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General Theory of Relativity

o Newtonian Gravity has instantaneous action at a distance

. Einstein showed fluctuating fields give gravitational waves

' transverse, like radio waves

, two polarizations are at +5o

. Lowest order radiation term: quadrupole

' field proportional w i),,
> second derivative of non-spherical part of kinetic energy

Gi)
' dimensional analysis leads to lt = Zi

C

. passing GW leads to change in proper distance
rL\

6/ = 
lZnfD ) between points separated by L
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Binary Squrces
Inspiral and Coalescence
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Gravitational Waves
Evidence

o Russell Hulse and Joseph Taylor

r Neutron Binary System

o Predictions from general relativity
>) spiral in by 3 mm/orbit

-Bhr

17 I sec
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Hulse and Taylor
timing of the orbital period

o
o

period speeds up of 14 sec from 1975-94
>) measured to -50 psec accuracy

deviation grows quadratically with time

due to loss of orbital energy, from the emigEion
of oravitational waves ,. *

GR prediction-
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Coalescing Compact Binaries

Standard candle: Binary stars
o Taylor-Hulse Binary 1913+16 shows clear spin-up

. almost certainly due to GW radiation at present th period

o later in life (tOs yr.), period shortens to audio frequencies

. spends -1 minute in frequency range from -30 Hz-1 kHz

. our detector will target this frequerrcy range.

for most of life, waveform rell krwn if masses known

. allows calculation of si'gnal afrsltt d6, optimal filters

. end of life (coalescence) yet to be calculated (measure first?)

o typical numbe ri h = 10-21 for 1 .4 Mo , 200 Mpc, -3 events/yr.

. sinceh = 6t/L,expect6/ = IA-21 mtorL = 1m
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Gravitational Waves
Effecfs

o Displacement of free particles
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Basic principle of detection

Laser Interferometry
. basic sensing mechanism: a Michelson Interferometer

Pout

. GW strain induces differential length changes in arms

o lengths are measured using light beams and 'free masses'

Realistic interferometer not so simple
. will explore limitations to understand initial LIGO design

q/
I
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Basis of the detection

Assume General Relativity
o wave is transverse, like radio waves

. propagates at speed of light

. hrvo polarizations are at 45o

. passing GW leads to change in proper distance
rI\

6/ = | ih@ lf between points of initial separation I,
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Gravitational Waves
ground based effort

o Techniques

narrow band (- few Hz)

>) Large Scale Interferometers
broad band (- 1OHz -> 1OKHz)

o International Interferometer Effod

Caltech & MIT (Wash and Louisiana)

French and ltalian (near Pisa)

'> Smaller efforts
Germany, Japan, Australia

o Time Scale (lnterferometers)

LIGO-G960108=00-M



Two LIGO Observatory Sites

6t'rdl LIGO-G970249-00-M
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o Two Sites - Three Interferometers

non-gaussian level

correlated rate (x1 000)

uncorrelated (x5000)

o Signal Extraction

r Data Recording (time series)

LIGO-G960108-00-M



LIGO
, Long Range Goals

o Inspiral of Compact Binary [chirps]
') Neutron $tarlNeutron Star Inspiral

Design Benchmark: last 15 min

20,000 cycles

600 MLyr

)) Black-hole/Black-hole Inspiral and Coalescence
)) Black-hole/Neutron Star Inspiral

o Supernovae fbursts]
)> Axisymmetric in our galaxy
)) Non-axisymmetric -300MLyr

. Pulsars [periodic]
>) rotating non-axisymmetric neutron stars

o Early Universe [stochastic]
>) Vibrating Cosmic Strings
)) Vacuum Phase Transitions
>) Vacuum Fluctuations from Planck Era

o Unknown Sources [?U

LreO-G900108-00-M



G ravitational Waveforms
binary inspiral

o can determine

'> distance from the eafth r

') masses of the two bodies
)) orbital eccentricity e and orbital inclination i

Waveform

Time

Dependence on;:,m
4ffi

6=0rr.ffi

h+

x

o
+

ffia
h-ffiHh,

9=0.6 s=0.8
Dependence on !, for e = 0:

