weiss

1968

Courtesy: David Shoemaker Courtesy: David Shoemaker

First experiment: laser interferometer with ~1m armlength.

(LIGO)



LASER INTERFEROMETER





Kipp Thorne started thinking about what could actually produce detectable gravitational waves.



Something heavy and small 
needs to accelerate a lot.

Image credit: Paramount pictures/Warner bros.



neutron stars

Proposed in 1934, ~1 year 
after the discovery of the 
neutron by James Chadwick!

Not taken seriously until 
the 60’s when pulsars were 
detected (Scorpius X-1, 
1967).

Neutron stars are born when the 

electric force is not strong enough 
to compensate the gravitational 

pull. Happens at a critical 1.4$⊙
mass (Charandrasekhar mass). Can be 

reached gradually in accreting white 

dwarfs or in stellar core collapse. 

White dwarf



neutron

½ page
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dark stars

John Michell
(1783)

• Matter could be even denser – if nuclear forces are also not sufficient 
keep matter from collapsing under gravity.

• “Dark stars”: hypothesized in the 1700’s that in stars that are 
sufficiently massive gravity can pull photons back, making the star dark.



“frozen stars”

above some mass limit (3"⊙), neutron stars collapse too 
(Tollman, Oppenheimer, Volkoff, 1939)

for an outside observer, time on the collapsing star stops



Massive “spheres” defined by their 
surface of no return (event horizon).

Event horizon

Schwarzschild radius

black holes

First observational clue in 
1972 in an X-ray binary 

(Cygnus X-1)



1979: a binary neutron star system is detected 
(with gradually decreasing separation due to gravitational waves)

Courtesy of Rana Adhikari (LIGO-G1101173)



• From gamma-ray bursts Thorne knew that neutron star mergers 
should exist and roughly know how often.

• He had no idea about black hole mergers.



GRAVITATIONAL WAVES
Estimated distance variation at Earth 

for typical neutron star merger: ~10-21

0.000000000000000000001



How can we reach such a sensitivity?
LIGO “noise curve”

Strain = fractional length 
change of interferometer 
arm.



Ron Drever, Kip Thorne, Rai Weiss, 1987
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1989 proposal to the NSF (artist’s rendition of LIGO)



Initial LIGO Hanford, WA



Advanced LIGO Hanford, WA





Seismic isolation



Vacuum 
tube

www.ligo.org





Hanford, WA Livingston, LA

Credit: LIGO



timeline
Sep 18, 2015

Jan 12, 2016

take data heretest that 
everything 

works

Sep 14

GW

9:50:45 UTC

trigger by generic search

+ 3 min

September 14th, 2015

Keita Kawabe

Marco Drago

Feb 11

J

time and initial results sent to 
electromagnetic and neutrino observatories



Abbott+ PRL 116, 061102 (2016) 

September 14th, 2015



Courtesy of Corey Gray





Abbott+ PRL 116, 061102 (2016) 



Searching for binary mergers

• 15 (+2+1) parameters describe the system.

masses (2)
distance (1)
direction (2)
orientation (2)
spin (6)
time (1)
phase (1)
+ eccentricity (2)
+neutron star properties



Search algorithms I.
template based searches

1. Take many examples from 15+ dimensional parameter space.

2. Use matched filtering to search for overlaps in the data with the 
templates.

3. Check for every time, every detector, and every template.

• Templates are chosen sufficiently densely so <3% SNR is lost due to 
discreteness.

• Some parameters are ignored for now (perpendicular spin, 
eccentricity, neutron star properties).

• Still adds up to ~100,000– 1,000,000 templates.
• Another difficulty: imperfect numerical models

• Background distribution is
estimated by applying time
shifts between detectors:

Kipp Thorne
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10 ms

Background (unphysical time shifts)
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Search algorithms II.
model-independent searches

1. Search for excess “energy” in time-frequency plane.

2. Needs to be “coherent” between detectors (appears in all detectors 
at the same time in the same distribution).

3. Can introduce minimal assumptions about signal, e.g. that frequency 
must increase with time as in chirp signals.

4. Sensitive not just to binary mergers but also to other source types, 
e.g. supernovae.

5. Since more possibilities are allowed, these searches are mostly 
somewhat less sensitive to binary mergers than template-based 
searches.

Notable exception: heavy black hole mergers.

6. First detection (GW150914) was made by such a generic alrogithm.
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binary black holes

isolated stellar binaries 
(field binaries)

dense stellar systems 
(dynamical encounter)

primordial black holes



progenitor: neutron star mergers

Bartos, Brady, Marka 2013



Stellar core collapse
Gravitational waves from 
rapidly rotating cores?

Differential rotation (e.g. Corvino+ 2010)

• Dynamical instabilities (shorter time scale)

• Secular instabilities (longer time scale)

• Magnetic distortion

Fallback accretion? (Piro & Thrane, 2012)



BH

BH

inspiral

NS

NS

Science targets
speed of gravity

GW

EM

equation of state
of supranuclear matter

BH

BH

inspiral

NS

NS

alternative 
distance ladder

tests of general relativity

Fundamental physics

Cosmology

Astrophysics
neutron star

neutron star

neutron star

black hole

tidal disruption

merger

massive star

core collapse

energetic
 outflo

w

accretion disk gravitational 

waves

gravitational 
waves

gravitational 

waves

hig
h-e

ne
rgy

 

ne
utr

ino
s

gravitational 

waves

black hole

black holeaccretion disk

gamma ra
ys

• Black hole accretion
• Cosmic particle acceleration
• Stellar core collapse
• Compact binary formation channels
• Intermediate mass black holes

• Origin of heavy elements
• Environment in galactic nuclei
• Relativistic outflows
• …



Root-sum-square amplitude:

Rotating source:

Radiated GW energy:

Signal to noise ratio:

Search for gravitational waves


