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“Mass tells space-time how to curve, 
and space-time tells mass how to 
move.”  J.A. Wheeler
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two plane wave 
solutions for hµ 
propagate at c

|h| = L / L

44!"#$%#&'&&()%&&%!

Gravitational Waves

K. Thorne (Caltech) , T. Carnahan (NASA GSFC)

Perturbations of 

geometry can be 

expressed as fractional 

distortion of proper 

distances:

h = dx/|x|

For varying source 

quadrupole moment Q

h !
2G

3c4r
! ! Q  amplitude  of  wave

! E !
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45c5
! ! ! Q 2  radiated  power

gµν = ηµν + hµν
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Figure 3. Chirp waveform from an inspiral event of a compact binary system. On the right
hand side the dependency of the waveform on the orbital eccentricity e and the orbital
inclination ι is demonstrated. The plot is taken from Ref.14.

• end point (merger) ⇒ large scale nuclear matter. If the nuclear state
equation of a neutron star is soft the merger may happen earlier due to a
hydrodynamic melting effect. On the other hand the gravitational field
of the companion star may trigger the neutron start to fall into a black
hole before the actual merger.

Calculating waveforms for coalescing compact binaries is straight forward,
if the distance between the two objects is large, but for black hole mergers it
is a formidable challenge. The coalescence of two black holes can be roughly
divided into three phases:

• inspiral: The two black holes are well separated and the waveform of the
emitted gravitational waveform is known,

• merger: The horizons of the two black holes merge together and the
calculation of the exact waveform requires extensive simulations on a
super computer, and

• linear pulsations: The two black holes have merged into a single black
hole in an excited state. The excited state can be treated as a linear
pulsation which decays by emitting gravitational waves.
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Saulson 1994

Quadrupole moment:  accelerating mass asymmetry
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Hulse & Taylor 

Binary NS system
r = 1.6 x 109 m
m1~m2~1.4 M

8 hr orbit
7.5 kpc from 
Earth

GR predicts 
3mm/orbit

dx/x ~ 1.5 x 10-23 

6

4 Weisberg & Taylor

Figure 1. Orbital decay of PSR B1913+16. The data points indicate
the observed change in the epoch of periastron with date while the
parabola illustrates the theoretically expected change in epoch for a
system emitting gravitational radiation, according to general relativity.

Weisberg, Taylor - ASP Conf. Series 2004
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Strong field GR Gravitational astrophysics

Cosmology
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Transverse 
Traceless

Locally Lorentz

Induced strain Induced acceleration

h =
δl

l
d2x

dt2
=

1
2

(
Ä+x x̂ + Ä×y ŷ

)

A+ :

A× :
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“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

9

lisa.nasa.gov

National Academy “Beyond Einstein” summary
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(Incidentally disproved the 
existence of the ether)

First GW detector
 dx/x ~ 5 x 10-10 

~ 1 mW

LIGO 0.01

L = 10m

“0.01  = 5 nm”

Michelson, Morley 1887
Albert A. Michelson

30 cm
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Laser

ETM

ITM

BS
PRM

4 km

FIIO

MC

ETM = End test mass

ITM = Input test mass

BS = 50/50 beamsplitter

PRM = Power recycling mirror

MC = Mode cleaner

FI = Faraday isolator

IO = Input optics

AS = Anti-symmetric port

PO = Pick-off port

REF = Reflection port

ASPOREF

1
0
 W

5
 W

2
5
0
 W

1
5
 k

W

RF length detector

RF alignment detector

Quadrant detector

Figure 1: Optical and sensing configuration of the LIGO 4 km interferometers. The IO block
includes laser frequency and amplitude stabilization, and electro-optics modulators. The inset
photo shows a test mass mirror, in its suspension, prior to installation in the vacuum system. The
near face is the high-reflecting surface, through which one can see mirror actuators arranged in
a square pattern near the mirror perimeter.

cavity (mode cleaner, MC), which provides a stable, spatially pure beam; additional filtering of
laser noise; and serves as an intermediate reference for frequency stabilization.

