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LIGO _ L
Einstein’s Theory of Gravitation

Newton’s Theory
“Instantaneous action at a distance”

Einstein’s Theory
Information carried
by gravitational
radiation at the
speed of light
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LIGO Einstein’s
warpage of spacetime

Imagine space as a stretched rubber sheet.
A mass on the surface will cause a deformation.
Another mass dropped onto the sheet will roll toward that mass.

Einstein theorized that smaller masses travel toward larger
masses, not because they are "attracted" by a mysterious force,
but because the smaller objects travel through space that is
warped by

the larger object.
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BENDING LIGHT

LIGO

Predict the bending of light passing in the vicinity of the massive
objects

First observed during the solar eclipse of 1919 by Sir Arthur
Eddington, when the Sun was silhouetted against the Hyades star
cluster

Their measurements showed that the light from these stars was bent
as it grazed the Sun, by the exact amount of Einstein's predictions.

The light never changes course, but merely follows the curvature of
space. Astronomers now refer to this displacement of light as
gravitational lensing.
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LIGO Einstein’s Theory of Gravitation
experimental tests

“Einstein Cross”
The bending of light rays
gravitational lensing

Gravitational lens G2237+0305

Quasar image appears around the central glow formed by nearby
galaxy. The Einstein Cross is only visible in southern hemisphere.

In modern astronomy, such gravitational lensing images are used to
detect a ‘dark matter’ body as the central object
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LIGO Einstein’s Theory of Gravitation
experimental tests

MERCURY'S ORBIT

Mercury’s orbit
perihelion shifts forward
twice Newton’s theory

Mercury's elliptical path around the Sun shifts slightly with each
orbit such that its closest point to the Sun (or "perihelion") shifts
forward with each pass.

Astronomers had been aware for two centuries of a small flaw in
the orbit, as predicted by Newton's laws.

Einstein's predictions exactly matched the observation.
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LIGO

Einstein’s Theory of Gravitation

gravitational waves

e a necessary consequence of
Special Relativity with its finite
speed for information transfer

e Einstein in 1916 and 1918 put
forward the formulation of
gravitational waves in General
Relativity

* time dependent gravitational
fields come from the acceleration
of masses and propagate away
from their sources as a space-
time warpage at the speed of
light
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LIGO Einstein’s Theory of Gravitation
gravitational waves

* Using Minkowski metric, the information
about space-time curvature is contained in
the metric as an added term, h_. In the - 19
weak field limit, the equation can be (N"- —5)h, =0
described with linear equations. If the
choice of gauge is the transverse traceless
gauge the formulation becomes a familiar
wave equation

* The strain h__takes the form of a plane
wave propagating with the speed of light

(©).

e Since gravity is spin 2, the waves have
two components, but rotated by 459 h =h(t- z/c)+h(t- z/c)
instead of 90° from each other.
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LIGO Gravitational Waves
the evidence

Neutron Binary System
PSR 1913 + 16 -- Timing of pulsars
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LIGO Hulse and Taylor

results
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LIGO
Radiation of Gravitational Waves

Radiation of
gravitational waves
from binary inspiral

system

T ¥

$pacecralft #2

PR——" » the center of the triangle formation
- will be in the ecliptic plane

b « 1 AU from the Sun and 20 degrees

behind the Earth.
Spacecrafi #1




LIGO

Astrophysics Sources

frequency range

EM waves are studied
over ~20 orders of
magnitude

» (ULF radio -> HE grays)

Gravitational Waves over
~10 orders of magnitude

» (terrestrial + space)
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~LIGO Interferometers
- terrestrial

Suspended mass Michelson-type interferometers
on earth’s surface detect distant astrophysical sources

International network (LIGO, Virgo, GEO, TAMA)
enable locating sources and decomposing polarization of
gravitational waves.
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LIGO Detection of Gravitational Waves
Interferometry

test mass

light storage arm

ligh
b=l mass lEst mass

tesl mass

beam
splitter photodetector

i

suspended test masses

LIGO (4 km), stretch (squash) =101 m
will be detected at frequencies of 10 Hz
to 104 Hz. It can detect waves from a
distance of 600 10° light years
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Michelson Interferometer
Fabry-Perot Arm Cavities
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cawvity input
mirrors (T

cavity
end
mirror

(ETM)

