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Introduction
——— e ——————

e Laser Interferometer Gravitational -

Wave Observatory
» DIRECT Detection of Gravitational Waves

e Joint Caltech/MIT Project funded by
the National Science Foundation

e Under Construction
» Two Sites -- Louisiana and Washington
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Gravitational Waves
Two Polarizations




Gravitational vs
E.M. Waves

EM WAVES GRAV.WAVES
Oscillation of EM Oscillations of the
Nature Fields Propagating "fabric” of spacetime
Through Spacetime
Emission Incoherent'superposition Coherent emission
Mechanism of waves from molecules, by bulk motiomn
atoms, particles of energy
Strong absorption and Essentially None!
Interaction with Scattering
Matter
Frequency Band f>107Hz f < 104Hz

m Implications

& Most gravitational sources not seen as
electromagnetic (and vice versa)

& Potential for great surprises
« Uncertainty in strengths of waves

LIGO: 4/22/95
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Gravitational Waves

A, Evidence
e Russell Hulse and Joseph Taylor

e Neutron Binary System
» PSR 1913 + 16 -- Timing of Pulsars

17 / sec

/~8hr

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

/

e Speed up 10 sec in 15 years
» measured to ~50 usec accuracy

e Deviation grows quadratically in time

|
) , .
]li—'ll”'_-'l‘l'_.
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1975 1980 1983 1990

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

LIGO-G960108-00-M
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Gravitational Waves
Effects

/
e Displacement of free particles
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Gravitational Waves
Detection
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Laboratory Experiment
(a la Hertz)

_________—_———_'_—

Laboratory Dumbbell System

1 tons 1 tdns

\ 2 meters

=1 kHz

frot -

R = detector distance (> 1 wavelength) = 300 km
h,,=9 10°

This is too weak by about 16 orders of magnitude!

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

e binary star system
Sources Frequency | 2 |Event Rate Detection
Coalescing Binary Neu- | 10~1000 Hz|10 22| ~3/year |Interferometer -
tron Stars (200 Mpc) +Template
Supernovae ~1 kHz |10~ 18| ~3/century |Interferometer,
(in our Galaxy) Resonant
[Supernovae (in Virgo) <1 kHz |10~ 21| several/year | Interferometer
Generation of Large ~1mHz |10°17| 1/year |Interferometer
Black Holes in Space
Pulsars 10~1000 Hz |10~ 25| periodic |Interferometer,
Resonant
Cosmic Strings 10-7 Hz |10 | stochastic |Pulsar Timing

e sources and detection

LIGO-G960116-00-M




Gravitational Waves
Resonant Bar Detector
e

o ‘Schematic Version

LIGO™



Gravitational Waves
Resonant Bar Detection
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o Bar detector

Group Antenna Transducer Sensitivity (k)
CERN/Rome | Al5056, 2.3ton, 2.6K | Capacitive+SQUID 7Tx107%
CERN Al15056, 2.3ton, 0.1K | Capacitive+SQUID 2 x 10718
LSU(USA) | Al5056, 1.1ton, 4.2K | Inductive+SQUID 7% 10719
Stanford Al6061, 4.8ton, 4.2K | Inductive+SQUID 10718
UWA(Australia)| Nb, 1.5ton, 5K |  RF cavity 9 x 1071°
ICRR(Japan) | Al5056, 1.7ton, 300K | Laser Transducer -
KEK(Japan) | Al5056, 1.2ton, 4.2K | Capacitive+FET |4 x 1022 (60Hz)

e Status of bar detectors

L

g
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Michelson Interferometer
Schematic Diagram |
e Michelson Mo'rle}/ Experiment g |
— _| mirror

beam
o, splitter
| -
-output port -
eyeor
- photodetector
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Michelson Interferometer

Interference Fringes
‘/
e Michelson Morley Experiment
» Two beams misaligned
e Impressionistic rendering

L e
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Michelson Interferometer

Transfer function
f

e Example
» mirrors are defined at 500 km from beam splitter

» wavelength of light = 0.5 microns
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Gravitational Wave
| Forces
H

IF
e Detector Size << Wavelength
(4 km) (300-30,000km)

(10 kHz - 10 Hz LIGO)

THEN

e Free Masses
e Quadrupolar._Lines.of Force -
) y .

