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LIGO
Introduction

o Laser Inter{erometer Gravitational
Wave Observatory
)r DIRECT Detection of Gravitational Waves

o Joint Caltech/MlT Project funded by
the National Science Foundation

o Under Construction
>> Two Sites -- Louisiana and Washington

LIGO-G9601 1s-00-M



Gravitational vs
E.ll. Waves

EM WAVES GR.AV. WAVES

Natu re
Oscillation of EM

Fields Propagatin g
Th rough Spacetirne

Osci,l,lations of the
"fabrlc" of spacetime

Emission
Mechan ism

ln coh erent s u perposition
of waves from molecules,

atoms, particles

Coherent ernission
by bnl,k rnotlon

of en ergy

lnteraction with
Matter

Strong absorption and
Scattering

Essentially None!

Frequency Band f > 1O7Hz f < 104H2

r Implications
* furlost gravitational soilrces not seen as

electromagnetic {and vice versa}

+ Potential for great surprises

o Uncertainty in strengths of waves

L'GCN 422t95



Gravitational Wave
Forces

Detector Size
(a km)

IF

(300-30,000km)

(10 kHz - 10 Hz LIGO)

O

o

Free [\4asses

Quadrupolar
v

THEN

Lines of Force
v

I x PolarizationPol arization
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Gravitational Waves
Two Polarizations
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Gravitational Wave$
Effecf,s

o Displacement of free particles
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Gravitational Waves
Detection
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Gravitati,onal Waves
Evidence

o

o

Russell Hulse
Neutron Binary

'> PSR 1913 + 16

and Joseph Taylor
System
-- Timing of Pulsars

Bhr,1

17 I sec

<J

LtGO-G960108-00-M



Hulse and Taylor
Timing of Orbit

o Speed up 10 sec in 15 year$

o Deviation grows quadratically in time

o

-z
at _4

(sca) '
-c

-.8

-lo

lgr.s ' Iggo lg'8sr lrgo

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

LIGO-G960108-00-M



Laboratory Experiment
Hertz)(a la

L*baratory Dumbbe*l $yst*ffit

1 tons 1 tons

f.ot = 1 kHz

h,uo-2.6 10-33mx1/R

ft = detector distance (> 1 wavelength) = 300 km

k**o = S t*'ss

This i* t** weak bv a**ut 1S *r**rs *f ft'leenitude!

\ meters

LIGO-G960108-00-M



Gravitational Waves
Sources and Detection

o binary star system

Sources Flequency h Event Rate Detection
Coalescing Binary Neu-

tron Stars (200 Mp")
10".,1000 Hz t0-tt -3/Year Interferometer

*Template
Supernovae

(in our Gala:cy)
",1 kHz 10-'" .-3/century Interferometer,

Resonant

Supernovae (in Virgo '-1 kHz 1.0-" several/year hrterferometer

Generation of Large
Black Holes

",1 mHz 10-t t 1/year hlterferometer
in Space

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

Cosrnic Strings L}-'I Hz 10-r" stochastic Puls'ar Timing

o sources and detection

LIGO-G9601 16-00-M



Astrophysical Sources
Frequency Range
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Electromagnetic Waves x 2A orders
of magnnitude (ULF radio

Gravitational Waves - - 10 orders of
magnitude

Combination of terrestrial and space
g4periments

Block Holc Blnory
j CooloEccnco
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Gravitational Waves
Space Experiment

o LISA - Laser Interferometer Space
Antenna

Eorth

5x1oo km

1 ....-" -.n... 
I

I relotive orbits
i of spocecroft

Venus

LIGO-G960108-00-M



LISA
Annual Revolution

o
o

60 degree half opening angle

'tumbling' allows determination of
position of source and pol arizalion of
WAVE

LIGO-G960108-00-M



Gravitational Waves
Resonant Bar Detector

o Schematic Version

Fr
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Gravitational Waves
Fesonant Bar Detection
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CERN/RomA
CERN

