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Presenter
Presentation Notes
This is a talk about interferometers, gravitational waves, and general relativity so it’s fitting to begin by looking at the interferometer which in some sense launched relativity, the Michelson-Morley interferometer

Describe Michelson-Morley experiment and null result

Today, we’ve gone a little bit beyond Michelson and Morley

Describe LIGO in brief
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LIGO

General relativity simplified

o “Gravity is Geometry”
e Space tells matter how to move < - matter tells space how to curve
* Metric (g,,,) = flat spacetime (n,,) + perturbation (h )
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* Propagating gravitational waves: (VZ —?Ej h=0
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Presenter
Presentation Notes
In order to understand GWs and how we can use interferometers to detect them, we need to take a crash course in GR.  

Fundamentally, GR is a theory that equates space-time and matter-energy.  Gravity is geometry – a manifestation of the curvature of space-time induced by the presence of stuff (mass).  

Space tells matter how to move <-> Matter tells space how to curve…

Describe metric – g_mu_nu is what determines the ruler in space-time.  It comes from solving the Einstein field equations.

Except near massive objects (thick black holes), gravity is pretty weak, so space time is almost flat. 

Describe light bending around the sun

When matter is accelerated (such as the earth orbiting the sun), radiation is emitted.  In free space, the Einstein field equations reduce to something that many of us are familiar with, a propagating wave equation, in this case, for the perturbation 

h_mu_nu is a tensor, only has two independent components (polarizations)
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Gravitational waves

e Effect of a gravitational wave (in z) on light

traveling between freely falling masses, Py
observer fixed to near masses
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Presenter
Presentation Notes
So how does a gravitational wave interact with matter?  Consider the following



Describe geometry, emphasize ‘freely falling’. Emphasize that we will shine light from one mass to the other and back 



Walk though math, describe time delay, hint at strain



If you are getting worried that I’m going to be bombarding you with math for the rest of the talk, this is the worst of it.



Show h+ and hx, emphasize that h is a strain, a change in length per unit length
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Gravitational waves

& electromagnetic waves: a comparison

Electromagnetic Waves

e Time-dependent dipole moment
arising from charge motion

E(F,t)~ 4‘7‘; )

e Traveling wave solutions of
Maxwell wave equation, v =—¢

e Two polarizations: ¢*, o-
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Gravitational Waves

e Time-dependent quadrapole
moment arising from mass motion

2G

h (o,t)=—1 (ot
,uv( ) r(:4 ,uv( )
47[2(3|\/|R2f02rb

h = 7
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e Traveling wave solutions of
Einstein’s equation, v =

e Two polarizations: h,, h,
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Presenter
Presentation Notes
Walk through comparison, pointing out similarities and differences

Gravitational waves are dipole forbidden due to conservation of momentum

Emphasize that G/c4 is a small number
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Presenter
Presentation Notes
Suppose we wanted to design an experiment to produce gravitational waves.  

Describe canonical parameters – make sure to emphasize the spinning and the guy hiding in the back. 

“while this guy thinks he’s designed a good experiment, he obviously didn’t do a calculation before hand.  If he had, he would have found at that  (click) he would produce a strain of 1E-E36.



So lab experiments seem hopeless…


How to make a

gravitational wave that can be detected

._Case#2: A 1.4 solar mass

binary pai
“M=1.4M,
R=11km
f =400 Hz
r=108m

Credit: T. Strohmayer and D. Berry
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Presenter
Presentation Notes
So let’s think more realistically.

Describe the parameters and motivate the astrophysics.  Mention that the orbit is decaying as energy is radiated away, and the stars move toward a coalescence phase.

Of course, 1E-21 is still an awfully small number…

Describe the waveform (chirp, increasing amplitude) and make connection with ultrafast lasers and CPAs

Show spectrogram and comment on nonlinear chirp.
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What did Einstein think?

e Einstein predicts gravitational waves (1916,1918)

A. Einstein, Sitzber. deut. Akad. Wiss. Berlin, KI. Math. Physik u. Tech. (1916), p.
688; (1918), p. 154

e Einstein changes his mind (1936)

Together with a young collaborator, I arrived
at the interesting result that gravitational
waves do not exist, though they had been as-
sumed a certainty to the first approximation.
This shows that the non-linear general rela-
tivistic field equations can tell us more or,
rather, limit us more than we have believed up
to now.*

4. A. Einstein, The Born—Einstein Letters: Friendship, Politics,
and Physics in Uncertain Times, MacMillan, New York

E
(2005)" p. 122. Daniel Kennefick, Physics Today, Sept. 2005
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Presenter
Presentation Notes
Walk through slide.