<

I
<&

"~
o
g

a

+ Polarization  x Polarization

LIGO\% LIGO-G960108-00-M



Gravitational Wave
Detector

e Antenna Pattern
» coordinate system

LIGO-G960116-00-M
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gravitational

nction of direction, of an interferometric
meter arms are oriented

Figure 2.7 The sensitivity, as a fu
wave detector 10 unpolarized gravitational waves. The interfero

along the x and y axes.



Astrophysical Sources
Frequency Range

e Electromagnetic Waves - ~ 20 orders
of magnnitude (ULF radio -> HE vy rays)

e Gravitational Waves - ~ 10 orders of

magnitude
e Combination of terrestrial and space
experiments |
o ;
S 10718 -
<E,: Black Hole Binary
© 10-29 - @ Coalescence
3 Black Hole
= Formation
_ 7 \® Black Hole NN
o Binary, 105M@ *
g 10-22 &
5
'S ~ LISA
O 24 |
O 10 ' | I 1

} | i 1
104 ' 10™2 _ 109 102 104
Frequency [Hz]
LIGO\ - LIGO-G960115-00-M



Gravitational Waves
Space Experiment

e® LISA - Laser Interferometer Space -
Antenna '

» Six spacecraft in triangle (four needed)
» pair at each vertex

# relative orbits
i of spacecraft

LIGO-G960108-00-M

LIGO®



Annual Revolution

e 60 degree half opening angle

e ‘tumbling’ allows determination of
position of source and polarization of
wave

\S LIGO-G960108-00-M

LIGOS




Gravitational Waves
International Effort

@ Techniques

» Resonant Bar Detectors (LSU, Rome, etc)
— narrow band

» Large Scale Interferometers
— broad band

@ International Interferometer 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

e® Time Scale (Interferometers)
» Approximately year 2000

L N LIGO-G960108-00-M
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LIGO
Achieving 108 m Sensitivity

How is it possible????

e Air molecules:
Buffer mirrors Buffet light beam
(fluctuating dispersion)

» Mirrors and light beam must be in vacuum

e Mirror's atoms vibrate (thermal noise)

» light beam feels 10'® atoms
» atoms vibrate fast: ~10"3 Hz
» beam measures slow variables: ~ 100 Hz

e Earth vibrates and shakes mirrdrs

» anti-vibration suspension
» quiet environment

LIGO-G960108-00-M
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Noise Budget For First LIGO Detectors

5 Watt Laser

Mirror Losses 50 ppm
Recycling Factor of 30
10 kg Test Masses

Suspension Q=107

10-18
g
1019 @
3,
s)
1020 3
S
Ty 10
=5
E 10-22
10-23 - 2,
1 Residual Gag
Internal\Therma! \ \ \ - X
10-24 -
10-25 ] ] |
1 10 100 1000
f (Hz)

LIGOS
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Neutron Binary Systems
S Inspiral
M
e LIGO frequency band '

» last 15 minutes (~10* cycles)
e ‘Chirp Signal’ -
e Detailed waveform gives masses,

spins, distance, eccentricity of orbit, etc

9}
11
No
O
- X0y .
> |
< | . ,
4l
NE 0.6 0.7

T (sec)

LIGO-G960115-00-M
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LIGO

Scientific Mission
e

e Direct Detection of Gravitational

Waves
_ Benchmark Source: Neutron Binary Coalescence
e Detect the last 15 minutes of Hulse/Taylor type
binary system (eg. 100 million years) '
e Sensitivity -- detection rate >3 year

— Other Sources

e Fundamental Physics (GR)
» Test General Relativity in Strong Field and High
Velocity Limit
» Measure Polarization and Propagation Speed

LIGO-G960108-00-M



Neutron Star Binary
Coalescence

Progenitor Death | ~1/1 000 yr |130 M.L.yr
Rate

Binary Pulsar ~1/10™' yr |600 M.L.yr.
Searches and
Discoveries

Ultra-conservtive |~1/10"yr | 3000 M.L.y¥
Limit from Binary
Pulsar Searches

LIGO™ 4/30/95



q‘-«w‘x,r»\, 'i,, o«;x 0

W ,_,_‘,"!;, 2 #
1

i gy

,,w\i‘ o

PRI

»'Iv.u

iy



NEUTRON STAR BINARIES
[our best understood source] @ @

W Hulse/Taylor (1993 Nobel Prize ):