The interferometer optics, including the test masses, are fused silica substrates with multi-
layer dielectric coatings, manufactured to be extremely low-loss. The substrates are polished so
that the surface deviation from a spherical figure, over the central 80 mm diameter, is typically
less than a few angstroms, and the surface microroughness is also less than a few angstroms.
The absorption level in the coatings is generally a few parts-per-million (ppm) or less, and the
total scatter loss from a mirror surface is estimated to be 20-30 ppm.

The main optical components and beam paths–including the long arms–are enclosed in an
ultra-high vacuum system (10−8 − 10−9 torr) for acoustical isolation and to reduce phase fluc-
tuations from light scattering off residual gas. The 1.2 m diameter beam tubes contain multiple
baffles to trap scattered light.

Each optic is suspended as a pendulum by a loop of steel wire. The position and orienta-
tion of an optic can be controlled by electromagnetic actuators: small magnets are bonded to

4

Initial LIGO

12

L = 4 km

 1x10-12  = 1x10-18 m

10 W

15 kW

250 W
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1-July-05 YKIS2005 - Barish 10

The LIGO Scientific Collaboration
500 scientists at 42 institutions

27 US & 15 internationalLIGO detectors

LIGO Hanford:
4 km H1,  2 km H2

LIGO Livingston:
4 km L1

13



Waldman 
Stanford  ‘08Hanford History

14
6

LIGO

Hanford
B-reactor

Columbia
Reach

www.wikimapia.org

John A. Wheeler

Rattlesnake
Mountain

http://www.wikimapia.org
http://www.wikimapia.org
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! !

LIGO Scientific Collaboration
!Australian Consortium
for Interferometric
Gravitational Astronomy
!The Univ. of Adelaide
!Andrews University
!The Australian National Univ.
!The University of Birmingham
!California Inst. of Technology
!Cardiff University
!Carleton College
!Charles Sturt Univ.
!Columbia University
!Embry Riddle Aeronautical Univ.
!Eötvös Loránd University
!University of Florida
!German/British Collaboration for
the Detection of Gravitational Waves
!University of Glasgow
!Goddard Space Flight Center
!Leibniz Universität Hannover
!Hobart & William Smith Colleges
!Inst. of Applied Physics  of the 
Russian Academy of Sciences
!Polish Academy of Sciences
!India Inter-University Centre
for Astronomy and Astrophysics
!Louisiana State University
!Louisiana Tech University
!Loyola University New Orleans
!University of Maryland
!Max Planck Institute for 
Gravitational Physics

!University of Michigan
!University of Minnesota
!The University of Mississippi
!Massachusetts Inst. of Technology
!Monash University
!Montana State University
!Moscow State University
!National Astronomical 
Observatory of Japan
!Northwestern University
!University of Oregon
!Pennsylvania State University
!Rochester Inst. of Technology
!Rutherford Appleton Lab
!University of Rochester
!San Jose State University
!Univ. of Sannio at Benevento, 
  and Univ. of Salerno
!University of Sheffield
!University of Southampton
!Southeastern Louisiana Univ.
!Southern Univ. and A&M College
!Stanford University
!University of Strathclyde
!Syracuse University
!Univ. of Texas at Austin
!Univ. of Texas at Brownsville
!Trinity University
!Universitat de les Illes Balears
!Univ. of Massachusetts Amherst
!University of Western Australia
!Univ. of Wisconsin-Milwaukee
!Washington State University
!University of Washington
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LHO

LLO Virgo

GEO

AIGO

LCGT
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4-April-05 AEI - Barish 18

LIGO

vacuum equipment

1-July-05 YKIS2005 - Barish 15

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

1.2 m diameter - 3mm stainless

50 km of weld
10-9 torr  UHV
50 km of spiral weld
10,000 m3 per site 
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4-April-05 AEI - Barish 18

LIGO

vacuum equipment
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10 kg test masses
25cm diameter

~0.5m pendulum
0.76 Hz resonance
Voice coil actuation

suspension 
wire
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Dissipation in lossy 
materials causes 
fluctuations in the 
measured center of 
mass displacement

May be limiting 
noise 40-100 Hz

22

Suspension

Substrate

Coating
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Input 
laser 
field

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

Correct shot noise includes 
the vacuum fields entering the 
interferometer

δx ∝

√
1

Nphotons
=

√
1

PBS

CM Caves, PRD23, 1981
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round trip time in 
4km arm cavity limits 
the interferometer 
frequency response