Lsu(usA)
Stanford

UWA(Australia)
ICRR(Japan)

4'15056, 2.3t@,, 0.lK
4'15056, l.ltou, 4,ZK
416061, 4.8toa, 4,ZK

Nb, 1.5ton, bK
415056, l.?ton, 300K
415056, 1.2tom, 4.2K

Capacitive*SQUD
Inductive*SQUID
lnductive*SQUtrD

RF cavity
Laser lbansducer
Capacitive*F'ET

2 x 10-18
7 x 10-le

1.0-18

9 x L0-1e

E x to-12 (6oftz

o Status of bar detectors

LtGO-G9601 16-00-M



Gravitational Waves
lnternational Effort

o Techniques

narrow band

broad band

o International Interferometer Effott

Caltech & MIT (Wash and Louisiana)

French and ltalian (near Pisa)

)> Smaller efforts
Germany, Japan, Australia

o Time Scale (lntefferometers)
>, Approximately year 2000

LtGO-G960108-00-M
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LIGO
Acftiaving '{ #18 m -Sensitivity

H,ow is it
o Air molecules:

Buffer mirrors Buffet light beam

(f luctuati nU dispe rsion)

o Mirror's atoms vibrate (thermal noise)

>) atoms vibrate fast: - 1 013 Hz

o Earth vibrates and shakes mirrors
)) anti-vibration suspension

possible????

\
./

/o

)) quiet environment

tlimNl LIGO-G960108-00-M



Noise Budget

5 Watt Laser

Mirror Losses 50 ppm

Recycllng Frctor of 30

10 kg Test Masses

Suspension Q=107

10-r8

For First LIGO Detectors
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LIGO
Screntific 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)

o Sensitivity -- detection rate >3 year

Other Sources

o Fundamental Physics (GR)

Veloclty Limit

LtGO-G960108-00-M



Neutron Star Binary
Coalescence

Method t Oat Distance for',
)'GalaxY 3M

Progenitor Death i,-111000 yr 
: 
130 M.L.yr

Rate 
i

ein o'"t@
Searches and
Discoveries

Ultra-conservtive , -1110' yr 3000 M.L.yr
Limit from Binary
Pulsar Searches

rd 4,3{ii95



Neutron Binary Systems
Inspiral

o
o

LIGO frequency band

'Chirp Signal'
Detailed waveform gives masses,
spins, distance, eccentricity of orbit, etc

F
(\.^

x
+,

T (sec)

LtGO-G9601 15-00-M
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LIGO
Long Range Goals

o Final Coalescence of Binary Systems
>> Neutron StarlNeutron Star

Design Benchmark: last 15 min

20,000 cycles

600 MLyr

>) Black-hole/Black-hole
)> Black-hole/Neutron Star

o Supernovae

)> Non-axisymmetric *300MLyr

o Early Universe

)> Vacuum Phase Transitions
,> Vacuum Fluctr.lations from Planck Era

o Unknown Sources

LtGO-G960108-00-M



BLAcK HoLE BINARIEs G
t o-16

10 100

h

=JBlo o] our-a-__I..___
(posiiSE

-ff,?.,ryj^{i"{l-,s!Lh
\

:=xii#i;r-;;E- 
.^observed pur"r;;)) ! \

j
Tn- iir- - -.r r - 

j-..a<n-f i.----- .t,:,:l :rr iig 6tl,?s_ i 
_ _ r _ _ r _\

Probabty 
'Z:;;l;i i", week)

Iaxv
,iiinjihiDi

f requency, Hz
1 000



-n./- \ / -^E':{-E';-'j 'r Bx

---]q'-;-5,"

30 10 3 1

time to coalescence,

Spt-, -;, (r 
$revitor,-,3 gnetiq f,a I

-($r3-r. 

