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“Merging Neutron Stars“ (Price & Rosswog) 

No discovery to report here! 
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Gravitational Waves
 Static gravitational fields are 
described in General Relativity 
as a curvature or warpage of 
space-time, changing the 
distance between space-time 
events.

If the source is moving 
(at speeds close to c), 
eg, because itʼs orbiting a companion, 
the “news” of the changing 
gravitational field propagates outward 
as gravitational radiation – 
a wave of spacetime curvature 

Shortest straight-line path of a nearby 
test-mass is a ~Keplerian orbit.

Gµν= 8πΤµν
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General Relativity predicts that rapidly 
changing gravitational fields produce 
ripples of curvature in fabric of spacetime 
•  Stretches and squeezes space between  

  “test masses” – strain   h = ΔL / L 
•  propagating at speed of light 

•  mass of graviton = 0 
•  space-time distortions are transverse  
  to direction of propagation 
•  GW are tensor fields (EM: vector fields) 
   two polarizations: plus (⊕) and cross (⊗) 
  (EM: two polarizations, x and y ) 
           Spin of graviton = 2 

Nature of Gravitational Radiation 

Contrast with EM dipole radiation: 

(( )) )) 

))
 

h = ΔL / L 

3



Sources of  GWs
  Accelerating charge ⇒ electromagnetic radiation (dipole)
  Accelerating mass   ⇒ gravitational radiation (quadrupole)
  Amplitude of the gravitational wave (dimensional analysis):

             = second derivative 
     of mass quadrupole moment
     (non-spherical part of kinetic energy 
      – tumbling dumb-bell)
  G is a small number! 

(space-time is stiff).
  Waves can carry huge energy  

with minimal amplitude
  Need huge mass,  

relativistic velocities, nearby.
  For a binary neutron star pair,
      10m light-years away, solar masses 
       moving at 15% of speed of light: Terrestrial sources TOO WEAK! 

km 

 Energy-momentum conservation: 
energy cons ⇒  no monopole radiation 
momentum cons ⇒ no dipole radiation 
 ⇒ lowest multipole is quadrupole wave 

M ~ 1030 kg 
R  ~ 20 km 
f   ~  400 Hz 
r   ~  1023 m 
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A NEW WINDOW 
ON THE UNIVERSE

The history of Astronomy:
new bands of the EM spectrum  
opened → major discoveries!
GWs arenʼt just a new band, theyʼre 
a new spectrum, with very different 
and complementary properties to EM 
waves.
•  Vibrations of space-time, not in space-time
•  Emitted by coherent motion of huge masses  
   moving at near light-speed;  
   not vibrations of electrons in atoms
•  Canʼt be absorbed, scattered, or shielded.

GW astronomy is a totally new, 
unique window on the universe
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Indirect Evidence for GWs  
from Hulse-Taylor binary

•  Binary pulsar PSR 1913 + 16 
•  Discovered in 1974 
•  orbital parameters measured  
  continuously measured over 30 years!  
  Only 7 kpc away 
  8 hr period speeds up 35 sec  
   from 1975-2005 
  measured to ~50 msec accuracy 
  deviation grows quadratically with time 
  shortening of period ⇐ orbital energy loss  
  Compact: negligible loss from friction, material flow 
  beautiful agreement with GR prediction 
  Apparently, loss is due to GWs! 
  Nobel Prize, 1993 
  Merger in about 300M years  (<< age of universe!) 
  GW emission will be strongest near the end –  
  Coalescence of black holes! 

emission of gravitational waves by compact binary system  

(Weisberg & Taylor, 2005) 

•

•

17 / sec

~ 8 hr
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Interferometric detection of GWs

GW acts on freely 
falling masses: 

Antenna pattern:     
(not very directional!) 

laser 

Beam 
splitter 

mirrors 

Dark port 
photodiode 

For fixed ability to 
measure ΔL, make L 
as big as possible! 
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Interferometric GW detectors 

power recycling 
mirror

Fabry-Perot cavity4km

GW output
port

  Quadrupolar radiation pattern

  Michelson interferometer
“natural” GW detector

  Suspended mirrors  
in “free-fall”

  Broad-band response   
~50 Hz to few kHz

  Waveform detector  
e.g., chirp reconstruction

  h = ΔL / L
Goal: get h ≤ 10-22;  
can build L =  4 km;  
 must measure  
ΔL = h L  ≤  4×10-19 m 
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Limits to Initial LIGO Sensitivity

LASER

test mass 
(mirror)

photodiode

Beam
splitter

Quantum Noise
"Shot" noise

Radiation 
pressure

Seismic Noise

Thermal 
(Brownian) 

Noise

Wavelength & 
amplitude 
fluctuations

Residual gas 
scattering
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LIGO: Laser Interferometer 
Gravitational-wave 

