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LIGO
Intro'duction

o Laser Intederometer Gravitational
Wave Observatory
)) DIRECT Detection of Gravitational Waves

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

t Under Construction
>, Two Sites -- Louisiana and Washington

lulm l
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Grevitational vs
E.M. Waves

EM WAVES (jT{AV. WAVES

Natu re
Oscillation of EM

Fields Propagating
Through Spacetime

Osci,l'lations of the
"fabri,c" of spacetime

Emiss ion
Mech an ism

hr coh erent s u perposition
of waves from molecules,

atoms, particles

Co'herent emission
by bul,k motion

of en ergy

Interaction with
Matter

Strong absorption and
Scattering

Essentially None!

Frequency Band I > 107H2 f < 104H2

r lmplications
* V'lost gravltational sCIurces not seen as

electromagnetic (and vice versa)

i Potential for great surprises

? Uncertainty in strengths of waves
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Gravitational Wave
Forces

Detector Size
(4 km)

IF

(300-30,000km)

(10 kHz - 10 Hz LIGO)

o

o

THEN
Free Masses

Quadrupolar Lines of Force
Yy

(o)

+ Pol arization

i \\(}
lLl@\l

x Polarization
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Gravitational Waves
Two Polarizations
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Gravitational Waves
Effecfs

o Displacement of free particles
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Gravitational Waves
Detection
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o Bar detector

O Gravitational Waves
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Gravitational Waves
Evidence

o
o

Russell Hulse
Neutron Binary
)> PSR 1913 + 16

and Joseph Taylor
System
-- Timing of Pulsars

17 I sec

<J
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Hulse and Taylor
Timing of Orbit

o Speed up 10 sec in 15 years

o Deviation grows quadratically in time

o
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at -4
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o Due to loss of orbital energy, from
emission of gravitational waves
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Laboratory Experiment
Hertz)(a la

k*bcrat*ry *umbbell $ysterrt

1 tons 1 tons

\

f,.ot = 1 kHz

h,"o -Q.6 10-33mx1/R

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

fuu** = * $ffi-ss

This s* t** w*ak bV ab*urt i # *r**rs *f n:agnitud*!

2 meters
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Gravitational Waves
Sources and Detection

o binary star system

Sources Frequency h Event Rate Detection
Coalescing Binary Neu-

tron Stars (200 Mp")
10^,1000 Hz 10-zz -S lyeax Interferometer

*Template
Supernovae

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

Resonant

Supernovae (in Virgo .-1 kIIz 10-zr several/year Interferometer

Generation of Large
Black Holes

r..,1 mHZ L0-" 1/year Interferorneter
in Space

Pulsars 10^.,1000 Hz 10-zo periodic Interferometer,
Resonant

Cosmic Strings t0'' llz 10-ro stochastic Pulsar Timing

I SOurCeS and detection

LIGO-G9601 16-00-M



Astrophysical Sources
Frequency Range

o

o

o

Electromagnetic Waves x 20 orders
of magnnitude (ULF radio

Gravitational Waves P 10 orders of
magnitude

Combination of terrestrial and space
gx,periments

Block hlole Bfnoryj Coolcsc€nco

- B'look Hole
O Forr,ngrlrlo,n

O Blq'ek Ho,le
Bl,ns,ry, I OSMo
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Gravitational Waves
Space Experiment

o LISA - Laser Interferometer Space
Antenna

)> six spacecraft in triangle (four needed)

km
r...1

n6
15x

t

Venus
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LISA
Annual Revolution

o
o

60 degree half opening angle

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

LtGO-G960108-00-M



Gravitational Waves
Fesonant Bar Detector

o Schematic Version

*n r-J

rcl LIGO-G9601 16-00-M



Gravitational Waves
ffesonant Bar Detection
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o Bar tector

Sensitivi-ffi
CERN

Lsu(usA)
Stanford

UWA(Australia)
ICRR(J'p*)

