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LIGO
lntroduction

o Laser Interferometer Gravitational
Wave Observatory

>) DIRECT Detection of Gravitational Waves

o Joint Caftech/MlT Project funded by
th,e National Science Foundation

o Unde'r Construction
>' Two $'ftes -- Louisiana and Washington

LIGO€g€O115-00-M



LIGO
The Project

. National Science Foundation

I Construction Project (1 995-1 999)
)' Facilities and Initial Detector

o Commission Facility (1999-2001)
>) lmplement Initial Detectors

h - 10-20 - Coincidence
- Initial Search (end of 2000)

h - 10-2t - Initial Design Sensitivity (end 2001 )

o Full Operations (2002 + ... )
)> DataDating/Analysis

data collaboration with VIRGO

>) Enhance Initial Detector
incorporate outside collaborations

)> Advanced Detectors
Syracuse, Colorado, Stanford, etc

Caltech/MlT efforts
LtGO-G960108-00-M
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Gravitational vs
E.M. Waves

EM WAVES (iKAV. WAVES

Natu re
Oscillation of EM

Fields Propagating
Through Spacetime

Oscillations of the
"fabric" of spacetime

Emission
Mechan ism

Incoh erent su perposition
of waves from molecules,

atoms, particles

Coherent emission
by bulk motion

of energy

Interaction with
Matter

Strong absorption and
Scattering

Essentially None!

Frequency Band f > l07Hz f < {O4Hz

I lmpl'ications
a Most gravitational sources not seen as

electromagnetic (and vice versa)

a Potential for great surprises

a Uncertainty in strengths of waves

ucs
/'

ll4l2219s



Gravitational Wave
Forces

Detector Size
(4 km)

IF

(300-30,000km)

(10 kHz - 10 Hz LIGO)

o
o

THEN
Free Masses

Quadrupolar-Lines of
v

F:orce
v

;

I x PolarizationPol arization

LtGO-G960108-OO-M



Gravitational Waves
Two Polarizations

Ir#l LtGO€960116-0GM



Gravitational Waves
Effecfs

o Displacement of free particles
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Gravitational Waves
Detection
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o Interferometer detector
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Gravitational Waves
Evidence

o
o

Russell Hulse and Joeeph Taylor
Neutron Binary System
>) PSR 1913 + 16 -- Timing of Pulsars

,1-8hr

17 I sec

<-/

LIGO-G960108-00-M
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Hulse and Taylor
Timing of Orbit

Speed up 10 sec in 15 years

'> measured to -50 lrsec accuracy

Deviation grows quadratically in time

o

-z
aAtr -1(sca) '

-L
..8

-lo
l98o f 98st lgeo

Due to loss of orbital energy, from
emission of gravitational waves

LIGO-G960108-0G,M



Laboratory Experi ment
(a la Hertz)

Laboratory Dumbbell $ystem

1 tons 1 tons

frot = 1 kHz

h,"o-2.6 10-33mx1/R

R - detector distance (> 1 wavelength) = fflO km

h,"o = I 10-3s

This is too weak by aboUt 16 orders of magnitude!

)

\ 2 meters

LIGO-G960108-00-M
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Gravitational Waves
Sources and Detection

l

o binary star system

Sources tr!equency h Event Rate Detection
Coalescing Binary Neu-

tron Stars (200 Mp")
10^"1000 Hz L0-zz -3/Year Interferometer

*Template
Superuovae

(in our Galuxv)
".,1 kHz 10-'" ^,3/century Interferometer,

Resonant

Supernovae (in Virgo) ^,1 kHz 10-zr several/year Interferometer

Generation of Large
Black Holes

".,1 6IIZ 10-" 1/year Interferometer
. tilrn Dpace

Pulsars 10^,1000 Hz 10-'o periodic Interferometer,
Resonant

Cosmic Strings 10-7 Hz 10-to stochastic Pulsar Timiqg

. sources and detection

L|GO.G960116-00-M
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Astrophysical Sources
Frequency Range

o

o

o

Efectromagnetic Waves - ^' 20 orders
of magnnitude (ULF radio

Gravitational Waves - - 10 orders of
magnitude

Combination of terrestrial and space
gxperiments

Blqck Hole Blnory
j CooleEccnco

^ Blqck HolcI Formolion
O Blsek Holc-

Blnory, | 0rMo

o
E
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oL
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1 o-18

1 o-20
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fo-Z roo
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102 lo1
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Gravitational Waves
Space Experiment

o LISA - Laser lnterferometer Space
Antenna
)) six spacecraft in triangle (four needed)

