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THE RADIATION FIELD

Transverse Plane Wave Solutions with \Electric"

and \Magnetic" Terms

Geometric Interpretation
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SPHERICALLY SYMMETRIC MOTION RADIATES GRAVITATIONAL WAVES







THE QUADRUPOLE FORMULA A FACTOR OF 2 TOO SMALL
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Gravitational Waves 
the evidence 

Neutron Binary System – Hulse & Taylor
PSR 1913 + 16  -- Timing of pulsars

•

•

17 / sec

Neutron Binary System
• separated by 106 miles
• m1 = 1.4m!!!!; m2 = 1.36m!!!!; εεεε = 0.617

Prediction from general relativity
• spiral in by 3 mm/orbit
• rate of change orbital period

~ 8 hr

Emission of gravitational waves



Direct detection of gravitational 
waves from astrophysical sources

� Physics
» Observations of gravitation in the strong field, high velocity limit
» Determination of wave kinematics – polarization and propagation
» Tests for alternative relativistic gravitational theories

� Astrophysics
» Measurement of coherent inner dynamics – stellar collapse, pulsar 

formation….
» Compact binary coalescence – neutron star/neutron star, black hole/black 

hole
» Neutron star equation of state
» Primeval cosmic spectrum of gravitational waves

� Gravitational wave survey of the universe
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test mass

test mass

test mass

test mass

beam
splitter

laser

photodetector

light storage arm

light storage arm

power recycling mirror
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FRINGE SENSING

POSITI VE

NEGA TIVE

CENTERED
light fringe

photo detector current

RF phase modulationh x
L---

λ

L b Nτ·
------------------- --∼=

wavelength  1 x 10 -6 m

integration time

arm length = 4000 m

equivalent # of passes = 10 0

number of quanta/second at the beam splitter

300 watts at beam splitter  =  1021 identical photons/sec

h  =  6 x 10  - 22 integration time 10-2 sec
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PENDULUM THERMAL NOISE

T + dT

T

Zener dampin g

Doppler (gas) dampin g

Pendulum Brownian motion

Dissipation leads to fluctuations

Tc = coherence or damping time
=  Q  x  period of oscillator 

Exchange with surroundings:

E(thermal) = kT t
Tc

Large Tc => smaller fluctuations
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Interferometers
international network

LIGO

Simultaneously detect signal (within msec)

detection 
confidence

locate the 
sources

decompose the 
polarization of 
gravitational 
waves  

GEO Virgo
TAMA

AIGO





LIGO Observatory Facilities

LIGO Hanford Observatory [LHO]
26 km north of Richland, WA 

2 km + 4 km interferometers in same vacuum envelope

LIGO Livingston Observatory [LLO]

42 km east of Baton Rouge, LA

Single 4 km interferometer
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LIGO
Beam Tube

§ LIGO beam tube under 
construction in January 1998

§ 65 ft spiral welded sections

§ girth welded in portable clean 
room in the field

1.2 m diameter - 3mm stainless
50 km of weld

NO LEAKS !!
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Beam Tube 
bakeout

• I = 2000 amps for ~ 1 
week

• no leaks !!

• final vacuum at level 
where not limiting noise, 
even for future detectors
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LIGO
vacuum equipment



LIGO-G000306-00-M

Vacuum Chambers
Vibration Isolation Systems

» Reduce in-band seismic motion by 4 - 6 orders of magnitude

» Compensate for microseism at 0.15 Hz by a factor of ten

» Compensate (partially) for Earth tides
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Seismic Isolation
Springs and Masses

damped spring
cross section
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Seismic Isolation
performance

102

100

10-2

10-4

10-6

10-8

10-10

Horizontal

Vertical

10-6

HAM stack
in air

BSC stack
in vacuum



LIGO Laboratory 9LIGO-G020482-00-D

Seismic 
Situation 
at LLO

night nightday day night

0.3

0.6

0.9

0

Microns/sec

Fractional time 
in lock

Seismic noise in 1-3 Hz band

Monday AM
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Seismic Isolation
suspension system

• support structure is welded 
tubular stainless steel

• suspension wire is 0.31 mm 
diameter steel music wire 

• fundamental violin mode 
frequency of 340 Hz

suspension assembly for a core optic
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Core Optics
fused silica

Caltech data CSIRO data

§ Surface uniformity < 1 nm rms

§ Scatter < 50 ppm

§ Absorption <  2 ppm

§ ROC matched < 3%

§ Internal mode Q’s > 2 x 106
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Core Optics 
Suspension
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Core Optics 
Installation and Alignment