A15056, 2.3ton, 0.1K
415056, I.lton, 4.ZK
416061., 4.8tou, 4.2K

Nb, 1.5toa, SK
415056, 1.7ton, g00K

Al5ob6,rs[oa,

A15056, 1.2ton, 4.2K

Capacitive*SQUID
Inductive*SQUID
Iqductive*SQUID

RF cavity
Laser Tbansducer

CapacitiveTS

itive*FET

2 x L0-1E
7 x 10-le

10-r8
9 x 10-1e

4 x Lo-22 (6oldz

o Status of bar detectors

LIGO-G9601 16-00-M



Gravitational Waves
lnternational Effort

o Techniques

narrow band

>) Large Scale Interferometers
broad band

o International Intederometer Effort

Caltech & MIT (Wash and Louisiana)

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

Germany, Japan, Australia

o Time Scale (lnterferometers)

LIGO-G960108-00-M
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LIGO
Achfenng ?Prs m $ensitivity

How is it
o Air molecules:

Buffer mirrors

possible????

\
./

/a

Buffet light beam

(f luctuating dispersion)

)) Mirrorq and li

Mirror's atoms vibrate (thermal noise)

>) atoms vibrate fast: * 1 013 Hz

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

LtGO-G960108-00-M



Noise Budget

5 Watt Laser

Mlrror Losses 50 ppm

Fecycllng Factor of 30

10 kg Test Masses

Suspension Q=107

For First LIGO Detectors
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LIGO
Screntific Mission

o Direct Detection of Gravitational
Waves

Benchmark Source: Neutron Binary Coalescence
o Detect the last 15 minutes of Hulseffaylor type

binary system (eg. 100 million years)

o Sensitivity -- detection rate >3 year

Other Sources

o Fundamental Physics (G R)
)> Test General Relativity in Strong Field and High

Velocity Limit

LIGO-G960108-00-M



Neutron Star Binary
Coalescence

,Method ,Our Distance for
i-i-

i Galaxy 34tt
i Progenitor Death i

rRate 
I

-111000 yr 130 M.L.yr

't

Binary Pulsar i -1l10ut' yr 600 M.L.yr.
Searches and 

i

Discoveries 
r

Ultra-conservtive
Limit from Binary
Pulsar Searches

-1110'yr 3000 M.L.yr

uc.cN 4t3At95



Neutron Binary Systems
lnspiral

o

o
o

LIGO frequency band

'> last 15 minutes (-100 cycles)

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

F

^0
+.,

T (sec)

LtGO-G9601 15-00-M
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1 0-17

1 0-18

1 0-1e

Spaietime ' 
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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/Neutron Star

o Supernovae

)> Non-axisymmetric *300MLyr

o Early Universe

o Unknown Sources

LIGO-G960108-00-M
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TWO lltfAv E FO R M S [Ste reo p onicl

h+

time

hx
ta

ume

Hffi Rich Information
o Map of spacetime warpage

o Tornado-like swi rl
of space around
big hole

@ No nlinear vibrations of spaceti me
fCompare with Grand Challenge
S u pe rco m p ute r Si m u I ati onsl
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FIG.2. The ilferred recoil speed (in km s-l)imparted to the core versus time (in seconds) for

the simulation trighlighted in this paper. The initiai momentum is approximately zero, but grows

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 (solid) and the contributions

due to the neutrino emission anisotropy (dashed) and the ejecta motions (dotted).
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FIG. 3. The gra.virational rvave st,rain, hl!, times the distance to the supernova' D, versus

time (in seconds). Core bounce is at 0.215 seconds. The total, matter, and neutrino waveforms

are rendered rvith the solid, dotted, and dashed Iines, respectively.
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FIGL RES

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

50 milliseconds into the explosion. Note the pronounced pole-ro-pole asymmetry in the ejecta

and the velocit-v field (as depicted with the velocity vect,ors). 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

symmetry axis.