J"ac*q-..)
-.i) 

^, Zo prec.."io,l'rCJril,:

1

or3
sec

o I O ltlo, Frp;J!V sp)',',ir^g .BFl

IM"BH
I O" orb,ta I i^.,l-at,*,n

ftr sp,r- l Wa.re$n".-

100 0.'f 0.03



TWO T VAVE FO R M S [Ste reop onicl

h+

time

hx

time

w Rich Information
o Map of spacetime warpage

@ Tornado-like swi rl
of space around
big hole

@Nonlinear vibrations of spaceti me
fCompare with Grand Challenge
S u pe rcom pute r Si m u I ati onsl
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FIG.2. The inferred recoil speed (in km s-r)imparred ro the core versus time (in seconds) for

the simulation highlighted in this paper. The initial momentum is approximately zero, but grorvs

systematically after bounce in the direction opposite to the artificial rvedge, cut into the core to

mimic an asymmetry just before collapse. Shown are the total recoil (sotid) and the contributions

due to the neutrino emission anisotrop.v (dashed) and the ejecta motions (dotted)'
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FICURES

FIG. l. A grey-scale rendering of the entropy distribution at the end of the simulation. about

50 milliseconds into the e.x,plosion. Note the pronounced pole-to-pole asymmetry in the ejecta

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

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

symmetry a.xis.

il



Sto c l'. rl

o €o'i-{l €*vne

LIGo

€i" Gr.vit'hJ*u G

\uLlro * 
^ 

J

f*,,..

(rfre el'*tJ br

hrOrc f?3errt

velt(,

L,

t trayitr'. b"&,|rrr.nJ .,.rloro*t d, Aem
TH,E,ruflAL Sf'&€TR, or - *f ,.*h,I

(s^r llrr thr,. ect,'.ic H,.i, brvc
Br.hgrc..J f,.4rrtroh br*r.J. rFf

corrvc,rt,oi.4 {.t tg L.T ,}rrdlcl ,
l"tvi&ovrJ Ceq*;lcl ufer. tc_p{/\ .,1rrc
o$ UalvaiJe decnrl brhv p/."r1< te_p)

€tr /) U,r I

qE 
Io*?z tr<€

ovo?..r4 c I ,''rJ.

tt*e GCt )

Bt *nf



.,6*:-"
.?IHE Blc I3ANG StNGrrLARrty

6neVrtAT touAt
Na"tttto3

eac
. t-,

| 0-'f
sp"
e Obf

t t sEcorvo
t_
loo YEAcs

rlt
fD tce Tc*P {t D6&u

!?.vttcn 
r' tof'1rV

_- Pl5rr- t. ^-^,. ry I Dl hV
to lc*P ry

'ir*vl 
f '' 'r I brV

E,+prn
Now

lelcctrr.9

t
tD'o Yet

3 gEcorus

e4 $.Ti-,e
e i.io bci'.5

!tao

|.rrn
[&"f|3)

, $, t"+ i:.-,r-:iI L: r-;.;-fG
-=

::-..1':, f. 1- .^-.. "- -a \,'i
'-t'l-'-.-22.*
tl-r-r.-(.'\o/ rl.
r.'K.:'r'.(r- . .:.: rr " .



6. f I tE_.+4 [l-"-ll4,i Ii/\

i o.grc hJ
\*=*"*,il+t*+t =;ire;*ie- E:

a

t ?ccf.rvrn
II

-n?\
-!1 

r,1-- r -----l- r - - r-Ir------l---r - I

--18 -lL ,-'a ..O * 3 ll.
,,rt'5r.1, Hl ',,

/;ns 4

o

-9

\saJL
-ls

\ 
&*&&" ffi

ounlllr,rf) *(.1{rfriuy,n wrf ettr
f,'.u s !Frvl$.f,Lr,*( r^$gFrctrj.tl

It t tt lt"&.

