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LIGO GR as curvature

“Mass tells space-time how to curve,
and space-time tells mass how to
move.” J.A. Wheeler
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LIGO Radiating GWs

Quadrupole moment: accelerating mass asymmetry
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LIGO Indlrect GWS
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LIGO Strain and Gauge

Transverse
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Locally Lorentz
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LIGO GW i1n Space

Spacecraft #3

‘. .
¥ Spacecraft #1
o

“LISA promises to open a completely new window
into the heart of the most energetic processes in
the universe, with consequences fundamental to
both physics and astronomy.” -National Academy

National Academy “Beyond Einstein” summary 9
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LIGO LIGO 0.01

First GW detector
dx/x ~5x 1010

Albert A. Michelson

(Incidentally disproved the
existence of the ether)
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LIGO LIGO detectors
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tico Worldwide network -

Earth at Night =i e - O Astronomy Picture of the Day
More information available at: ,_ R A 2002 August 11
http://antwrp.gsfc.nasa.gov/apod/ap020811.html AI G O http://antwrp.gsfc.nasa.gov/apod/astropix.html
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LIGO Noise Budget

L1 UGF = 151 HZ 14.8 Mpc, Predlcted 15.6, Feb 09 2007 04:28:56 UTC
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LIGO Noise Budget

L1 Noise Contributions — Range: 33.5 (36.3) Mpc
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injection/response
measurements of
noise couplings to
test mass
displacement
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LIGO LIGO Facilities

= B

109 torr UHV
50 km of spiral weld
10,000 m? per site
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LIGO Seismic isolation

m/Hz“?

——— LHO End X Seismometer
Predicted Optic motion

100 1000
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LIGO Free masses

suspension

10 kg test masses
- 25cm diameter

‘ ~0.5m pendulum
. 0.76 Hz resonance
Voice coll actuation

21



LIGO Thermal noise

Dissipation in lossy
materials causes
fluctuations in the

measured center of

mass displacement

May be limiting
noise 40-100 Hz

Coating

Suspension

—

)

\\

Substrate

22
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LIGO Shot Noise

I I 5 1 1
T X =/ =
Nphotons PBS

“Root N” photon counting
statistics gives correct answer
for simple interferometers

Input
laser
field

——
— e e o = —

Correct shot noise includes
the vacuum fields entering the
Interferometer

CM Caves, PRD23, 1981 23
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LIGO Arm response

L1 Noise Contributions — Range: 33.5 (36.3) Mpc
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uco Real world problems
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LIGO NS/NS range

~70% duty factor

o Hi
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1.4/1.4 Mo Horizon Distance
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LIGO GW sources

Continuous

Stochastic

Unmodeled

Template

Pulsars Binary inspirals
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uco Stochastic background
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tiGo  Stochastic results

Sensitivity Integrand from S5 Data to 2007 Jan 22
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uco  Matched filtering
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Buonanno et al., arXiv:0704.1964 32



Mass 2 (solar masses)

LIGO
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Templates

aquaraMotCrlented
Hexagonal

.| 10 templates per
search

Mass 1 (solar masses) 33



LIGO 5S4 Results

¢ Hi1-L1 accidental events
H1-H2 accidental events . |

» Hi-L1 detected injections LRI N

| ¥ H1-H2 detected injections B i T

* H1-H2-L1 detected injections AT

Binary Neutron Star < 1.2 yr'' L10"
Binary Black Hole < 0.5 yr' L10"

Waldman
Stanford ‘08
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LIGO Inspiral rates

"Local" stellar distribution

Single detector
SNR =8
Average orientation

—
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- o | MWEY: H1-L1 coincident Inspiral exposure
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/ |

Not an analysis result! . . .
. 200 400 600 800
Full anaIyS|s worth 4-5x more Time [days since Nov. 13, 2005]

o)
o
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LIGO Inspiral rates

"Local" stellar distribution

Single detector
SNR =8
Average orientation

—
o
NN

N

- o | MWEY: H1-L1 coincident Inspiral exposure
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Cumulative Luminosity[L10]
o