l1



Stos!.,r1

(rlre h*tJ bc

i^orc fgee.rt

vc lt (,

L,

t gFavitrn b*cllrer.roJ .vrolotc*' t aent
TF+Eel,pAL Sf €€TrR,uoL{ ff .._,h,7

(s^rllr,r tltrr. eotr^ie H,.crbrve
BrrLaro.'J R.4rrtrorr br**J. r.
Gorrvc.t,oi*l {.t brJ !.i, rrrrdla(,
)"tvi 6cvr J deq * p lc I u Le ,. tc _p{/\ .,lu , to$ Uar v,,rra decWrnl brlrr, p/." ,l< tc_p )

fto,.-*

€i. Cr*vltr-h)*u G

9*,k9r, . 
^ 

J

eouJl (.wre

Ltcr g
€rr ,) U a,

e" Io*8& fc€

ovot?.rA c I arl

tt*r cet )

B^ *"f



/*-s*+3.-

?'l Hg

N.g1r nto3

t
io'o Ye,1 SEcotlo

'43 SEcosuS

r3c€. &Ti-,e
r''e i''*o bei^g

IJ)

?
Ol

lc

s
e

Blc I3ANG S'NGTTLAR,\Y

6nevrrAT/oN4
lg[vE.s ,.. r I

!tg a

|.rrn
[tu"H t)

te

i

'll- ?a*. etDS&u
f ; 

-'t?. Tc*P e

t?.vttca 
d tol'tcV

_- Pl5oe 1..-^,. a I gl &V
tg 1c*; a
'gr*vf l'* t I brV

t_
l0o YEncs

E,qP:rH
Now

getcctrr "9

i:$, b"r'.,i:.-,,_; -I
;: i-.-r. r. ., 'i . 

:t.aa
'-€r1--t,----r . ./ f . '-



2.1 k ,__

T[;-*J(, 
-';

I o'9 lc bJ
L. - -Jlre-qJL,&re***:

I
t
I

ra

II
t ;cc*+tn

a$u

E.q * 
^{

la't ri

o*.
Hl :

,/ t{

o

,t
.\9

_ls

u '. li ltt

; ..re €.

[t,ir,

.l; ns {"" tl

d g f,c e*, e'r1

ceresf.fc

{.n r-

(u)

,/' fret.
.v/{l #( Aolior .r

!. €Q.llrlr!t r"e\

! r'rYl l. t,Lt. I

t.t*,r..1 lor. gr;e

f c",r \ r.. t lg

t*$g;.ct rdtl

It t,t Lo&

Jo r.rs*k

(hr. cr;,.*rr'^ t,r.c

3 f\
\ \\ Lt6^ e.

twr.f cttr

(o 
^ 

| i c. ?Fc l.tc) s r9 1.r ll
dtHqevrt J.fe ,*rrs

< 3 { }13 Ll S o rle,fr,er{ rrr ?,,r,',, 
^{.J )



Ito- tc Je t eutr S1*,,\u il u
*

a
o

."\

R.. L,1f,cu nl

a
a

d =]ooo frr't
-t$gfotrl5tf,ga

a
a

v

%-- )rnteer.t€

ffi+-r
,----

av€ ealQ, pril.rt f, t t ) [.tt )

!'n *\ 3n3 6i'T Lrc$*''l*'J (o'*J r$e ? *afi**}- )

si'rb'6i{ gr*} n'fr f t tt ) ( tG } -$ o

F rchelfrt,, frron. t','t' floy, ei"." Sca L3+ (rf S?)933 '
(\e ,lto^rn, PhS. []u,'r$ (lqlL] f Z5o ,

Flor.trh, hyt.n'u' W (rffI) 1381

ri " r**"r{.a r*lrth

d o t*'* "lc"' *s"" !

b ) looo ku*
t

ynauf i', phrt€

'{.5fr' ilt)
)^ 4l- \(tJrGfitLrJ 5 b

6

f ,wA-/.\<I 7.:



LIGO
Sensitivity

o Comparison of sensitivity and wave
strengths (hrn = 1thr,,,, )

t o-1

hc

1o-16

1 o-17

1o-18

l o-2

1o-21

1o-22
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LIGO IhITERFEROMETERS

Laser

L+A L

hotodetector

tTc makeAL
large enough
for detection
requires
L Z4 km

f Measured waveform, h (timdl - 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)