@ Observed slight inspiral of PSR1913+16,
due to energy lost to grav’l waves

@ Thereby proved (indirectly)
that gravitational waves exist

B | /GO’s Goals:
To detect the waves directly,
and by extracting the rich information

they carry, use them to study:

® The nature and dynamics of
gravity (spacetime warpage)

® The “dark side” of the universe

B The trouble with PSR1913+16:
@ |i's wave frequency is 0. 0001 Hz

® L/GO’s band is 10 to 1000 Hz

® Ve must wait 100 million yrs for
PSR1913+16 to reach | |IGO’s band



Grawtatlonal Waveforms
~ binary inspiral =~

@ can determme , -
— ——-distance from-the-earthrr

s—masses of thetwo bodies
» d"rb’irar"e‘t:'ceﬁfri"c‘i‘ty‘e"a“rfd"O‘rb“it'al"i nclination

o Waveform _ Dependenceon e, fort=90°
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NEUTRON STAR BINARIES

VS

[“Guaranteed” source] @ @

SN——
10-16 | \ l |
10717 -

18 |- .

10

‘10"19'— PR
h

10720 4 illion light yrs -

(estim -
21 GQém:{;; gf;f;,‘fe‘;;’ >
107" [~ --!’ﬂczn.'m%z E
Lhilion light yrs B
10722 (about one per, gk ;}- _____ .
10725 [ 1 | ]
| 1 10 100 1000

frequency, Hz

| 15 minutes &10,000 orbits in LIGO band

B Rich information in waveforms:
masses, spins, distance, direction,
nuclear equation of state
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SENSITIVITY OF LIGO’S

L FIRST INTERFEROMETERS _
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LIGO
Long Range Goals

e 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 Star

® Supernovae
» Axisymmetric in our galaxy
» Non-axisymmetric ~300MLyr

e Early Universe
» Vibrating Cosmic Strings
» Vacuum Phase Transitions
» Vacuum Fluctuations from Planck Era

e Unknown Sources

LIGO-G960108-00-M
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TWO WAVEFORMS [Stereop on/c]
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Supercomputer Simulations]



u | R C . } Y O IDRt Tt W\l

“SPINNING, “MOUNTANOUS? NEUTRON STAR

_Lm PLOSION OF A STAR'S CORE

— WHCH TRICGERS A  SUPERNOVA

\/IBQA‘T!NG LooPs OF Cosncc STRIVG

W Stochastic
L~ N ~——. o




EONELY | cﬁ*“@i\

-/

7 = 3

ell!’.ué'.nﬁ RAELE A

n? Y
—_— —
,f'ip Y k

+
-7 w‘Sho& =1
wy ] = 4

o
Wh' =W

J )7?094 "‘W\s

rivys VeumMIU 2133 awwh nny -uay C‘wy,‘_qa\_

(ﬂf\; R«a, Jd.s a.}vJCqu\) vuojamm ﬂt‘\ﬂutéu

sa,.‘f\gg 7(ra\..&3d

ol




ES‘!EW;-A%Q. daséortw‘m due %o J(Po(g
*maonc%ie, {u:IJ

€z Ymy B 2 1o
S
Ujrav éM

)&\3 3 ﬂ@.ﬂi Y(J&&)
(!hus N R '

(f%’ PBJSM-.S Lofn W.pilg ‘(‘o‘)'a.")h'j 'Uvep\

Severa| vapst vecent pulsars with Such

‘mp“'&“d\" ):'\ owr 3&&&%3 hny 'én;ut

——

Note Faustest known pulsar ?Skmngﬂ-(
9

ON() hod ’B S I0 9angs , bt L

'U\ou}L'} "H\o's Pdlar waeJl 'Sruh ur'

\, “h!““\luj lbw mass kmpcn;p‘h
ALSe “"Wagsner slar” enhencewant.