-

power recyding

-
B

|
mirror (PRM) 11 signal recycling

v

mirror (SRM)



LIGO Detection of Gravitational Waves
Interferometry — folded arms

Folded arms —long light paths

Schemes - delay line is simple but requires large mirrors
- power recycling mirrors small, but harder controls problems

t ~3msecC

Delay line interferometer Fabry Perot interferometer
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' "L_IGOj Detection of Gravitational Waves
Interferometry — folded arms

Power recycled Michelson Interferometer with Fabry-Perot arms

e arm cavities store light for ~ 100
round trips or ~ 3 msec

e power recycling re-uses light
heading back to the laser giving s
an additional factor of x30 interferometer

( bright port

\

Recycling mirror

—

L

dark port (GW signal)
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LIGO

LIGO Interferometers

Power Recycled end tes!
Michelson
Interferometer 4 km (2 km) Fabry-Perot
with Fabry-Perot arm cavity
Arm Cavities

recycling

mirror \ Input test mass

L aser

LIGO-G000306-00-M
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LIGO LIGO |

the noise floor

= Interferometry is limited
by three fundamental
noise sources -.
> seismic noise at the _ ~ sensitive reg,'on
lowest frequencies S, |
> thermal noise at _ %,
iIntermediate frequencies A -
> shot noise at high | Eq@"

frequencies

=Many other noise
sources lurk underneath
and must be controlled as
the instrument is
Improved

—

=]

FACILITY
RESIDUAL GAS, 10 TORR H,
| “T"h.h_

10 10 100 1000 10000
Frequency (Hz)
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LIGO

Noise Floor
40 m prototype

sensitivity demonstration
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» displacement sensitivity
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e cOmparison to predicted
contributions from
various noise sources



LIGO Phase Noise
splitting the fringe

expected signal ® 101° radians phase shift

demonstration experiment o
ey e b e e spectral sensitivity of MIT

phase noise interferometer

e above 500 Hz shot noise
limited near LIGO | goal

Wy

» additional features are from
60 Hz powerline harmonics,
wire resonances (600 Hz),
mount resonances, etc

Equivalen: phase sensilivity, radians/Hz

Fraquency {Hz) 104
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LIGO LIGO |

Interferometer

Initial LIGO Interferometer Configuration

Fabry-Perot Arm Cavities (4km)
Modest Input Power (6 W)
Initial Laser (Nd:YAG)
Wavelength (1.06pum)

Power Recycling (30x)
Modest Cavity Finesse (100)

* LIGO I configuration

e Science Run 2002 -

Input
Mirror

Recycling
Mirror
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LIGO LIGO |

the noise floor

= Interferometry is limited
by three fundamental
noise sources -.
> seismic noise at the _ ~ sensitive reg,'on
lowest frequencies S, |
> thermal noise at _ %,
iIntermediate frequencies A -
> shot noise at high | Eq@"

frequencies

=Many other noise
sources lurk underneath
and must be controlled as
the instrument is
Improved

—

=]
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LIGO LIGO

astrophysical sources

Sensitivity of LIGO to coalescing binaries

LIGO | (2002-2005)

10-19
Quasi-normal E
Mor108 ringing ’:} :
100
: z LIGO Il (2007- )
\> N -
£10-2 | -
2 = =
- : :
10-%
: Advanced LIGO
10-28 | (f S, (1

10 100 1000 104
Frequency



“uiGo

LIGO

LIGO-G000306-00-M

Interferometers
International network

Simultaneously detect signal (within msec)

GEO| | Virgo

TAMA

detection
confidence

locate the
sources

decompose the
polarization of

=—-  gravitational
waves

AIGO




J%O
LIGO Sites

Hanford
Observatory

Livingston
Observatory
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LIGO LIGO

Livingston Observatory

LIGO-G00030¢



‘Uco LIGO

Hanford Observatory

LIGO-G000306-00-M



LIGO

LIGO Plans

schedule

1996
1997
1998
1999
sl 2000
2001
2002
2003+

2005

LIGO-G000306-00-M

Construction Underway (mostly civil)

Facility Construction (vacuum system)
Interferometer Construction (complete facilities)
Construction Complete (interferometers in vacuum)
Detector Installation (commissioning subsystems)
Commission Interferometers (first coincidences)
Sensitivity studies (initiate LIGOI Science Run)
LIGO | datarun (one year integrated data at h ~ 10-21)