Mention that Einstein was persuaded that gravitational waves did exist and published a paper on GWs.  The story is interesting…


Existence proof: PSR 1913+16

Joseph

Taylor

Russell Hulse
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Comparison between observations
P5R1913+16, and the prediction of general relativity based on
loss of orbital energy via gravitational waves
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of the binary pulsar

From J.H. Taylor and J. M. Weisberg, unpublished (2000}



Presenter
Presentation Notes
You might build a large scale gravitational wave interferometer on the basis of GR theory and known astrophysical sources, but personally, I’d want to be more convinced.



The proof, though indirect, comes from a series of pulsar timing experiments conducted by Joe Taylor and Russell Hulse over a 20 year time frame monitoring the orbital dynamics of PSR 1913+16

Describe the experiment and result in agreement with GR

Hulse and Taylor were awarded the Nobel prize for their work. 

We’ll have to wait 300,000,000 years for these stars to merge…
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How to detect a gravitational wave
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Presenter
Presentation Notes
GW detection experiments began in the 1960s with the pioneering and controversial experiments of Joe Weber, who developed lab scale cylindrical bars with high mechanical stiffness (or Q), which could in theory have their normal modes ‘rung up’ when a gravitational wave passed.  Among the many problems, a fundamental one was the narrowband nature of the detector, a few Hz at most.  There were other problems, too.



The story of LIGO really begins in the early 1970s, when Rai Weiss of MIT and Ron Drever at Glasgow (not at Caltech) independently proposed that interferometers could be used to detect gravitational waves with a much broader bandwidth.  The original concept proposed by Rai Weiss is shown here.



Describe briefly.  Emphasize that a gravitational wave would differential stretch and compress each arm on every half cycle of the interferometer 


@ - .
LIGO Realistically, how

sensitive can an interferometer be?

X =
N roundtrip -
Input Test Mass
Test Mass
1
X . Power Bl Photodiode
N photon © storage i 250 W
Putting in numbers: f 5w A=1.06 pm
h ~ 1041 L = 4000 m
|\Iroundtrip =40
UF ‘ UNIVERSITY of 1
FLORIDA
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Presenter
Presentation Notes
So, how big and how sensitive do you have to make an interferometer to get to an astrophysically interesting sensitivity? 



Describe sequential steps in sensitivity.  For power recycling, mention that the IFO is operated on a dark fringe so that almost no carrier light gets to PD.  The reason have to do with amplitude noise in the laser.  Also mention that PR is needed since we didn’t have good 250 W stabilized lasers at the time.



Emphasize that for 1E-21, need km scale detectors.  That’s a displacement sensitivity of about 1 attometer in the frequency band of interest.



For strain, we want long arms and high displacement sensitivity.


()
LIGO

LIGO sites

LIGO Livingston Observatory
1 interferongeters

Hanford

F| Livingston |

LIGO Hanford Observatory LIGO Observatories are operated
by Caltech and MIT
UNIVERSITY of 12
UF [FLORIDA
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Presenter
Presentation Notes
LIGO is actually two observatories and three interferometers.

Describe parameters

Emphasize that the arms are in ultra high vacuum. 8 km of steel 1.2 m dia beam tubes at each site 

Separate observatories allow for coincidence detection – since the detectors see uncorrelated noise, only a true gravitational wave would appear on all the interferometers with the correct amplitude.



Emphasize that the LIGO Observatories were designed and are operated by Caltech and MIT 


LIGO An interferometer Is
really a microphone

e Sensitivity depends on propagation direction, polarization

“X" polarization “+" polarization RMS sensitivity

UF #15R 1A s
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LIGO . .
Fundamental noises in LIGO

INITIAL INTERFEROMETER SENSITIVITY
LS| 1 & U R S | y [ L | X

*Displacement noises
e Seismic noise
e Radiation pressure

 Thermal noise
e Suspensions

INITIAL LIGO
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e Shot noise

* Residual gas noise
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Presenter
Presentation Notes
Fundamental noises – two types.

Noises that perturb the motion of the mirrors - displacement noise

Noises that come from the sensing of the photons – sensing noise



Describe noises and highlight limiting noises in red.



Also highlight the frequency dependence – bad at low frequencies due to seismic, best at 100 Hz, roll off due to arm cavity pole



(There are also a multitude of technical noise sources that come into play – we an anticipate them and design the detector such that they are much less than the fundamental sources.) 