LIGO Prestabilized Laser

IO

10-Watt
Laser

PSL Interferometer

12
m

4 
km

10-1 Hz/Hz1/2

LIGO I
Goal

Lightwave Electronics MOPA

stabilization

10-4 Hz/Hz1/2 10-7 Hz/Hz1/2

•Nd:YAG 1064 nm
•P > 8 W TEM00
•Cascaded multi-
loop frequency 
stabilization



LIGO Interferometer Optical 
Scheme

end test mass

LASER/MC

recycling
mirror

•Recycling mirror matches losses, 
enhances effective power by ~ 50x

6W

150 W

3000 W
(0.2W)

4 km Fabry-Perot cavity

•Michelson interferometer with
Fabry-Perot arm cavities

•Arm cavity storage time 

τ ~ 1/4πfGW



Feedback Control Systems 
•Array of sensors detects mirror 
separations, angles

•Signal processing derives 
stabilizing forces for each 
mirror, filters noise

•5  main length loops shown; 
total ~ 25 degrees of freedom 

•Operating points held to about
0.001 Å, .01 µrad RMS

•Typ. loop bandwidths from ~ 
few Hz (angles) to > 10 kHz 
(laser wavelength)

tomode
cleaner

SAQ

SPQ

SPI

SRI

ETM1−ETM2
ETM1+ETM2

ITM1−ITM2BS
ITM1+ITM2RM

damping

example: cavity length sensing & control topology
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Gravitational Radiation and Detectors:
LIGO Sensitivity Improvements

First Science Run S1

~ Second Science Run S2

LIGO Target Sensitivity



LIGO Laboratory
LIGO-G030003-04-E

Data Analysis According to Source Characteristics

•Deterministic signals -- Binary coalescences, Periodic sources
»Amplitude and frequency evolution parametrized
»Set of templates covering parameter space matched to data

•Statistical signals -- Stochastic gravitational wave background
»Cross-correlation of detector pairs, look for correlations above statistical variation

•Unmodeled signals- Supernovae, Gamma Ray Bursts, …
»Non-parametric techniques

• Excess power in frequency-time domain
• Excess amplitude change, rise-time in time domain

• In all cases: coincident observations  among multiple detectors



our galaxy
and local
group

V irgo
cluster

incomplete
selected
clusters

7
average dens ity of s tars  = 8.6 x 10 /Mly3

DATA:    Cosmology of the Local Group   G.Lake
               Astrophysical Quantities  C.W. Allen
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Binary Coalescence Sources & Science:
Binary Neutron Stars: S1 Range

Image: R. Powell
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Binary Coalescence Sources & Science:
Binary Neutron Stars: S2 Range

Image: R. Powell

S1 Range
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Binary Coalescence Sources & Science:
Binary Neutron Stars: LIGO Range

Image: R. Powell

S2 Range
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Binary Coalescence Sources & Science:
Binary Neutron Stars: AdLIGO Range

Image: R. Powell

LIGO Range



LIGO-G020272-00-D

Advanced Interferometer Concept

» Signal recycling

» 180-watt laser

» 40 kg Sapphire test    
masses

» Larger beam size

» Quadruple suspensions

» Active seismic isolation

» Active thermal correction

» Output mode cleaner
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! Seismic ‘cutoff’ at 10 Hz

! Suspension thermal noise

! Internal thermal noise

! Unified quantum noise 
dominates at 
most frequencies

! ‘technical’ noise 
(e.g., laser frequency) 
levels held in general well 
below these ‘fundamental’ 
noises

sapphire
silicaLIGO I
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The Gravitational-Wave Spectrum



LISA 15 LISALISA

Massive Black Holes in Merging Galaxies

-23.5

-22.5

-21.5

-20.5

-19.5

-18.5

-17.5

-16.5

-15.5

-5.5 -4.5 -3.5 -2.5 -1.5 -0.5

Log Frequency (Hz)

MBH-MBH Binaries at z=1

106/106 M¤

105/105 M¤

Binary Confusion
Noise Threshold Estimate;

1 yr, S/N=5

LISA Instrumental Threshold
1 yr, S/N=5

107/107 M¤

10-23

10-21

10-19

10-17

G
ra

v
it

at
io

n
al

 W
av

e 
A

m
p

li
tu

d
e 

h

10-4 10-5 10-4 10-3 10-2 10-1

Frequency (Hz)

10-0



LISA 25 LISALISA

Mission Concept
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Spacecraft Orbits

• Spacecraft orbits evolve under gravitational forces only
• Spacecraft fly “drag-free” to shield proof masses from non-gravitational forces
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Optical System
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