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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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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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Gravitational Radiation and Detectors:
LIGO Sensitivity Improvements

First Science Run S1

~ Second Science Run S2

LIGO Target Sensitivity



LIGO Laboratory
LIGO-G030003-04-E

Burst Searches -- Preliminary Results
Burst Working Group

Excluded Region
at 90% upper 

limit confidence 
bound

1Int.J.Mod.Phys. D9 (2000) 237
2Class.Quant.Grav. 19 (2002) 5449

• Able to exclude gravitational wave 
bursts of peak strength h above 
rate r

• Burst model --
» 1 ms width Gaussian pulse
» Linear polarization with random 

orientation
» Arriving from random directions

• Upper limit in strain sensitivity with 
regard to prior (cryogenic bar) 
observations:

» Within 5X of IGEC 20001 results
– ICEG observation time was much 

longer than S1 - 90 days (triple bars)
» Within 25X of Astone2 et al. 2001 

sensitivity

Preliminary

Work in progress:
• Correlations with gamma ray bursts
• Observed Type II SNe



LIGO Laboratory
LIGO-G030003-04-E

Coalescing Binaries
Inspiral Sources Working Group

• Three targets:
» Neutron star binaries (1-3 Msun)
» Black hole binaries (> 3 Msun)
» MACHO binaries (0.5-1 Msun)

• Search method
» template based matched filtering 

• Status
Neutron star search complete

» MACHO search under way
» Black hole search will be done in next 

science run, S2

• Limit on binary neutron star coalescence rate:
»R90% (Milky Way) < 2.3 / (0.35 x 295.3 hr) = 170 /yr

• Use triggers from H 4km and L 4km interferometers: T = 295.3 hours
»Monte Carlo simulation efficiency: ε = 35%
»90% confidence limit = 2.3 / (ε T)

• 26X lower than best published observational  limit -- 40m prototype at Caltech1: 
»R90% (Milky Way) < 4400 /yr

11994 data, Allen et al., Phys.Rev.Lett. 83 (1999) 1498



LIGO-G030003-04-E

Preliminary results -- (EM pulsar) PSR J1939 
Periodic Sources Working Group

LIGO  
Interferometers

Preliminary 
Calibrations
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No evidence of signal from PSR J1939 at f = 1283.86 Hz
95% of the probability lies below:

• GEO: hmax < 3 x 10-21

• H 2km: hmax < 5 x 10-22

• H 4km: hmax < 3 x 10-22

• L 4km:  hmax < 2 x 10-22 (ε < 7 x 10-5 @ 3.6 kpc)



Overlap reduction function
Specifies the reduction in sensitivity due to the separation and
orientation of the two detectors:
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LIGO Laboratory
LIGO-G030003-04-E

Stochastic Gravitational Wave Background 
Stochastic Background Sources Working Group

- Preliminary results from 7.5 hr of data -
H 2km - L 4km H 2km - H 4km

• Introduce non-astrophysical time lags (>20ms) to determine backgrounds (off-source)
δt = 0 sec (on-source) measurements consistent with off-source backgrounds

• Extrapolated  S1 H 2km - H 4km result covers 240 Hz bandwidth, is ~10X better than best 
published result for direct measurement of ΩGW  (Astone et al., 1999, cryogenic bar, 907 Hz).

• Ultimate sensitivity for LIGO I: ~ 1 x 10-5 for Tobs = 4 months

100 hrΩGW < 50 (90% C.L.)40 Hz < f < 314 HzH 2km - L 4km

GW 100 hrΩ < 70 (90% C.L.)40 Hz < f < 314 HzH 4km - L 4km

150 hrΩGW < 5 (90% C.L.)40 Hz < f < 300 HzH 2km - H 4km

Tobs

Extrapolated Upper Limit 
for S1 (by scaling 7.5 hrs 

to 150 or 100 hrs)

Measurement 
BandwidthInterferometer Pair



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



LIGO-G020272-00-D

10
1

10
2

10
3

10
−25

10
−24

10
−23

10
−22

10
−21

 f / Hz

h(
f)

 / 
H

z
1/

2

Optical noise
Int. thermal 
Susp. thermal
Total noise  

Projected Performance

! Seismic ‘cutoff’ at 10 Hz
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The Gravitational-Wave Spectrum



LISA 15 LISALISA

Massive Black Holes in Merging Galaxies
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LISA 25 LISALISA

Mission Concept



LISA 29 LISALISA

Spacecraft Orbits

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



LISA 33 LISALISA

Optical System
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