Begin LIGO Il installation



LIGO LIGO Facllities

Beam Tube Enclosure

* minimal enclosure

e reinforced concrete

°* N0 services

13'-4"

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

LIGO-G000306-00-M



LIGO LIGO
Beam Tube

= LIGO beam tube under
construction in January 1998

= 65 ft spiral welded sections

= girth welded in portable clean
room in the field

s R, %, el
1.2 m diameter - 3mm stainless NQO LEAKS !
50 km of weld

LIGO-G000306-00-M



Beam Tube
bakeout

2km .

+——  46Tm ATEm 515m {4 507m {
34,6 ml 35.3 ma 38.2 mit " 37.5 mi2 'I

il {1 T ™ ‘ )
1750 A de o +BOVde 1750 Ade -1.6 V de 4+ +B5 Vde
1 typ typ =
' < D - '
o 18V de = 10.6 fmd2 o =20V de

109 mi bl E\\-Dc-mtum cables ~ il
® I = 2000 am p S fo r - l H2O PARTIAL PRESSURE DURING BAKEOUT
week

* no leaks !!

e final vacuum at level
where not limiting noise,
even for future detectors
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LIGO LIGO |
the noise floor

= Interferometry is limited
by three fundamental
noise sources -.

» seismic noise at the _ sensitive reg,'on

lowest frequencies
» thermal noise at

iIntermediate frequencies ) g 1/
> shot noise at high i o©

frequencies

=Many other noise
sources lurk underneath
and must be controlled as
the instrument is
Improved

—

=]

FACILITY
|II .

RESIDUAL GAS, 10°° TORR H,
| “T"h.h_

10 10 100 1000 10000
Frequency (Hz)
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LUGo LIGO
vacuum equipment
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—LIGO Vacuum Chambers

Vibration Isolation Systems

» Reduce in-band seismic motion by 4 - 6 orders of magnitude
» Compensate for microseism at 0.15 Hz by a factor of ten

» Compensate (partially) for Earth tides
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“1Go Seismic Isolation
Springs and Masses

damped spring W
Cross section
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]_IGO Seismic Isolation
performance

HAM stack
In air

110D e pslnn i unpeR bt oplics Lokl
T rr Trrr T

04 Horizontal

BSC stack
In vacuum

Vertical

10 B Y e e L
1079 i o 100
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LIGO Seismic Isolation
suspension system

et storge am suspension assembly for a core optic

Ir'g,ﬁ-
3
Ao i A test mass

test mass

2 Suspension
Stiffening Support Structure
Bar R
Guide Rod
Suspension ;
Wire
e Support structure is welded Safety Bar |
tubular stainless steel Magnet/Standoff
Assembly |
e suspension wire is 0.31 mm Hesd Haldes .t -
diameter steel music wire
~. Sensor/Actuator
. . H
e fundamental violin mode o
frequency of 340 Hz ﬁ ~U
Safety Cage
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LIGO

LIGO Noise Curves

modeled

([ i

Sensitivity [meters/root(Hz)]
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Core Optics

fused silica

= Surface uniformity <1 nm rms
= Scatter <50 ppm

= Absorption < 2 ppm

= ROC matched < 3%

= |nternal mode Q’s > 2 x 10°
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Core Optics

Suspension




Core Optics

Installation and Alignment
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LIGO

= Nd:YAG

= 1.064 nm

= Qutput power > 8W in
TEMOO mode

master
oscillator

Lightwrave E kobrodie
Todel 12610654700
HEPERO HAZ+T AG




/)
(0, Laser
stabilization

- Provide actuator inputs for
further stabilization
 Wideband

= Deliver pre-stabilized laser
light to the 15-m mode cleaner

* Frequency fluctuations _
 In-band power fluctuations * Tidal
 Power fluctuations at 25 MHz

 Tidal Wideband
v v
10-Watt
Laser

101 Hz/HZY? 104 Hz/ HzY? 107 Hz/ HzY?

LIGO-G000306-00-M



LIGO

Prestabalized Laser

performance

Frequency Noise (Hz/rtHz)

—
Ol

107

PSL Frequency Noise as measured by the MC

I | T T T T T T T

— Jan. 2000

PSL requirement

Frequency (Hz)

LIGO-G000306-00-M

— June 2000 .:

> 18,000 hours continuous
operation

Frequency and lock very
robust

TEM,, power > 8 watts

Non-TEM,, power < 10%



LIGO Commissioning
Configurations

= Mode cleaner and Pre-Stabilized Laser
= 2km one-arm cavity
= short Michelson interferometer studies

= Lock entire Michelson Fabry-Perot interferometer

“FIRST LOCK?”