24L1 Noisebudget  Feb 9, 2007  04:28 UTC
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79

Lock Status

On

Off

Earthquake Seismic Ocean wave seismic

Mag 6.3 Pacific-
Antarctic ridge
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Also a Few Glitches in Hanford, 

but Science Moves On …

More problems

26
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Bursts

GW sources
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Gravitational Waves

K. Thorne (Caltech) , T. Carnahan (NASA GSFC)

Perturbations of 

geometry can be 

expressed as fractional 

distortion of proper 

distances:

h = dx/|x|

For varying source 

quadrupole moment Q
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Background
Partial S5 Results

Interpretation
Summary

Stochastic GW Backgrounds
Cross-Correlation Method

Stochastic GW “Landscape”
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John T. Whelan john.whelan@ligo.org Stochastic GW Searches, G080001-03-Z

Measure 
stochastic BG by 
cross-correlating 
the output of two 
or more detectors
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Background
Partial S5 Results

Interpretation
Summary

Details of S5 Analysis
PRELIMINARY Upper Limit Result
Validation

Frequency Range Determined by Sensitivity
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Frequencies kept for analysis give 99% of sensitivity
(measured by integrand of σ−2): 41.5 Hz < f < 177.5 Hz
(90% comes from range 48.5 Hz < f < 140.25 Hz)

John T. Whelan john.whelan@ligo.org Stochastic GW Searches, G080001-03-Z

ΩGW ≤ 9.0× 10−6

41.5 Hz < f < 177.5 Hz

(BBN : Ω ≤ 1.1× 10−5)
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Detected waveform is a function of a few 
parameters:

non-spinning circular: 9
spinning circular: 15
spinning eccentric:  18

32Buonanno et al., arXiv:0704.1964
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104 templates per 
search

33
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Binary Neutron Star ≤ 1.2 yr-1 L10-1

Binary Black Hole ≤ 0.5 yr-1 L10-1

34

14th March 2007 XLIId Rencontres de Moriond, La Thuile 13

Effective SNR (BNS and PBH)Effective SNR (BNS and PBH)

In PBH and BNS search, we 
use an effective SNR, that is 
a statistic which well 
separates the background 
triggers from simulated 
injections. It is defined by 

14th March 2007 XLIId Rencontres de Moriond, La Thuile 16

Any candidates ?Any candidates ?

PBH, BNS and BBH, in S3 and S4 show that distribution of in-
time coincidence triggers is consistent with expectation, except 
for the S3 BBH (next slide).

S4,PBH S4,BNS S4, BBH

Follow ups are needed for candidate events, if any. Irrespective of the list 
of possible candidates, we follow up the loudest coincidence triggers.

Preliminary results

14th March 2007 XLIId Rencontres de Moriond, La Thuile 16

Any candidates ?Any candidates ?

PBH, BNS and BBH, in S3 and S4 show that distribution of in-
time coincidence triggers is consistent with expectation, except 
for the S3 BBH (next slide).

S4,PBH S4,BNS S4, BBH

Follow ups are needed for candidate events, if any. Irrespective of the list 
of possible candidates, we follow up the loudest coincidence triggers.

Preliminary results

Accidentals

Inj
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MWEY: H1−L1 coincident Inspiral exposure

Single detector
SNR = 8
Average orientation

Not an analysis result!
Full analysis worth 4-5x more
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213 GRB triggers during S5

70% with double coincidence data
36

! "#!$%&'()"(*+***!"*,"-!

213 GRB triggers from Nov. 4, 2005 to Sept. 30, 2007

– GRB triggers (mostly from Swift, IPN, INTEGRAL, HETE-2)

• ~70% with double-IFO coincidence LIGO data

• ~40% with triple-IFO coincidence LIGO data

• ~25% with measured redshift

• ~15% short-duration GRBs
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GRB 070201
Short, hard gamma-
ray burst (could be 
NS/NS inspiral)

Position consistent 
with M31

37
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6 Abbott et al.