Seismic noise

1/2
)

Displacement (m/Hz

Gl
‘ 1 10

Livingston Horizontal
Hanford Horizontal

Livingston Yerical

Hanford Yertical

Need 101° m/X>Hz @100 Hz

Frequency (Hz)



Presenter
Presentation Notes
Quick Slide 

Describe seismic noise

Describe approach – multi-stage resonant platforms that have low frequency, 1/f2 fall off above resonance (at the expense of amplified motion on resonance); seismic isolation uses damped springs to kill Q



Mention active isolation at very low frequencies.



Can delete this slide if time is an issue 


LIGO Vacuum Chambers

B e e s+ = R
Purdue Physics Department 5 November 2009
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LIGO

Suspended Mirrors

e mirrors are hung in a pendulum

- ‘freely falling masses’

e provide 100x suppression above 1 Hz

e provide ultraprecise control of mirror

displacement (< 1 pm)

%
‘,,,(
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Presenter
Presentation Notes
Describe slide



--------

Highlight mirrors



Describe mirrors – some of the best mirrors in the world in terms of surface figure, substrate quality, coating absorption.



Emphasize that when lit up, the mirrors look not nearly as nice.
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Frequency stabilization in LIGO

Hierarchical approach - use the stability provided by the arm cavities
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Amplitude spectral density of frequency noise
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Presenter
Presentation Notes
Describe hierarchical approach and slide – no need to call out graph.


LIGO
Length readout and control
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LIGO

Enhanced LIGO

Improved sensitivity
over initial LIGO

New readout scheme
DC (homodyne)

Suspended output
mode cleaner +
seismic isolation

In-vacuum detection
diodes

Higher laser power -
35W

New Input Optics
Upgraded thermal
compensation system
New magnets, better
electronics, a few
other fixes

»

»

»

»
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2010
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OIympla Earthquake
Feb 28, 2001; Mag 6.8 §

Hurrlcane KaLrlna
August 29, 2005

e e
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Presenter
Presentation Notes
Comic relief



Describe natural disasters and impact on sites


LIGO
AS can cars...

UF i 8RiA 2
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Presenter
Presentation Notes
Comic relief 



Describe accident – emphasize importance of beam tube enclosures
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The Gravitational Wave Spectrum

Dick Manchester, CSIRO
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LIGO .
LIGO Astrophysics

e The LIGO Scientific Collaboration
» 640 members, 50 institutions, 11 countries

e Five Science Runs To Date
» S1: August 23 - September 9, 2002 (17 days)
» S2: February 14 — April 14, 2003 (59 days)
» S3: October 31, 2003 — January 9, 2004 (70 days)
» S4:. February 22 — March 23, 2005 (30 days)

» Sb5: November 4, 2005 — September 31, 2007
— > 365 days of triple coincidence, 400 days of double coincidence
— Duty cycle: 78% for the Hanford 4k, 79% for the Hanford 2k and 66% for Livingston 4k

e LSC-Virgo started data-sharing on May 18, 2007
» Virgo VSR1: May 18, 2007 — Oct 1, 2007

» >75 days of 3-site coincidences with LIGO, 95 days of 2-site coincidences
» Duty cycle: 81% for Virgo

UF # 5RiA s
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The astrophysical
gravitational wave source catalog

 Neutron stars,

black holes
o . e ‘chirped’
('t ‘J : waveform
L. e

Credit: AEI, CCT, LSU



Presenter
Presentation Notes
LIGO is designed to be an observatory, not a one-off proof that GWs exist.  What do we look for?



There are number of predicted astrophysical sources of gravitational radiation, and most of them involve cataclysmic events.

Binary systems – NSs and BHs, most likely source, theoretically well understood with known waveforms

Bursts – GW emissions that are not well modeled or understood.  These include asymmetrically core collapse supernova, cosmic strings, and perhaps unknown sources

The residual GW background

Continuously emitting sources such as spinning neutron stars, which have a pure monotone emission.  


The astrophysical
gravitational wave source catalog

e asymmetric core
collapse supernovae

e COSMIcC strings

o 7?77 (sources we
haven’t thought about

@
°
3
=
c
o
]
E

Credit: Chandra X-ray Observatory
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Presenter
Presentation Notes
LIGO is designed to be an observatory, not a one-off proof that GWs exist.  What do we look for?



There are number of predicted astrophysical sources of gravitational radiation, and most of them involve cataclysmic events.