LIGO-G000306-00-M



LIGO Detector Commissioning:
2-km Arm Test

T = 3%, finesse = 210 = 12/99 — 3/00

-— 20091 M ——
\ =  Alignment “dead
@ reckoning” worked

) ] + ~4mW = Dijgital controls,

RM digital 50/50 networks, and

Serno

/ ‘ software all worked
| ® ® / o earm Exercised fast analog
alignment ‘ *

laser frequency

v control
@ = Verified that core

Y
@
p a mode Y optics meet specs

matching

= Long-term drifts
6 | <200 mw LEAgin sensing & consistent with earth

PSL tides

LIGO-G000306-00-M



LIGO
Confirmation of Initial Alignment

beam
spot

= Opening gate valves revealed
alignment “dead reckoned” from
corner station was within 100
micro radians

LIGO-G000306-00-M



LIGO
Locking the Long Arm

= 12/1/99 Flashes of light

= 12/9/99 0.2 seconds lock
= 1/14/00 2 seconds lock
= 1/19/00 60 seconds lock

= 1/21/00 5 minutes lock
(on other arm)

" 2/12/00 18 minutes lock First interference fringes

= 3/4/00 90 minutes _Ic_)ck from the 2-km arm
(temperature stabilized laser

reference cavity)
= 3/26/00 10 hours lock

LIGO-G000306-00-M



“uGo

locked long arm

alignment - wavefront sensors

Power spectrum |

Alignment fluctuations
before engaging
wavefront sensors

Magnitude

200

* : At I I :- ——— HZASC-NFS1_ORRMS)
120 F—di L f Lo H2ASC-WFS2_IP(FNS)
[ 1 : ——— HEASCNFEL_ITRME)

T T T 1T T T 1771
——— HZASC-WFS1 CP

Fraquency

After engaging
wavefront sensors
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LIGO 2km Fabry-Perot cavity
15 minute locked stretch
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LIGO Locked long arm
long term effects

10 hour locked section Stretching consistent
with earth tides

Cavity locked for 10 howrs? Trend Dt from (043 16-0-10 to (044215025
TEER) BT rﬂ'"w—%*wmﬂw-—ﬂr—-'- T o 7 i s -.-_P"ﬁ'-.:-'l._h_- ““““““““ = Trard €h 1= HAAEC-AS I TEMP
— Chi13H2:ASCQFDX _
— HeLSC-AS [
e il
2112

UI' & L
¥

—S0a
2N00-HE—26 0=000e 2000—=-DE DR 0003 2000326 [B:00 0= BODD—3-DE 1 200:03
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L'GO Near-Michelson interferometer

- power recycled (short) Michelson
Interferometer

« employs full mixed digital/analog
servos

Recycling i
Mirror |:1.:| Input Mirror
I, |
oner - |2 U_ Interference fringes from the
L, power recycled near Michelson
I 2 interferometer

e Photodetector

LIGO-G000306-00-M



LIGO Complete Interferometer

locking
& T, ml"‘n
_ i — State? |
e
i by
| T e -
i 7 R : / : State 2sb
= State3
Interferometer
lock states :%%q_‘ y3 !
L T T p

- r-j
/ G State 3sb |
ale
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I
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LIGO
Brief Locked Stretch

Xarm
Y arm

Reflected
light

Anti-symmetric
port

—| Diagnostics test tools — export/ raid @ woarmy fredsDT Tsetup.xml [
Elle  Edfl - Measurement Elob Hlincdow Heip
Measuresmant | Essitation Rezult | fterador | Synchranization | Ensdronmart | Dafsuts |

A | Tiime series |

Style | weads | ¥-mes | Legend | Pamm | g e, B L P e ey o e ——

Tces  Range  |units | Cursor | Config o0l i e B e s B A =
W Es = UZLAC-RIFL D L =
Stales & near T log M e T 'x_l‘ S 7]
Fanpe:  automatic © manual ‘g somg E— \/ =

