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• GW astronomy sensitive to new phenomena in 
pulsars, GRBs, supernovae,  and general relativity 

• Kilometer scale interferometers have demonstrated 
NS/NS sensitivity to Virgo cluster with 1 year of data 

• Upgraded instruments ~factor 2 improvement starting 
July ’09

• Advanced Detectors on schedule for science in 
2013 at 10x NS/NS sensitivity 
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GW astrophysics

GW detectors

Advanced detectors
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GR is curvature

“Mass tells space-time how to curve, 
and space-time tells mass how to 
move.”  J.A. Wheeler
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Gµν = 8πTµν

G0900540-v2



Waldman 
Recontres de Blois

June 2009

LIGO-G0900540-v2

Ripples in Space Time

two polarizations for 
hµ propagate at c

|h| = L / L

peak binary inspiral    
luminosity = c5/G 

                = 1052 W

54!"#$%#&'&&()%&&%!

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 !
G

45c5
! ! ! Q 2  radiated  power

gµν = ηµν + hµν
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PSR 1913+16

Binary NS system
m1~m2~1.4 M 

r = 1.6 x 109 m
Torbit = 8 hr
7.5 kpc from Earth

Matches GR 3mm/
orbit

dx/x ~ 1.5 x 10-23 

10-4 inspirals / MW yr

6

Weisberg, Taylor - ASP Conf. Series 2004

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.

9
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Einstein’s messengers

• Core collapse supernova

• Standard candle

• Inflation era stochastic 
background

• Neutron star Equation of 
State

• No-hair theorem

• ... 

7

Gravitational waves propagate without absorption 
or dispersion through normal matter

G0900540-v2
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Probe GR physics
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GW astrophysics

GW detectors

Advanced detectors
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Detecting GWs
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LISA

“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

11

5 106 km
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Mission goals:

1. Verify that a test mass can be put in 
gravitational free-fall with residual 
acceleration noise less than

2. Demonstrate on-orbit laser metrology 
with freely falling mirrors with 
displacement sensitivity less than

Scheduled launch mid-2011

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

~ 1 mW

GW observatory 0.01

L = 10m

“0.01  = 5 nm”

Michelson, Morley 1887

Albert A. Michelson
30 cm

G0900540-v2
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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
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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

Modern interferometer

14

250 W
20 kW

10 W   Nd:YAG 
laser @ 1064nm

arXiv:0711.3041   LIGO: The Laser Interferometer Gravitational-Wave Observatory

4-April-05 AEI - Barish 18

LIGO

vacuum equipment

30

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

.)-$,/+#-"0

1+2"/

0+%3"0'$3/#-4

LIGO seismic isolation

~km 
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http://arxiv.org/abs/0711.3041
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Worldwide network

15

LHO

LLO Virgo

GEO

AIGO

LCGT
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Detector menagerie
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LIGO 2km, 4km GEO 600mVirgo 3km
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Detector sensitivities
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Noise contributions

injection/response 
measurements of 
noise couplings to 
test mass 
displacement

18
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26L1 Noisebudget  Feb 9, 2007  04:28 UTC
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Signals vs. spectrum
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LIGO + Virgo + GEO

LIGO/GEO and Virgo began data 
sharing May 18, 2007

• Sky localization with 3 site 
coincidence

• Improved rejection of non-
Gaussian noise

• LVC network delivers 40% 
more events over LIGO alone

• LVC coherent analysis provides 
90% more events

20G0900540-v2
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Signal injections
Inject “realistic” waveforms into detectors in 
coincidence to measure analysis efficiency

21

More interesting: “blind” hardware  
injections test entire detection pipeline.

L1: NS/NS at 15 Mpc 
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LIGO 5th Science Run

22

LIGO: 1 year triple coincidence operation at design sensitivity 
LIGO/Virgo:   4 months coincident operation and data sharing

Astrophysical Journal 681 Implications for the Origin of GRB 070201 from LIGO Observations

ApJ Letters 683  Beating the spin-down limit on gravitational wave emission from the Crab pulsar

Phys. Rev. Letters 101  Search for Gravitational Wave Bursts from Soft Gamma Repeaters

Phys. Rev. Letters 102 All-sky LIGO Search for Periodic Gravitational Waves in the Early S5 Data

arXiv 0711.3041 LIGO: The Laser Interferometer Gravitational-Wave Observatory

arXiv 0901.0302 Search for Gravitational Waves from Low Mass Binary Coalescences in the First 
Year of LIGO's S5 Data

arXiv 0905.0005 Stacked Search for Gravitational Waves from the 2006 SGR 1900+14 Storm

arXiv 0905.0020 Search for gravitational-wave bursts in the first year of the fifth LIGO science run

arXiv 0905.1654 Search for gravitational wave ringdowns from perturbed black holes in LIGO S4 
data

arXiv 0905.1705 Einstein@Home search for periodic gravitational waves in early S5 LIGO data