—i
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10~ 10° 10’

Distance [Mpc]

Integrated exposure [L10 yrs]

1 Inspiral / 104 L10 / year
Not an analysis result! o

s00 . S S -

. 0 260 460 660 800
Full anaIyS|s worth 4-5x more Time [days since Nov. 13, 2005]
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uco  Triggered search

antenna factor

S oo o0 0 o o
O S N - -
Polarization-averaged LHO

-150 -100

213 GRB triggers during S5

/0% with double coincidence data

36
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LiGO GRB 070201

Short, hard gamma-

ray burst (could be
NS/NS inspiral)

Position consistent
with M31
Inspiral templa’ces=

_I_I_ —

Excluded

F1G. 1.— The IPN3 (IPN: ) (v-ray) error box overlaps with the spi- O
ral arms of the Andromeda galaxy (M31). The inset image shows the full 1 4 7 10 13 16 19 22 25 28 31 34 37
error box superimposed on an SDSS (515! ) image of M31. The main
fi gure shows the overlap of the error box and the spiral arms of M31 mn UV mo ( M ®)
light (Thilker et al. : %

arXiv:0711.1163 37



gravitational wave strain

LIGO
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Use known
millisecond pulsar
ephemerides from
radio observations
for coherent search
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LIGO Crab Spindown
SX10° |
— H1
5 _*12
il —.J_Uint |
~~795% upper limit

probability density

L
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ey —

1 1.5 2
gravitational wave strain

2.0

X 10

3

-24
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No GWs observed
at h ~ 3.4x10°2°
(with uniform
priors)

Beats the spin-
down limit!

Eccentricity limit
of 1.8x10“

39
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LIGO Einstein@Home =

~

o Like SETI@home,  htp:lleinstein.phys.uwm.edu/ >
but for LIGO/GEO
data

e Goal: pulsar
searches using ~1
million clients.
Support for
Windows, Mac
OSX, Linux clients

e From our own
clusters we can get
thousands of
CPUs. From
Einstein@home
hope to many times
more computing
power at low cost

LIGO-G060230-00-Z Ex

Einstein@Home

Fercent Done: 0.13%

Einstein@Home 145,298  +135 308,921 +44E Bk dithe 195 N 2,633,250,324

Users Machines Countries 40
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LIGO Advanced LIGO .

® Increased power =i i,
® |mproved isolation T

® DC readout —
® Signal recycling

® Begin install 2010
T

MC I'TM

L=4km

125 W

Laser 10 —*—y— FI

101 A=10"m

42
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LIGO Quantum Noise

*Root N” photon counting
statistics does not give correct
answer for SRM interferometers

SRM allows “tuning” of the

CM Caves, PRD23, 1981 44



LIGO Optical spring
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uco Tailor made response

r" L T T T T L T T T T
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e 10_19_— .
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Frequency [Hz]
Advanced LIGO Design Team, M060056 46
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LGo Heisenberg microscope

“Light enforced quantum uncertainty”

(6 > \/ h )
h
TV 2Mw

J

Laser readout of the test
mass position changes the \\ \\
test mass position ; )

\
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Lico Macroscopic Quantum
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aLIGO Sensitivity
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uco allGO inspiral range
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— H1 iLIGO
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30001 — alLIGO

2500
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o
o
o

0 50 100 150 200
D. Brown Thesis, 2004 Total Mass [M_ ] 50
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DC Readout

£t M]z@ - N\
H
HAM IS RGPS EN )y v
eLIGO validates key 1 1 1 >

aLIGO technologies

Factor of ~2x in % % % %

sensitivity

Factor of ~10x in rate
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LIGO Future of LIGO

Enhanced LIGO upgrades underway for
2X sensitivity improvement

Advanced LIGO start in mid-2008
First IFO decommissioned in 2010

First aLIGO interferometry ~2012
Decomm

S5 run * S6 rur e

2006 2007 2008 2009 2010 2011

Enhanced LIGO
Advanced LIGO
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