We discover these bounds by computing the likelihood of
our observation, namely the probability that no signal would
be observed in the on-source time, given the presence of a
compact binary progenitor with various parameters. Denote
the gravitational-wave signal by h(t;m2,D,!µ) where m2 is the
mass of the companion, D is the physical distance to the bi-
nary, and !µ = {m1,!s1,!s2, ι,Φ0,t0} is the mass of the neutron
star, the spins, the inclination, the coalescence phase, and the
coalescence time. The probability of interest is then

p[0|h(t;m2,D)] =
∫

p(!µ) p[0|h(t;m2,D,!µ)]d!µ (3)

where the nuisance parameters !µ are integrated over some
prior distribution p(!µ). This integration was performed by
injecting simulated signals into the data streams of both de-
tectors according to the desired prior distribution, and evaluat-
ing the efficiency for recovering those injections as candidate
events (as described in Sec. 3.1), as a function of m2 and D.
We choose uniform priors overm1 (1M! <m1 < 3M!),Φ0, t0
and the polarization angle; the priors for spin and inclination
ι are discussed below.
Astrophysical black holes are expected to have substantial

spin. The maximum allowed by accretion spin-up of the hole
is (a/M) = (cS/GM2)< 0.9982 (Thorne 1974) in units of the
Kerr spin parameter (S is the spin angular momentum of the
black hole). More detailed simulations and recent observa-
tions provide a broad range of values (O’Shaughnessy et al.
2005) with a maximum observed spin (a/M) > 0.98 (Mc-
Clintock et al. 2006). The maximum spin that a neutron
star can have is estimated from a combination of simulations
and observations of pulsar periods. Numerical simulations of
rapidly spinning neutron stars give (a/M)< 0.75 (Cook et al.
1994); the maximal spin of the observed pulsar sample may
be substantially lower than that. In our spinning simulations,
we adopted a distribution in which the spin magnitudes are
uniformly distributed between zero and (a/M) = (cS/GM2) =

0.98 and (a/M) = (cS/GM2) = 0.75 for the black holes and
neutron stars respectively, while the direction of each spin is
uniform over the sphere. There is strong evidence that short
GRBs are beamed (see, e.g., Soderberg et al. 2006; Nakar
2007; Burrows et al. 2006, and references therein), although
probably less beamed than long bursts (Grupe et al. 2006). If
this is the case, the most likely direction for beaming is along
the total angular momentumvector of the system. For binaries
with small component spins, this will correspond to the direc-
tion orthogonal to the plane of the orbit. Hence the inclination
angle of the binary, relative to the line of sight, is most likely
to be close to zero. However, since zero inclination is the best
case for detection of gravitational waves, a uniform prior on
cosι provides a conservative constraint. We drew cosι from a
uniform prior.
Figure 3 shows the contours of constant probability 1 !

p[0|h(t;m2,D)]. Compact binaries corresponding to parame-
ters (m2,D) in the darkest-shaded region are excluded as pro-
genitors for this event at the 90% confidence level. As a refer-
ence point, a compact binary progenitor with masses 1M! <
m1 < 3M! and 1M! <m2 < 4M! with D< 3.5 Mpc is ex-
cluded at 90% confidence; the same system withD< 8.8 Mpc
is excluded at the 50% level. This result is averaged over dif-
ferent theoretical waveform families; 20% of the simulated
waveforms include spins sampled as described above.
A number of systematic uncertainties enter into this analy-

sis, but amplitude calibration error (≈ 10%) and Monte-Carlo
statistics have the largest effects. These uncertainties have

been folded into our analysis in a manner similar to that de-
scribed in (Abbott et al. 2005b,c). In particular, the amplitude
calibration was taken into account by scaling the distance of
the injection signal to be 1.28×10% larger; the Monte-Carlo
error adds 1.28

√

p(1! p)/n to p = p[0|h(t;m2,D)] where n
is the total number of simulated signals in a particular mass-
distance bin.
We evaluate the hypothesis that the event occurred in M31,

as electromagnetic observations hint might be the case, given
our observation. We adopt the measured distance of 0.77 Mpc
to M31. We then simulated a large number of inspirals at
distances 0.77 Mpc < D < 0.9 Mpc which allows us to ac-
count for both uncertainty in distance to M31 (7%) (Freed-
man et al. 2001) and the amplitude calibration uncertainty dis-
cussed above. The simulations exclude any compact binary
progenitor in our simulation space at the distance of M31 at
the > 99% level.