)> pair at each vertex

sxloo km

I .'"""'/-.' I

relotive orbits
of spocecroft

Venus

LtGO-G960108-0GM



LISA
Annual Revolution

o
o

60 degree half opening angle

'tumbling' allows determination of
position of source and polarization of
WAVE

LIGO€960108-00-M



Gravitational Waves
Fesonant Bar Detector

o Schematic Version

Fr L-l

lLNl LtGO-G960116-00-M



Gravitational Waves
Resonant Bar Detection

l'o-!---------l-- 
-a ----- -""

)l\*
a e-------- 

t o ---. .t 
"-_- - ---- -

tl

I ,scnsor
t/,/

Jta
-la

,.aaI
a

t
I
I
I

at

o Bar tector

CERN
rsu(usA)
Stanford

UWA(Arrstralia)
ICRR,(Jrp*)

4,15056, 2.3ton, 0.lK
A15056, l.lton, 4,2K
416061, 4.8ton, 4.ZK

Nb, 1.5ton, EK
415056, 1.7ton, g00K
415056, 1.2ton, 4.ZK

Capacitive*SQUID
Inductive*SQUID
Iuductive*SQUID

RF cavity
Laser Ibansducer

itive*F'ET

2 x 10-ls
7 x 10-le

l0-lE
9 x 10-re

4 x 1o-22 (6oEz

o Status of bar detectors

L|GO-G960116-00-M
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Gravitational Waves
lnternational Effort

o Techniques
)) Resonant Bar Detectors (LSU, Rome, etc)

narrow band

>) Large Scale Interferometers
broad band

o International Intederometer Effort
)) U.S. -- LIGO (Two Sites)

Caltech & MIT (Wash and Louisiana)

)> Europe -- VIRGO (One Site)
French and ltalian (near Pisa)

)) Smaller efforts
Germany, Japan, Australia

o Time Scale (lnterferometers)
), ,{pproximately year 2000

LtGO-G960108-O0-M
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LIGO
Achieving 1t18 m SensitivitY

How is it Possible????
o Air molecules:

:-.-\-

Buffer mirrors Buffet light beam

(f luctuati ng dispersion)
\---.-__

)) Uinors anO ligltt beflm

o Mirror's atoms vibrate (thermal noise)
>) light beam feels 1018 atoms

)) atoms vibrate fast: -1013 Hz

o Earth vibrates and shakes mirrors
D anti-vibration suspension
)) qujet envifo-nfnent

lirmNl L|GO-G960108-00-M



' Noise Budget

5 Watt Laser

Mlrror Losses 50 ppm

Recycllng Factor of 30

10 kg Test Masses

Suspenslon Q=l07

For First LIGO Detectors

.A
{
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ls

100

| (Hz)
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1000
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LIGO
Scr'entific Mission

o Direct Detection of Gravitational
Waves

Benchmark Source: Neutron Binary Coalescence
. Detect the last 15 minutes of Hulse/Taylor type

binary system (eg. 100 million years)

. Sensitivity -- detection rate >3 year

Other Sources

o iFurudarnental Physics (GR)

VeMtty Li{ftit
)) Measure Polarization and Propagation Speed

L|GO-G960108-00-M



Neutron Star Binary
Coalescence

tteth& w
fiatatr

Ifi nreforw
Progenitor Death
Rate

-111000 yr 130 M,L.yr

Binary Pulsar
Searches and
Discoverflee

-,,ln0t*t yr 600 M.L.yr.

t$tra-conservtire
UmitfromBimry
Rrlsar Searcfres

*lflQ'y 3000 M.L.yr

LrccN 4/3019s
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NEUTRON STAR BINARIES

[" N ear-G u aranteed" sou rce]
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t o-17

t o-18

r o-19

ro-ffi

to-22

r o-23

1 10 100

frequency, Hz

1 000

ffi,ffi
\-..--./'7

Present
Search

03

o6

09

012

015

gli
c)lrt\ I*-- Ifl:/l-l_-\t

<t

* {if,i{il'M:=
H*'HEf??'#l"ffi::
Hfif-H?f#h:fJffi::::

o
"_+

C
,o
lo
IE
\E
ilF

t\$
h

to-21

ItS minutes &1 0,000 orbits in LIGO band
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LIGO
Long Range Goals

o Final Coalescence of Binary Systems
)) Neutron Star/Neutron Star

Design Benchmark: last 15 min

20,000 cycles

600 MLyr

>) Black-hole/Black-hole
)) Black-hole/Neutron $tar

o Supernovae

)> Non-axisymmetric -300MLyr

o Early Universe
)) Vibrating Cosmic Strings

>> Vacuum Fluctuations from Planck Era

o Unknown Sources

LIGO-G960108-00-M
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FIGURES

FiG. 1. .A. grey-scale rendering of the entropy distribution at the end of the simulation, about