G0900540-v2

http://www.journals.uchicago.edu/doi/abs/10.1086/587954
http://www.journals.uchicago.edu/doi/abs/10.1086/587954
http://www.journals.uchicago.edu/doi/abs/10.1086/591526
http://www.journals.uchicago.edu/doi/abs/10.1086/591526
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000101000021211102000001&idtype=cvips&gifs=yes
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000101000021211102000001&idtype=cvips&gifs=yes
http://link.aps.org/abstract/PRL/v102/e111102
http://link.aps.org/abstract/PRL/v102/e111102
http://arxiv.org/abs/0711.3041
http://arxiv.org/abs/0711.3041
http://arxiv.org/abs/0901.0302
http://arxiv.org/abs/0901.0302
http://arxiv.org/abs/0905.0005
http://arxiv.org/abs/0905.0005
http://arxiv.org/abs/0905.0020
http://arxiv.org/abs/0905.0020
http://arxiv.org/abs/0905.1654
http://arxiv.org/abs/0905.1654
http://arxiv.org/abs/0905.1705
http://arxiv.org/abs/0905.1705
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GRB 070201 w/ LIGO

23

Short GRB (NS/NS?)

Position consistent 
with M31

No GW counterpart 

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-

25%

90%

75%

50%

Astrophysical Journal 681 Implications for the Origin of GRB 070201 from LIGO Observations
G0900540-v2

http://www.journals.uchicago.edu/doi/abs/10.1086/587954
http://www.journals.uchicago.edu/doi/abs/10.1086/587954
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Crab Pulsar
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ApJ Letters 683  Beating the spin-down limit on gravitational wave emission from the Crab pulsar
G0900540-v2

http://www.journals.uchicago.edu/doi/abs/10.1086/591526
http://www.journals.uchicago.edu/doi/abs/10.1086/591526


Waldman 
Recontres de Blois

June 2009

LIGO-G0900540-v2

Compact binaries

25

Matched filtering for NS/NS 
coalescence

First seven months LIGO S5

Total mass 2-35 M⊙,  BH/NS 
coalescence < 2 x 10-3 / yr / L10

Predicted rate 5 to 50 x 10-5 / yr / L10
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arXiv 0901.0302 Search for Gravitational Waves from Low Mass Binary Coalescences in the First Year of 
LIGO's S5 Data

G0900540-v2

http://arxiv.org/abs/0901.0302
http://arxiv.org/abs/0901.0302
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Also a Few Glitches in Hanford, 

but Science Moves On …
Real world experience

26G0900540-v2
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GW astrophysics

GW detectors

Advanced detectors
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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

Advanced Detectors

28

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

• Begin install 2011

Active seismic & 
quad pendulum

125 W

750 kW

5 kW

G0900540-v2



Waldman 
Recontres de Blois

June 2009

LIGO-G0900540-v2

Advanced Virgo:  
• Monolithic fused silica suspensions w/ rxn mass
• Increased laser power, 100 to 200 W
• Signal recycling and modified optics

(see E. Tournier in parallel session)

GEO-HF:
• High Frequency, 1 kHz tuning
• Increased laser power
• Squeezed vacuum to improve shot noise

Advanced LIGO:
• Multi-stage, active seismic isolation
• Quadruple pendulum, monolithic suspensions
• Increased laser power to 120 W 
• Signal recycling and modified optics

29G0900540-v2
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Advanced Sensitivities

30

101 102 10310−24

10−23

10−22

10−21

10−20

10−19

Frequency [Hz]

St
ra

in
 [H

z−
1/

2 ]

 

 

advLIGO
GEO−HF
AdVirgo

• Quantum limited in 
detection band

• 10-15x sensitivity 
improvement

• Larger bandwidth

• Worldwide network 
complementary in 
time and location

• advLIGO program 
since 2008, first 
detector mid-2013
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Past & future detectors
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Signals vs. spectrum

32

• GWs probe astrophysics invisible to EM & particle 
messengers; qualitatively new information

• Direct detection of GWs is the best way to test strong 
field general relativity

• Initial detectors      
NS/NS ~30 Mpc

• Advanced detectors 
science 2013 @ 15x 
S5 sensitivity
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