Amp(hr) _2cosr
AmpGI = T+ c

e,tor r = 90o:
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Supernovae
simulation

oA,
))

tl

Burrows
2 - dim model

50 msec into the explosion
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Pulsar Searches
fi rst generation sens itivity

o assumes all
by emission
energy

106

spindown accounted for
of gravitational wave
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The Early Universe
Stochastic Background

o The Big Bang Singularity

GnlVrrATleNAL
Nsgr",rto

t SEcorvo

o-

D$r"

t_
,0o YEAF5

E,+nrx
Now

i f,'' Yer

3 gEcoNDS

ce. BTLe
e, i'tto bein5

-4

)a

fa
Pa

lc

s
e 0

LIGO
>> time *1A-22 sec
)' temp - 106 GeV
>) graviton - 10 MeV

;,!=,' :i .i"-)-,-r 1'
--- 

" 
I 

". ' '

'-t'v--2a2

LIGQ-G960108-00-M



lnterferometer
Noise Limitations

INTERFEROMETER,
SIGNAL, AND NOISE

(frequency

)

7
<'- 

test
r/L/

7\

\
I

\

MASSES

residualgas noise)
I

noise) L 1

L1

SIGNAL= Ll - l*

tml Ltco€960t06-oo-tr,l



' Noise Budget

5 Watt Laser

Mlrror Losses 50 ppm

Recycllng Factor of 30

10 kg Test Masses

Suspenslon Q=107

For First LIGO Detectors
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lnltial Interferometers
Noise Floor
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NEI.JTRON STAR BINARIES
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LIGO
the facitity'

o National Science Foundation

o Construction Project (1 995-1 999)
>) Facilities and Initial Detector

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

h - 10-20 - Coincidence (Hanford/Livingston)
- Engineering run (end of 2000)

h - 1O'tt - Initiat Design Sensitivity (end 2001 )

o Full Operations eAAz +,.. )

LIGO | (2 year run @ h - 10-21)

improved subsystems (lasers, test masses, etc)
>) Advanced Detectors

new i nterferometer config urations

NRC BPA Oct'97 LIGO-G970:oo<-00-M
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LIGO Facilities
Beam Tube Enclosure
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Figure 2.1-1 - Cross Section of Design Baseline at
Hanford
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Outgassing Result From First 2 km
Modufe

Table 1: Prebake Outgassing Rates (torr liters/sec cm21

gas
measured at

1100 hrs
assumed llt comments

H2 < 7.4x10-14 larger than QT by 2
nuu( coffection for ordinary 304 SS

2.7 x 105 c*2 at J(H2) = I x 10-11

J"qoiu (Hz ) <3.5 x 10-14

co 6.9 x 10-1s 7.6 xlo'rz / t(hr) smaller than QT by 10

coz 1.9 x 10-14 2.1 xl}-rt I t(tn) smaller than QT by 2

cH+ 5.2 x 10-16 5.6 x10-13 / t(tr) larger than QT by 4

Hzo 8.0xtO-elt(tr) see table 7 and 8
smaller than QT by 2

Hydrocarbons

l+t,+1,s5,57

8x10-3*J(H20) larger than QT by 2

13 LIGO-G970249-00-M



SEI Configuration

LOC



65432

Minor ol
Suspension-point
Inlerferometer

Suspension
Wfres

Fabry-Perot
Test Mass Minor

CLEARAPERTUBE=1 m

BAFFLE l.D. = X.10 m

BEAM TUBE l"D' = 1.22m

Test MasS



CnpnBrLrnES oF THE rNrnAL LIGO ITTenFERoMETERS
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Seismic Noise

Motion of the earth
. driven by ocean tides, wind, volcanic/seismic activity, humans

. for LIGO sites, characterized by tO-7 tP m/ JHz ,

o requires e.g., roughly 10e attenuatbn at 100 Hz

Approaches to limiting seismic noise
. careful site selection

. careful building design

o simple damped harmonic oscillators in series

. one or more low-loss pendulums for final suspension

18d30 L!GO-G970002-00-D
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Baseline lsolation Performance
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stack isolation