50 milliseconds into the e.rplosion. Note the pronounced pole-to-pole asymmetry in the ejecta

and the velocity field (as depicted with the velocity vectors). The physical scale is 2000 km from

the center to the edge. Darker color indicates lorver entropy and 0 = 0 on the bulge side of the

svmmetrv uiis.
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LIGO INTERFEROMETERS

hotodetector

ITo makeAL
large enough
for detection
requires
L >4 km

f Measured waveform, hQimdl '- AIJL,
is a linear combination of h+ and hx ,

which depends on interferometer's
:)JVJS

origntation rnoeulF:cINVI U loiocNl{Nilcdo



Gravitational Wave
Detector

o Antenna Pattern
)' coordinate system

LIGO-G960116-00-M
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-0.5
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Figure 2.7 The sensitivity, as a function of direction' of an interferometric

wave detector to unpolarized gravitational waves' The interferometer arrns

along the x and Y axes'

gravitational
a re oriented
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Source Positions
LIGO + VIRGO

o
O

LIGO (2 det) + VIRGO (1 det)

decomposition of waveforms

') h-(t), h*(t)

o position on

LIGO-G960116-00-M



lnterferometers

o AUL= h-F*h*(t)+Frt*ft)

AL= Le. La = hXL

-@
PTIOTODETECTOR

o LIGO Measures one waveform
,) orientation aligned (Washington & Louisiana)
)) direction(timing) determined -10'to - 10 on ring

o LIGO + VIRGO(ltaly)

)> direction 1 0' to 1o

LIGO-G96011s-OGM



I

I

I

I

rl
-1t

I

I

I

I

I

End
Mirror

Input
Mirror

F#y.-mret f#m Cryltlss {4km)
ModGrt lnprilFburur {6W)
lnitlal Lacsr (Nd:YAG)
Wavelength (1 .06pm)
hwer Rccydlng (30x)
Modest Cavlty Finesse (100)

Recycling
Mirror Input

Mlrnor
End
Mirror

L2
t + 

- - -?fft3Photodetector



I nitial I nterferometer
$pecifications

Strain Sensltivity irms, 100 Hz band! 1021

Displacement Sensitivity [rms, 100

Hz bandl

4xlotsm

Fabry-Perot Arm Length 4000 m

Vacuum Level < 10.c ton

LaserWavelength 1064 nm

Optical Power at Laser OutPut t lOW

Optical Power at Intederorieter tnput 5W

Power R€qrcttg Factor 30

lnput Minor PrcPedles Refledlvity = 0.97

End Minor Propefibs Refloctlvity > 0.9998

Arm Cavity Optical Loss 39o/o

Light Storage Tkne ln Arms 1ms

Test Masses Fused Silica, 11 kg

Minor Diameter 25 cm

Test Mass Period Pendulum 1 sec

Seismic lsohtion SYstem Passive,4 stage

Seismic lsolation System Horizontal
Attenuation

> 1O7 (100 Hz)

Ma,rimum Background Pulse Rate 1 per mhute

LIGO-G960108-00-Mlml



I n itial I nterferometers
Noise Floor
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Displacement Sensitivity of 4O-Meter Interferometer

1 000
Frequency (Hz)
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LIGO Systerns Enginecring and Integration
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Phase Noise Sensitivity From MIT
Interferometer
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Steps in the Advanced Subeyetems
Research
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Noise Budget

F
:E 1E-20>
FTJ

u
E re'ar
t-
(D

o
@E3 E*itzg
E-
El-

.g lG{l|
qt
t-€
CI'

1.G{O*

-iroocnttlo'-oo-M

1.0E+Ol l.0Edtrl 1.0E+Gl

Frequency [Hz]

. 1.0Edx,



LIGO
Sensitivity

. Comparison of sensitivity and wave
strengths (hrn = 1th,*r)
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LIGO Faci lities
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Conclusions
i-r L;GC Construction is well

Und*rway

:, Direct Detection of
G ravitational Waves Appears
Realistic within 10 years

,, Ultimate Sensitivities
Capable of Opening a New
Field of Observational
Astronomy with Gravitational
Waves is the Long Term
Goal.
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