Binary systems – NSs and BHs, most likely source, theoretically well understood with known waveforms

Bursts – GW emissions that are not well modeled or understood.  These include asymmetrically core collapse supernova, cosmic strings, and perhaps unknown sources

The residual GW background

Continuously emitting sources such as spinning neutron stars, which have a pure monotone emission.  


The astrophysical
gravitational wave source catalog

e Spinning neutron stars

e monotone waveform

Casey Reed, Penn State



Presenter
Presentation Notes
LIGO is designed to be an observatory, not a one-off proof that GWs exist.  What do we look for?



There are number of predicted astrophysical sources of gravitational radiation, and most of them involve cataclysmic events.

Binary systems – NSs and BHs, most likely source, theoretically well understood with known waveforms

Bursts – GW emissions that are not well modeled or understood.  These include asymmetrically core collapse supernova, cosmic strings, and perhaps unknown sources

The residual GW background

Continuously emitting sources such as spinning neutron stars, which have a pure monotone emission.  


The astrophysical
gravitational wave source catalog

* residue of the Big
Bang

sprobes back to 10?1 s
after the birth of the
universe

» stochastic, incoherent
background

NASA/WMAP Science Team



Presenter
Presentation Notes
LIGO is designed to be an observatory, not a one-off proof that GWs exist.  What do we look for?



There are number of predicted astrophysical sources of gravitational radiation, and most of them involve cataclysmic events.

Binary systems – NSs and BHs, most likely source, theoretically well understood with known waveforms

Bursts – GW emissions that are not well modeled or understood.  These include asymmetrically core collapse supernova, cosmic strings, and perhaps unknown sources

The residual GW background

Continuously emitting sources such as spinning neutron stars, which have a pure monotone emission.  


LIGO

Has LIGO detected
a gravitational wave yet?

e NOoO, not yet.

e When will LIGO detect a gravitational wave?

“Predictions are difficult, especially about the future” (Yogi Berra)

TABLE V: Detection rates for compact binary coalescence sources.

IFO Source Niow Nee Npi Nup
yr—! yr—! yr! yr!
NS-NS 2% 107%  0.02 0.2 0.6
NS-BH 7% 107° 0.004 0.1
Initial BH-BH 2% 107*  0.007 0.5
IMRI into IMBH < 0.001° 0.01°
IMBH-IMBH 1044 1073
NS-NS 0.4 40 400 1000
NS-BH 0.2 10 300
Advanced BH-BH 0.4 20 1000
IMRI into IMBH 10° 300°
0.1¢ 1¢

IMBH-IMBH

UF [FLORIDA

Purdue Physics Department

30
5 November 2009




LIGO
Gamma Ray Bursts

Credit: NASA

e Intense flashes of gamma rays
from (mostly) extra-galactic

SOources

» GRBs are the most luminous events in
the Universe

e Long (> 2 s) and short duration
(<25)

» Long GRBs are associated with star

forming galaxies
— Large red shift, Z=2.6

» Short GRBs are less well understood
— Soft gamma repeaters - magnatars

UF ‘ UNIVERSITY of NASA Hubble Space Telescope Imaging Spectrograph (STIS) 31

FLORIDA Purdue Physics Department 5 November 2009



= GRB 070201

Refsi i a h .
GCN: http://gcn.gsfc.nasa.gov/gen3/6103.gcn3 '

8.
(=]
o
o,
(5]
@
O

18- 70 k eV

00"44™  00"40"  00"38"
RA (2000)

70-300 keV

counts /0002 s



Presenter
Presentation Notes
Home Brew:



The error box:



Refs:

GCN: http://gcn.gsfc.nasa.gov/gcn3/6103.gcn3

Alex: /Inspiral: http://www.lsc-group.phys.uwm.edu/ligovirgo/cbc/protected/projects/s5/grb/GRB070201/GRB070201_report.html 

“…The error box area is 0.325 sq. deg.  The center of the box is 

1.1 degrees from the center of M31, and includes its spiral 

arms.  This lends support to the idea that this exceptionally

intense burst may have originated in that galaxy (Perley and

Bloom, GCN 6091)…” from GCN6013



----



M31�The Andromeda Galaxy

by Matthew T. Russell

Date Taken:�10/22/2005 - 11/2/2005��Location:�Black Forest, CO��Equipment:�RCOS 16" Ritchey-Chretien�Bisque Paramoune ME�AstroDon Series I Filters�SBIG STL-11000M

http://gallery.rcopticalsystems.com/gallery/m31.jpg 



http://gallery.rcopticalsystems.com/gallery/m31.jpg

LIGO GRBO070201:
Not a Binary Merger in M31!