FIG. 3.— The probability as described in Eq. (3) is computed using in-
jections made only into the 180 s segments immediately before and after the
on-source time. The shaded regions represent 90%, 75%, 50%, and 25% ex-
clusion regions, from darkest to lightest respectively. The distance to M31 is
indicated by the horizontal line at D = 0.77 Mpc. Both amplitude calibration
uncertainty and Monte-Carlo statistics are included in this result; apparent
fluctuations as a function of mass are due to Monte Carlo uncertainty.

4. SEARCH FOR A GRAVITATIONALWAVE BURST

To search for a gravitational wave burst associated with
GRB 070201 we have used LIGO’s current baseline method
for near-real time searches for gravitational wave bursts as-
sociated with GRB triggers (GCN 2007; IPN3 2007). A de-
tailed description of the analysis method is presented else-
where (Abbott et al. 2007a).

4.1. Search Method

The burst search method is based on cross-correlating a
pair of pre-conditioned datastreams from two different grav-
itational wave detectors. The pre-conditioning of the datas-
treams consists of whitening, phase-calibration, and band-
passing from 40 Hz to 2000 Hz. The cross-correlation is
calculated for short time series of equal length taken from
the datastreams of each detector. For discretely sampled
time series s1 and s2, each containing n elements, the cross-

arXiv:0711.1163

Inspiral templates

Excluded
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ETM = End test mass

ITM = Input test mass

BS = 50/50 beamsplitter

PRM = Power recycling mirror

MC = Mode cleaner

FI = Faraday isolator

IO = Input optics

AS = Anti-symmetric port

PO = Pick-off port

REF = Reflection port
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Figure 1: Optical and sensing configuration of the LIGO 4 km interferometers. The IO block
includes laser frequency and amplitude stabilization, and electro-optics modulators. The inset
photo shows a test mass mirror, in its suspension, prior to installation in the vacuum system. The
near face is the high-reflecting surface, through which one can see mirror actuators arranged in
a square pattern near the mirror perimeter.

cavity (mode cleaner, MC), which provides a stable, spatially pure beam; additional filtering of
laser noise; and serves as an intermediate reference for frequency stabilization.

The interferometer optics, including the test masses, are fused silica substrates with multi-
layer dielectric coatings, manufactured to be extremely low-loss. The substrates are polished so
that the surface deviation from a spherical figure, over the central 80 mm diameter, is typically
less than a few angstroms, and the surface microroughness is also less than a few angstroms.
The absorption level in the coatings is generally a few parts-per-million (ppm) or less, and the
total scatter loss from a mirror surface is estimated to be 20-30 ppm.

The main optical components and beam paths–including the long arms–are enclosed in an
ultra-high vacuum system (10−8 − 10−9 torr) for acoustical isolation and to reduce phase fluc-
tuations from light scattering off residual gas. The 1.2 m diameter beam tubes contain multiple
baffles to trap scattered light.

Each optic is suspended as a pendulum by a loop of steel wire. The position and orienta-
tion of an optic can be controlled by electromagnetic actuators: small magnets are bonded to

4

SRM

L = 4 km

10-13  = 10-19 m

125 W

750 kW

5 kW

• Increased power
• Improved isolation
• DC readout
• Signal recycling

• Begin install 2010
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Factor of ~10x in rate
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LIGO-T060156-01-I

3 Detector Enhancements

In this section, the major detector enhancements are described.

3.1 Increased Laser Power

To increase the laser power a new Master Oscillator / Power Amplifier (MOPA) will be
installed. These new units will be provided by our German Advanced LIGO partner, the
Albert Einstein Institute, and manufactured by the Laser Zentrum Hanover (LZH). The
plan is that AEI/LZH will make an early delivery of the front-end of the Advanced LIGO
high-power lasers. These MOPA front-ends provide 30-35 W in the TEM00 mode, around
3x more than our existing MOPA.

Figure 3: Diagram of the 30 W MOPA system

page 3 of 27
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Enhanced LIGO upgrades underway for 
2x sensitivity improvement

Advanced LIGO start in mid-2008

First IFO decommissioned in 2010

First aLIGO interferometry ~2012
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