- X = E: : W =
Fiam | = S - : e
= m : ]

— K ams = = ]
Spale: & lingar T log E = ; #_’_.r"ﬁllr B
mange: . automatic & manual 2000 F T T =
From| 7 56 3 Tal 7445 Tt s S o T =
Bi P e e e e e e e e e e e e L ===

- : 7.3 7.7 IE" 7.4 7.4 7.
1 3:' I Logespacing
: Time (5]
To=220A2000 05 0845 A =1
o T =t

LIGO-G000306-00-M




LIGO

Significant Events

Hanford | Single arm test complete 6/00
2km [ installation complete 8/00
interferometer | interferometer locked 12/00
Livingston | Input Optics completed 7/00
4km | interferometer installed 10/00
interferometer | interferometer locked 2/01
Coincidence Engineering Run | Initiate 7/01
(Hanford 2km & Livingston 4km) | Complete 7/02
Hanford | All in-vacuum components installed 10/00
4km | interferometer installed 6/01
interferometer | interferometer locked 8/01
LIGO | Science Run | Initiate 7/02
(3 interferometers) | Complete (obtain 1yr @ h~10%") 1/05

LIGO-G000306-00-M




LIGO

Chirp Signal

binary inspiral

Waveform Dependance on s, for 1 = 90°:

P i

h, or h,

7 “xb%%%ﬂl

LIGO-G000306-00-M

determine
edistance from the earth r
emasses of the two bodies

e=0 e=0.3
l | hlpmtpd |t
-hxlqava%:-! ]r l! h:{
i e=06 =08
Dependence on t, for @ = 0:
Amp (!1“] _ 2 cost
1 . . Amp (h,) ~ 1+cosat

sorbital eccentricity e and orbital inclination i



LIGO

LIGO

astrophysical sources

Compact binary mergers

Inspiral Merger ! Ringdown
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Y,
J%AO
LIGO Sites

Hanford
Observatory

Livingston
Observatory
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: "L_IGO Detection Strategy

Coincidences

Two Sites - Three Interferometers

» Single Interferometer non-gaussian level ~50/hr
» Hanford (Doubles) correlated rate (x1000) ~1/day
» Hanford + Livingston uncorrelated (x5000) <0.1l/yr

Data Recording (time series)
» gravitational wave signal (0.2 MB/sec)
» total data (16 MB/s)
» on-line filters, diagnostics, data compression
» Off line data analysis, archive etc
Signal Extraction
» signhal from noise (vetoes, noise analysis)

» templates, wavelets, etc

LIGO-G000306-00-M



LIGO Interferometer Data
40 m

Real interferometer data is UGLY!!!
(Gliches - known and unknown)

LOCKING NORMAL

=s00 -
e
( s

RINGING ROCKING

LIGO-G000306-00-M



LIGO
The Problem

How much does real data degrade complicate
the data analysis and degrade the sensitivity ??

October 28, 1994 Sensitivity ]
Shot + Thermal Maise

—-esesmee Baizmic Moise Estimate

--rmemr=-= Ptch Modo Tharmal Noise Test with real data by

: setting an upper limit
on galactic neutron
star inspiral rate using
40 m data

fH2) Quiet region @
600 Hz

LIGO-G000306-00-M



LIGO
“Clean up” data stream

T IO oupul

40 meter IFO output — S o Hisiﬂgram of Raw Data
Non-
Gaussian
: tails!
10 .
W
Effect of removing sinusoidal o e T W ow
artifacts using multi-taper methods ADC value (12 bit, signed)

Non stationary noise
Non gaussian tails

LIGO-G000306-00-M



LIGO

Inspiral ‘Chirp’ Signal

Template Waveforms

“matched filtering”
687 filters

44.8 hrs of data
39.9 hrs arms locked
25.0 hrs good data

sensitivity to our
galaxy

h ~3.5 101 mHz12
expected rate ~105/yr

freq (H2)

LIGO-G000306-00-M
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LIGO
Detection Efficiency

&0 T T T T v T T T

e Simulated inspiral
events provide end to
end test of analysis
and simulation code
for reconstruction
efficiency

2]
(e

hy
=

* Errors in distance
measurements from
presence of noise are
consistent with SNR
fluctuations

detected distance (kpc)

10

0 10 20 30 40
injected distance (kpc)
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LIGO

Setting a limit

number of ewants M

I B ] - I

mm] 5 .