Abbott, et al. “Implications for the Origin of GRB 070201 from LIGO

= | |nspira| (matched Observations”, Ap. J., 681:1419-1430 (2008).
filter search: 50 . | | | | | |

Inspiral Exclusion Zone

@ Binary merger in M31 o5 | _
scenario excluded at _I—;w;_l_l—|_l
— 20

>99% level 2
@ Exclusion of merger at & 19
larger distances ~ 10
5
@ Burst search: ’ 5 10 15 20 25 30 35
@ Cannot exclude an SGR in M31 ma(Mg)

@ SGR in M31 is the current best explanation for this emission

@ Upper limit: 8x10°° ergs (4x10* M,c?) (emitted within 100 ms for isotropic
emission of energy in GW at M31 distance)

UF #15R 1A s
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LIGO
Pulsars

e Spinning neutron stars ‘brake’ due to:
» Symmetric particle ejection
» Magnetic dipole radiation
» Gravitational wave emission

e Neutron stars could emit gravitational waves
If:
» They are non-axially distorted from crustal shear
stresses

Emaxﬁfjxl[)_T ( 7 )
10—2

» They have non-axisymmetric instabilities due to

internal hydrodynamic modes
» they wobble about their axis

e But the emission amplitude will be very
small...

UF [FLORIDA
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Fhe Crab Pulsar: Beating the Spin Down
Limit!

 Remnant from supernova in year 1054

i S
Abbott, et al., “Beating the spin-down limit on gravitational wave
_ _ emission from the Crab pulsar,” Ap. J. Lett. 683, L45-L49, (2008);
2 ng =2 VEm — 99.6 Hz http://arxiv.org/abs/0909.3583 '

 Spin frequency vg,, = 29.8 Hz

» observed luminosity of the Crab nebula
accounts for < 1/2 spin down power
*spin down due to:

 electromagnetic braking

e particle acceleration

« GW emission? o
+ S5 result: h < 2.0 x 1025 > < 7X below - =

the spin down limit (assuming restricted priors)

o ellipticity upper limit: £< 1.0 x 104 g

* GW energy upper limit < 2% of radiated energy is in GWs


Presenter
Presentation Notes
Has LIGO detected a gravitational wave? Not yet.  When?  “Predictions are difficult, especially about the future” 

Pulsars are spinning neutron stars that beam radio bursts which sweep around at the spin frequency of the star.  

Pulsars are born spinning fast and ‘brake’ or slow down due to energy radiation due to magnetic dipole radiation, particle acceleration in the magnetosphere, or possibly gravitational wave radiation if the pulsar has radial asymmetry (bump) or elliptical shape and orbital wobble – anything that leads to a time-dependent quadrapole.  



The Crab is interesting because it is young and spinning down fast.  Born almost 1000 years ago as a supernova remnant.  The predicted GW emission frequency is 59.8 Hz (not a great frequency from an experimentalist’s standpoint if you live in the US). One can predict a ‘spin down’ limited strain, assuming all of the braking were due to GW emission.

The search integrates over long times, taking into account Doppler shifts due to the diurnal rotation of the earth and the yearly orbit of the earth around the sun.

Using 9 months of data from the S5 science run, we can put an strain upper limit 4x below the spindown limit, corresponding to < 6% of the energy being carrier away by gravitational waves.  (In addition, an upper limit on the ellipticity of < 2 x 10^-4.  Physically, this means that the Crab Pulsar deviates from a perfect sphere less than 1 m on a 10 km radius.)  






LIGO
The stochastic GW background

e An isotropic Stochastic GW .
CETGTEITIIE R RS IRTE  GERER What Powered the Big Bang?
» Primordial universe (inflation) |
» Incoherent sum of point emitters
isotropically distributed over the
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Abbott, et al. “An upper limit on the stochastic gravitational-wave
background of cosmological origin”, Nature., V460: 990 (2009).
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The Global Network
of Gravitational Wave Detectors
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Presentation Notes
There are a number of other GW observatories in world developed over the past ten years.  Number of reasons to do this:

More detection confidence

 More live time

 More sky coverage due to different placement and orientation of the interferometers

 better localization of sources (time of flight differences)

 polarization decomposition

 coherent analysis improves efficiency. 
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Presentation Notes
Explain major differences between LIGO and Advanced LIGO.  Emphasize 800 kW in the arms.
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Presentation Notes
Go over some of the technologies


The Gravitational Wave Universe

Stay Tuned...
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