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

h - 10-'t - Initial Design Sensitivity (end 2001 )

o Full Operations e0A2 +... )
>) Data Dating/Analysis

data collaboration with VIRGO

>) Enhance Initial Detector
i ncorporate outside col laborations

Syracuse, Colorado, Stanford, etc

Caltech/MlT efforts
LIGO-G960108-00-M



0.5

0.5 0.5

v

Figure 2.7 The sensitivity, as a function of direction' of an interferometric

wave detector to unpolariied gravitational waves' The interferometer arms

along the x and Y axes'

gravitational
a re oriented



Gravitational Wave
Detector

o Antenna Pattern

'> coordinate system

tml LIGO-G9601 16-00-M





Interferometers

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

AL= Lr- Ls = hXL

\
YarVJ

PHOTODETECTOR

o LIGO Measures one waveform
>) orientation aligned (Washington & Louisiana)

o LIGO + VIRGO(ltaly)

r> direction 10' to 10

LIGO-G9601 15-00-M



Source Positions

o Celestial Sphere position location from
LIGO (two interferometers)

. .'- : : 
:'.1 : : 

"?-t1'.: 

: 

"'s.t"".'..' . .

determine from time shift between
detectors (-.'l rnsec accuracy)

'declination angle' of circle (ring)

cLt'ig

o

D
O - arcsin

LIGO-G9601 16-00-M



Source Positions
LIGO + VIRGO

o
o

LIGO (2 det) + VIRGO (1 det)

decomposition of waveforms

o position on sky (two positions)

LtGO-G9601 16-00-M
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Bnd
Mirror

Input
Mirror

Fabry-Perot Arm Cavities (4km)
Modest lnput Power {6W)
lnitial Laser (Nd:YAG)
Wavelength (1 .06pm)
Power Recycling (30x)
Modest Cavity Fines$e (1 00)

Recycling
Mirror Input

Mirror
End
Mirror

Photodetector
L2



I n itial I nterferometer
Specifications

Strah Sensitivity irms, 100 Hz band! 1021

D'isplacement Sensitivity [rms, 1 00
Hz bandl

4x1Or8m

Fabry-Perot Arm Len$h 40@ m

Vacuum Level < 1V ton

Laser Wavelengrth 1064 nm

Optical Power at Laser Output t. 1OW

Optical Power at lntederometer Input 5W

Power Recyclrhg Factor 30

Input Minor Properties Reflectivlty = 0.97

End Mlnor Propefties Reflectivity > 0.9998

Arm Cavfry Optical Loss 33%

LIS* Storagn Tirne in Ar'rns 1ms

Test Masses Fused Silica, 11 kg

M'inor Diarneter 25 cm

Test Mass Period Pendulum 1 sec

S'eisrnic lsolation SYstern Passive,4 stage

Soisrnic lsolation Syster'n Horizontal
Attenuatlon

> 10.7 (1,00 Ha

M,a,rhnum Background Pulse Rate 1 per minute
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Phase Noise Sensitivity From MIT
Interferometer
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ffi 75 minufes &10,000 orbits in LIGO band

ffiRrbh information in waveforms:
masses, spins, distance, direction,
nuclear equation of state



Steps in the Advanced
Research

Subsystems
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LIGO Facilities
Beam Tube Enclosure
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Figure 2.1-1 -- Cross Section of Destgn Baseline at
Hanford
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6412

Suspension-point
Interferoneter

Suspension
Wires

Fabry-Perot
Test Mass Mirror

GLEARAPERTURE=1 m

BAFFLE l"E. = t "10 m

BEAtt TUBE l"E" = 1.22m

Tesl Mass
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AERIAL PHOTO BY

GULF COAST AERIAL MAPPING

FLOWN:AUGUST 25' 19s5

ALTITUDE: 12'0OO FEEr
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