Loudest event

100
0r
1r
8 I 8 9
signal to naise ratio p,

e pEODADI MY (Y >61.2)=1%
probability(y, »43.5)=10%
—-— probability(y’>41.6)=32%

LIGO-G000306-00-M

10

Upper limit on event rate can be
determined from SNR of ‘loudest’
event

Limit on rate:

R < 0.5/hour with 90% CL
e = 0.33 = detection efficiency

An ideal detector would set a limit;:
R < 0.16/hour




LIGO
Supernova

Pre-supernova star

Collapse of the core gravitational
waves

Interaction of shook

I— with collapsing envelope

heutrinos emitted |

v Explosive ejection of envelope

{ light emitted

Star brightens byru 108 times

LIGO-G000




~ GO Supernovae
Gravitational Waves

Non axisymmetric collapse ‘burst’ signal

gl
s ]
gl
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&,
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-10 -

Rate
1/50 yr - our galaxy
3lyr - Virgo cluster 16

h, @ 25kpc [t el ]

-12 -
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I ' I ' |
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LIGO  Model of Core Collapse

A. Burrows et al

Fig. 3.—Kick Sequence: Initial and Final States

kick sequence gravitational core collapse

LIGO-G000306-00-M



LIGO .
Asymmetric Collapse?

AT T T T~ T T T TTIrT "~ T *T T TIrm
15 Pulsars :
pulsar proper motions B .
-
» € 2f s o
Velocities - £ 7 7
= young SNR(pulsars?) i 3 | _ 7]
> 500 km/SGC OLiiing . 3 o I 1.1.”.‘;;]} st I.r.”';::;:md (e

10
Transverse Velocity (kmy/s)

NATAL KickS = Sool., /s ( BURROVS « HAYES mg)

Burrows et al

= recoil velocity of matter
and neutrinos

Recoil Yelocity (kmi/s)

Time (sec)

[symaick —= ~9s0k.))
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LIGO LIGO
astrophysical sources

Sensitivity of LIGO to burst sources

» Gravity Wave Power Spectra (D = 10 kpc)

19 [- I'I|II : : III'“I . I I1I[’& LILIL ] | R 1 rF rrrrnn | I rrnrei
: SYMKICK Spectrum ]
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e :
g w0k 3
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10-2 I s 01
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Froquency (Hz) 10 100 1000 104

Frequency (Hz)
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LIGO

LIGO

astrophysical sources

Sensitivity of LIGO to continuous wave sources

Characteristic amplitude h,

2
3

Upper limit on characteristic
amplitude if observed spindow
Is due entirely to gravitational
10-23 wave emission
|
=
p==]
)
B @
o
1 0-24 = w]
E @
- —
E )
= o)
o]
- =
. -1
10-%5
1 0-25

Low Mass X-ray Binarles;
If the accreted angular
momentum Is emitted In
gravitational waves

[
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Frequency (Hz)
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» Pulsars in our galaxy

»non axisymmetric: 10-4 <e< 10-6

»science: neutron star precession; interiors
»narrow band searches best

152

hif} { Hz

f (Hz)



LIGO

Sources of Gravitational Waves

GRa
w VITATIONA,

AVE

BIG - BANG
SINGULARITY

Planck Time 1 SECOND
10-43SECONDS

Singularity

creates

Space & Time

of our universe

LIGO-G000306-00-M

‘Murmurs’ from the Big Bang

signals from the early universe

. EARTH
O
TONg Now
ﬂgf‘: .
(AT Cosmic
RS ®
microwave background
10 billion
YEARS b SASKATOON
100,000
YEARS 3 YEAR DATA

COBE DMR
4 YEAR DATA




LIGO
Conclusions

= LIGO I construction complete

= LIGO | commissioning and testing ‘on track’

= “First Lock” will be officially established 20 Oct 00

= Data analysis schemes are being developed, including tests with 40
m data

= First Science Run will begin during 2002
= Significant improvements in sensitivity anticipated to begin about

2006

LIGO-G000306-00-M