/

stack + pendulum isolation

'{h LO,Lot
frequency Hz

o Displacement noise L0-21 mhHz @ 100 Hz
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R&D: Suspension Research

Pendulum suspension serves several purposes
rli. minimizes thermal noise generated by test mass suspension

. provides seismic isolation, -f2 above resonance

. allows translation and orientation forces to be applied

Prototypes tested separately, and in, interferometers

Suspension
Block

S€$$fwm*t;g

S.tt

Suspension
Wire

Safety Bar

MagneUStandoff
Assembly

Head Holder

Suspension
Support Structure

Guide Rod

Wire Standoff

$ensor/Actuator
Head

Safety Cage
Cable Harness
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lnterferometers
Mechanical Thermal Nolse

m

L
\

T
violin

<+
pendulum

o pendulum noise
>) Xrrs - 'l 0-11 m, f0 - 1 HZ

o violin mode
)) Xrr, - 5 10-17m; fon - 600n Hz

o test mass vibrational mode
)) X,m. * 5 10-16m, fo > 10 kHz
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R&D: Thermal Noise research

o

a

Models, independent measurements, 40m tests
o thermal noise of substrate, pendulum significant for LIGO

thermal noise in conrpound test masses carefully calculated

new monolithh masffis stua*ied s@arately

installed in 40rn; spectrrurn oons*stoerxt with thermal noise model

scaled thermal noise for LNGO meets initial curve

ro-14

rdl s

ro-16

'td17

rd18

rd19

to 20

Frequency (Hz)
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Shot Noise
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?owe?
. Achieving Shot-Noise Limited Phase Sensitivity

Requires Understanding and Control of AII Other
Optical Sources of Noise
. Laser Noise
. Photodiode Uniformity
. Modulator-lnduced Noise
. Scattered Light

LIGO Requirement 10-10 radltffi,
Current 40-m Interferometer 10-8 13dlr,ffi
MPQ Garching lo-e ndltffi,

6h(r) =* (y_(r))
-1

60(f)
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NEUTRON STAR BINARIES
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lmprovement Toward

ln itial Interferometer
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Figure 4:

The improvements in hr." associated with the steps outlined in the proposed program and resulting in the parameters

given in Table 2. The logic of the steps is determined by the assumption that compact binary coalescences are the
rnost likely source to be detected, hence the importance of improving the sensitivity near 100 Hz. The improvemenis

associated with the do

u
E
Fr

.d

o
qt
o

2.5

setsmrc nolse ffteffaal rtolse



CnpaBrLrnES oF EIHANcED
LIGO ImTenFEROMETERS
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LIGO Facilities
Limiting A/oise Floor

N?

F

€
og
oo
C'
T'
=.ra
ct
tr

c
Gl-e
U'

1.00E 18

1.00E 19

1.00E 20

1.00E-21.

1.00E-2,

1.00E-8

1.00E 24

1.00E-25
1.00E+01 1.00E{02 1.00E+03 1.00E+04

FrequencY (Hz)

\
Gravity Gradients

t.\
I

I

Standard
Ouantum Limit. -a\

1 001
a

\
\

)KE

ResiJual Gas
Dlraaa hlaEaa

\ 10 -9 Torr, H 2

\
\

LIGO-G960108-00-M



Amplitude
Expressed

Spectral Strain Noise
as an Equivalent h(f)

N9 -zz
tr
d
n

Fl

X -zs
o
q0
o

-24

z
log1O(frequency Hz)

LIGO-G960209-00-M



LIGO Operations
pf?ysf*srkr: ft s n cs,m em fs

o First Physics Run (-2002-20A4)

') LIGO I Development Group

)> Initial LIGO design sensitivity h - 10-21

>) one year integrated data (- 2 year run)

)) data reserved for LIGO I group for two years
from collection

I EnhancementslData Taking (^,2004- ?)
>) Advanced R&D to reach h - 10-22

l Advanced Detector Configurations
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