Jo r.rc*k

Lt,ir, r.t*,r.J lor. gte (hr." Cr?.,*frr,^ t,r.c

v,,ie{*il fcnsh,..nr/E

s Ae*aLltt,*'*t
ct,rr3f.fc, (o^lic.r"cf.tc) flg11rt.l
{nn* dr f{-.eyrt J.lc fr ,rt
(u) <f{Hl Lleo Jrfr,o{rrJ otsnr^tJ)



lfe *
*

A
1

aaD
I lll.

to J. t cvtr St*,"\*t il u

O

I

3.. L1ron *l

a
e

.")
e

a
d =3ooa kr't
-l$gforn54,ga

t
a

a
v

'i ' h",lq ,6: wrfh +' Joaok*' (t !;:t f{ ")
3

,d"t'.'-tr'n e.ftn5 ,i"r i" phete (tvlr*d}re') $u

av6re !€ prJ *ct tr, t t ) [ . tt )

S-n a'* .:e+- a& e: b"cllrt**J (*"J cfLe I $t3 ""1 )

6,,v.'^.,1t, gral ,*Lt f ,(t)('G)4S

g rchelfr'', {hon. Net'floy' Atj".l Sec L3+ (rf I?)933 '

chr,3fo^rn, ?hS. ftpv 
"uJ! 

tl qiL) f zSa '

Flunitrr, hls.-Rqv' W (r{fI) 2389

,''\x"'



LIGO
Sensitivity

o Comparison of sensitivity and wave
strengths (hrn = 1th,*r)
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1o-22

100
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LIGO IhITERFEROMETERS

Laser

2-- L+A L

hotodetector

ffiTc make AL
large enough
for detection
requires
L >4 km

f Measured waveform, h (timd - AUL,
is a linear combination of h+ and hx
which depends on interferometer's
orientation



LIGO
The Project

o National Science Foundation

o Construction Project (1 995-1 999)

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

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

h - 10-" - Initial Design Sensitivity (end 2001)

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

data collaboration with VIRGO

)) Fnhance Initial Detector
i ncorporate outside col laborations

Syracuse, Colorado, Stanford, etc

Caltech/MlT efforts
LIGO-G960108-00-M
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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 arms

along the x and Y axes'

gravitational
a re oriented

0.5 0.5



Gravitational Wave
Detector

o Antenna Pattern
>) coordinate system

iGl L|GO-G9601 16-00-M





Interferometers

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

AL= Le- L, = hXL

-@
PHOTODETECTOR

o LIGO M,eosures one waveform
>) orientation aligned (Washington & Louisiana)

o LIGO + VIRGO(ltaly)

LtGO-G960't 15-00-M



Source Positions

o Celestial Sphere position location from
LIGO (two intederometers)

o

o

D
O - arcsin

LIGO-G9601 16-00-M



Source Positions
LIGO + VIRGO

LIGO-G9601 16-00-M



L1

End
Mirror

Input
Mirror

Fabry-Perot Arm Cavities (4km)
Modest Input Power {6W)
lnitial Laser (Nd:YAG)
Wavelength (1 .06pm)
Power Recycling (30x)
Modest Cavity Finesse (100)

Recycling
Mirror Input

Mirror
End
Mirror

Photodetector
L2



I nitial lnterferometer
Specifications

Strah Sensitivity irms, 100 Hz bandl 1021

Displacement Sensitivity [rms, 100
Hz bandl

4xl0tsm

Fabry-Perot Arm Len$h 400O m

Vacuum Level < 104 ton

Laser Wavelength 1064 nm

Optical Power at Laser OuPut t. 1QW

Optical Power at lnterterometer lnput 5W

Power Recyclhg Faotor 30

lnput Mirror Properties Retlectivlty = 0.97

End Miror Properties Reflectivity > 0.9998

Arm Cavlty Optical Loss s3%

Lidlt Storage Tirne in Arrr'ts 1ms

Test Masses Fused Silica, 11 kg

Minor Diameter 25 cm

Test Mass Period Pendulutrn 1 sec

Seismic lsolation Systern Passive, 4 stage

Se'rsm,ic lsolation Systern Florizontal
Attenuation

> 10.2 (100 Hz)

Macimum Backgrotlnd Pulse RatE 1 per minute

lLtco\l LIGO-G960108-00-M
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