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Linearized GR

• Minkowski metric = flat spacetime

• hµ << 1 = perturbations

• plane waves propagate at c

• Two dynamic DOFs:  polarizations

hµν = Aµν exp(ikαxα)

A+, A×
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Gµν = 8πTµν

gµν = ηµν + hµν
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Strain and Gauge
Locally Lorentz Transverse Traceless

Induced acceleration Induced strain

d2x

dt2
=

1
2

(
Ä+x x̂ + Ä×y ŷ

)
h =

δl
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A+ :

A× :
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Generating GWs
• No monopoles:  mass conservation

• No dipoles:   momentum conservation

• Quadrupole moment: mass asymmetry

M M

2r

f

Ixx ≈ 2Mr2 cos2 2πft

hµν =
2G

Rc4
Ïµν

hxx =
32π2G

Rc4
Mr2f2 cos 4πft

h = 2.6× 10−42 1
[kg][m][Hz2]
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Indirect GWs

• Hulse & Taylor 

• Binary NS system
• r = 1.6 x 109 m
• m1~m2~1.4 M

• 8 hr orbit
• 7.5 kpc

• GR predicts 
3mm/orbit

• h = 7.2 x 10-23  
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Detecting GWs
• Two technologies:
• Resonant bar detectors
• Laser interferometers

Michelson interferometer:
Null measurement
Matched antenna pattern
Cancels technical noise

laser h

P ∝ sin2 ∆x

λ
7
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IFO statistics

• ~10 W, 1.064 µm Nd:YAG lasers

• ~1 km Michelson interferometers

• ~20 kW stored power

• 10 - 1,000 Hz bandwidth

• x~10-19 m/rHz  length sensitivity

• h ~ 10-23 /rHz strain sensitivity 
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• Detectors are sensitive to GW  field 
amplitude

• 1.4/1.4 M  Binary Neutron Star 
inspiral is a standard candle

• Horizon Range:

• Exposure:

Hurry up and wait

R0 ∝
[

Mchirp

SNR

∫ fmax

fmin

df H(f)−2f−7/3

]1/2

Ndet ∝ T R3
0
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LIGO
Hanford

LIGO
Livingston

GEO600

Virgo

TAMA

AIGO
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LIGO detectors
LIGO Hanford:

4 km H1,  2 km H2

LIGO Livingston:
4 km L1

1-July-05 YKIS2005 - Barish 10

The LIGO Scientific Collaboration
500 scientists at 42 institutions

27 US & 15 international
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Laser

ETM

ITM

BS
PRM

4 km

FIIO

MC

ETM = End test mass

ITM = Input test mass

BS = 50/50 beamsplitter

PRM = Power recycling mirror

MC = Mode cleaner

FI = Faraday isolator

IO = Input optics

AS = Anti-symmetric port

PO = Pick-off port

REF = Reflection port
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Quadrant detector

Figure 1: Optical and sensing configuration of the LIGO 4 km interferometers. The IO block
includes laser frequency and amplitude stabilization, and electro-optics modulators. The inset
photo shows a test mass mirror, in its suspension, prior to installation in the vacuum system. The
near face is the high-reflecting surface, through which one can see mirror actuators arranged in
a square pattern near the mirror perimeter.

cavity (mode cleaner, MC), which provides a stable, spatially pure beam; additional filtering of
laser noise; and serves as an intermediate reference for frequency stabilization.

The interferometer optics, including the test masses, are fused silica substrates with multi-
layer dielectric coatings, manufactured to be extremely low-loss. The substrates are polished so
that the surface deviation from a spherical figure, over the central 80 mm diameter, is typically
less than a few angstroms, and the surface microroughness is also less than a few angstroms.
The absorption level in the coatings is generally a few parts-per-million (ppm) or less, and the
total scatter loss from a mirror surface is estimated to be 20-30 ppm.

The main optical components and beam paths–including the long arms–are enclosed in an
ultra-high vacuum system (10−8 − 10−9 torr) for acoustical isolation and to reduce phase fluc-
tuations from light scattering off residual gas. The 1.2 m diameter beam tubes contain multiple
baffles to trap scattered light.

Each optic is suspended as a pendulum by a loop of steel wire. The position and orienta-
tion of an optic can be controlled by electromagnetic actuators: small magnets are bonded to

4

LIGO IFOs

10 kg, 25 cm fused silica
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Fifth Science Run

• 356 days dual site, 308 days triple coincidence*

• 64% to 77% science mode duty factor 

• S5 scheduled end Fall 2007N
o
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* since June 26
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Noise Budget
• LASER intensity, 

frequency & 
oscillator

• CONTROL MICH, 
PRC, WFS, OSEM, 
etc.

• ELECtronic ETM, 
ITM & BS bias & coil 
driver

• FUNdamental: shot, 
seismic, & thermal
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GW detections
LIGO collaborates with GEO and Virgo 
on joint searches for GWs

• Coalescence of binary compact objects
• See P.Sutton’s talk, next

• Search for GW bursts (eg. supernovae)
• See P.Sutton’s talk, next

• GWs from (un)known pulsars 
• See P.Sutton’s talk, next

• Stochastic background of GWs
• See P.Sutton’s talk, next
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2007 thru ...
• Advanced LIGO planned start in 2008

• First IFO decommissioned in 2010

• Use Enhanced LIGO to 
• Increase exposure 10x
• Minimize advLIGO risk

2006 2007 2008 2009 2010 2011

S5 run

Advanced LIGO

S6 run
Decomm

IFO1

Enhanced LIGO
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Enhanced LIGO 

• PLaser to 35 W            
(~2x, >100Hz) 

• RF to DC 
(~2x, 100Hz)

• Many “fixes”
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Advanced LIGO

• Quadrupole pendulum, 
monolithic fused silica 
suspension

• Active seismic isolation 

• Signal recycling

• PLaser to 125 W, Parm to 750 kW

• Extremely low loss coatings

21
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Conclusion

advLIGO

eLIGO

iLIGO

• S5 run ends 
this fall

• eLIGO will 
increase 
sensitivity 2x 
for S6

• advLIGO with 
20x sensitivity 
in 2010
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