Tnyc I - nylp;ivt Agtov\a{co.v\ pg a w“h
dwarf Star  (no Substantial ewission
of ,ro.v'u":sh;n»( wves)

Tb?‘n’ - Laul o em’it Si‘r.nj gravlf‘hon.oe

%
Wt“s
(‘mGol ebo_' o\cchatto.hf

\‘*—" CQn‘mru) L‘r‘a"“')
SN 1187 A [ wewbrines)

coddiation (mechanism )

Crtu'\‘tsto_&‘

= massive tur Procluu.f coce ‘“l"" MQ

which Hhes burned *o wor (ohide Jwarf)

- eleeckron dt’ev\er&cj pressure vo longer
Cawn .Su'pu-t the c¢ove
= mabler converts nip newdrons
= collapseg
- bounce @ | d | . }
Nuclear dengh (es a3 |0 9"‘/(%



FIGURES

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-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 lower entropy and 8 = 0 on the bulge side of the

symmetry axis.
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Sensitivity

Comparison of sensitivity and wave
®
strengths (hy, = 1 ?h,ms )
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LIGO
The Project

M

e National Science Foundation

e Construction Project (1995-1999)

» Facilities and Initial Detector

e Commission Facility (1999-2001)

» Implement Initial Detectors
— h ~ 1020 - Coincidence
- Initial Search (end of 2000)
— h~10?" - Initial Design Sensitivity (end 2001)

e Full Operations (2002 + ...)

» Data Dating/Analysis
— data collaboration with VIRGO
» Enhance Initial Detector
| — incorporate outside collaborations
» Advanced Detectors
— Syracuse, Colorado, Stanford, etc
— Caltech/MIT efforts

LIGO-G960108-00-M
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Untitled - 6

LIGO Site Pair

. Hanfcrd, Washington

» Located on U.S. Dept. of Energy Reservation

+  Treeless, Semi-arid Desert

« Approx. 2% km from Richland (Metropolitan
Pop. 140,000) |

. Livingston, Louisiana

» Located in Forested Rural Area |
- Approx. 50 km from Baton Rouge (Pop. 450,000)

LIGOS



LlGO INTERFEROMETERS

large enough——
_ for d_etechon @km)
- requires - e

I___l\/leasu red waveform, h(tlme) AL/L
~is a linear combination of h- and- hx —_
which depends on interferometers

orientation




Description of LIGO
——_—_________-.?-_—-———————-__

« Two Sites - Widely Separated
e Hanford, Washington |

_ 4km and 2km Interferometers
e Livingston, Louisiana

- 4 km Interferometer
e Expansion for Advanced Detectors

LIGO 9/18/94
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l Consequences:

" Pisa CANNOT be used,
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to search for waves
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|nterferdmeters
[

o AL/L = h :,",_,F+h+(t)__ + F.h (1)

R,

PHOTODETECTOR

LASER

e LIGO Measures one waveform

orientation aligned (Washington & Louisiana)
~ 10 on ring

»

» direction(timing) determined ~10" to

e LIGO + VIRGO(ltaly)

» decompose waveforms (h,(1),h,(1))
» direction 10" to 1°

S LIGO-G960115-00-M

LIGOS

7z



Source Positions
M
e Celestial Sphere position location from

LIGO (two inteﬁerometers)

IR S X ]

e determine from time shift between
detectors (~.1 msec accuracy)

e ‘declination angle’ of circle (ring)
. CAtsig

e =
' arcsin D

LIGO-G960116-00-M
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LIGO

Basic Configuration

/

e Michelson with Fabry-Perot cavities

End Mirror

,"
I
|
{
]
}
i

L1
i
I
!
1
}
!
Recycling : #
Mirror Y Input Mirror End Mirror

‘ Laser

LIGO& LIGO-G960108-00-M




Initial Interferometer
Specifications

M

Strain Sensitivity imms, 100 Hz band]

1028
Displacement Sensitivity {mns, 100, 4x10%m
Hz band] o
Fabry-Perot Arm Length 4000 m
Vacuum Level <108 torr
Laser Wavelength . B 1064 nm -
Optical Power at Laser Qutput . /""" 10 W
Optical Power at Interferometer Input 5 W
Power Recycling Factor | | 30
Input Mirror Propetties Refleclivity = 0.97
End Mirror Properties Reﬂecti.viay > 0.9998
Arm Cavity Optical Loss <3%
Light Storage Time in Arms 1ms

Test Masses Fused Silica, 11 kg
Mirror Diameter 25¢cm
Test Mass Period Pendulum 1 sec

Seismic Isolation System Passive, 4 stage'
Seismic Isolation System Horizontal > 107 (100 H2)
Attenuation :

Maximum Background Pulse Rate - 1 per minute

LIGO™

LIGO-G960108-00-M




NEUTRON STAR BINARIES

[“Near-Guaranteed” source]
10710

10717

10718

10"19
h
10

-20

10-21

.09 £

10

-23 |- _
10 | I |

1 10 100 1000
frequency, Hz

B 15 minutes &10,000 orbits in LIGO band

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




Initial Interferometers
Noise Floor
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Gravitational Wave
Detection Strategy

O Interferometer Sensitivity
- R&D Program

e Technology Development
e Demonstration Experiments

_, Engineering Implementation
e Precision Engineering Design
» Quality Control

0 Two Sites - Three

Interferometers
— Single Interferomeier ~50/hr
e non-gaussian level |
— Hanford (Doubles) - ~1/day
e correlated rate (x1000)
— Hanford + Livingston <0.1/yr

o uncorrelated (x5000)

LIGO™ 4/30/95 18
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Interferometers
Coincidence Experiment

’

@ Interferometers
» Glasgow (Fabry-Perot interferometer)
» Garching (Michelson delay-line interferometer)
" ® Strain Sensitivities (~107'7 rms noise)
» (a) Glasgow
» (b) Garching

l L 3 | 4 4 L} l L { R 4 L 1 l L § L 4 L ] : |
(@) ]
3
Pt -
[a ]
3 X
X 3
~ o
L e
~r -
N g . . . e _
v (b) :
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oF ]
2 o P
© 3
e | 1
]
=]
$ " N Y i i 1 2 N N ] A A " N 1 2 3 " N 1 " N A "
20 1000 2000 3000 4000 5000
LlGO& frequency f (Hz) LIGO-G960116-00-M



Interferometer

types
e Folded interferometers |
» Delay-Line (N=4)

» Fabry-Perot
/K\
"" N
i
> : > {e e»)
| Y
Delay-Line (N=4) Fabry-Perot

LIGO-G960116-00-M
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Interferometers
Coincidence Experiment

/

® Glasgow - Garching

» Analysis
— level 1 - housekeeping vetoes .
— level 2 - 62 hrs good data (<4 10-17 for 1 6 sec)
— level 3 - require same strain in both detectors
» Result
— h < 1.6 10-16 from zenith and optimumpolarization
_ h < 3.6 10-6 any direction and any polarization

10

T I ' w)
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LIGO Project
Technical
 ‘
e Major Facilities

» Beam Tube
» Vacuum Systems
» Civil Construction

e Detector
» Detection Strategy
» |nterferometers

e R&D

» Noise Sources and Sensitivity
» Demonstration Experiments

e Status and Plans

LIGO-G950085-00-M
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Gravitational Wave Strength

Strain Sensitivity |
_G(Eglc) 1

2
r C

h

for EX/c*~ M,

kin
h~102 for Virgo Cluster of Galaxies
h~102 at Hubble Distance

LIGO Goal: h ~107%
Detector AL =hL

L=d4km = AL=10"°cm

This leads to Stringent Specifications:
Vacuum
Seismic and Acoustic Isolation
Test Mass Suspensions
Optics

etc.

LIGO 11/3/94 3
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Beam Tube

”

] Characteristics
_, Arm Lengths - 4km
_. Tube Diameter - 4 ft

— |nitial Detector
e 106torr Hydrogen; 107 torr Water

_, Advanced Detectors
o 109torr Hydrogen; 10'° torr Water

— Quality Control
» (materials, welding, cleaning, etc)

0 Status and Plans

_, Design Contract was with CBI

e Final Design Report Accepted (6/94)
— Qualification Test

e 130 ft Section - success (4/95)

—, Contract Options
LIGO™ 4/30/95




LIGO Facilities
Beam Tube Enclosure

1 3!_4"

healf—— P

Figure 2.1-1 — Cross Section of Design Baseline at
Hanford

4 LIGO-G950085-00-M
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