Observatory

LLO 

LHO 

4 km (H1) 
+ 2 km (H2)

4 km 
L1

Hanford, WA

Livingston, LA

Caltech 

MIT 
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LIGO Scientific Collaboration 
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Despite a few difficulties, science 
runs started in 2002.
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Science Runs

4/03: S2 ~ 0.9Mpc 
10/02: S1 ~ 100 kpc 

4/02: E8 ~ 5 kpc 

 Binary neutron star 
Inspiral  Range 

11:03: S3 ~ 3 Mpc 

Design~ 18 Mpc 

A Measure of  
Progress 

Milky Way Andromeda Virgo Cluster 
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Best Performance to Date …. 

h ~ 2×10-23  / √Hz 

Δx ~ 8 ×10-20 m/ √Hz 

The design sensitivity predicted in the 1995  
LIGO Science Requirements Document  
was reached (from 60 Hz up) in 2005 
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LIGO → eLIGO → AdvLIGO 

NOW 

2006                   2007                  2008                 2009                 2010 

2008                2009                 2010                  2011           2012…2014 
AdvLIGO 
Installation 

S5 
Start 

S5 
End 

AdvLIGO 
Const. begins 

Begin S6 
Enhanced LIGO 

End S6 
decomm. LIGO 

Begin AdvLIGO 
Observations! 

Improve amplitude 
sensitivity by a factor of 
10x, and…

⇒ Number of sources 
goes up 1000x!
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Global network of interferometers 

LIGO
4 km

LIGO
4 km & 2 km

VIRGO
3 km TAMA

300m

GEO
600m

•  Simultaneous detection 
•  Detection confidence 
•  Source polarization 
•  Sky location 
•  Duty cycle 
•  Verify light speed propagation 
•  Waveform extraction 

AIGO-
R&D facility
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Event Localization With An 
Array of GW Interferometers

LIGO +VIRGO +GEO Transient Event Localization LIGO +VIRGO +GEO +TAMA Transient Event Localization

LIGO Transient Event Localization LIGO +VIRGO Transient Event Localization 

SOURCE SOURCE

SOURCE SOURCE

LIGO
Livingston

LIGO
Hanford

TAMA GEO

VIRGO

θ

1 2

cosθ = δt / (c D12)
Δθ ~ 0.5 deg 

D
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GEO 600 (Hannover, Germany)

GEO 600 
 h ~ 3×10-21 LIGO S5 
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•  LAPP - Annecy 

•  INFN - Firenze/Urbino  
•  INFN - Frascati 

•  IPN - Lyon 

•  INFN - Napoli 

•  OCA - Nice 

•  ESPCI - Paris 

•  LAL - Orsay 
•  INFN - Perugia 

•  INFN - Pisa 

•  INFN – Roma 

Inaugurated July 2003 

NIKHEF – Amsterdam (joining) 

EGO 
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Detectors in Japan: 
TAMA 300, CLIO 100, LCGT

TAMA 300 

CLIO 100 

LCGT 

21



Cryogenic Resonant detectors 

AURIGA, LNL (Padova) 

Nautilus (at Frascati) 
Univ. of ROME ROG group 

Explorer (at CERN) 
Univ. of ROME ROG group 

ALLEGRO, LSU (Baton Rouge) 

sensitivity: 
hrms~ 10-19; 
excellent 
duty cycle 
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Frequency range of GW Astronomy 

Audio band 

Space Terrestrial 

Electromagnetic  waves  
  over ~16 orders of magnitude 
  Ultra Low Frequency radio waves  

to high energy gamma rays 
Gravitational waves  
  over ~8 orders of magnitude 
  Terrestrial + space detectors 
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The Laser Interferometer Space Antenna 
LISA

The center of the triangle formation 
will be in the ecliptic plane  
1 AU from the Sun and 20 degrees 
behind the Earth.  

Three spacecraft in orbit 
about the sun,              
with 5 million km baseline 

LISA (NASA/JPL, ESA) may fly in the next 10 years!
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What will we see?

 GWs from the most energetic 
processes in the universe!

•  Compact Binary Coalescences:  
   black holes orbiting each other 
   and then merging together
•  GW bursts of unknown waveform: 
  Supernovas, GRB engines
•  Continuous waves from pulsars, 
   rapidly spinning neutron stars
•  Stochastic GW background from 
  vibrations from the Big Bang

Analog from cosmic 
microwave background -- 

WMAP 2003 
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GWs from coalescing compact 
binaries (NS/NS, BH/BH, NS/BH)

Compact binary mergers 

K. Thorne 
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AJW, SURF 2008

Binary Inspiral Phases

• distance from the earth r 
• masses of the two bodies 
• orbital eccentricity e and orbital inclination I 
• Over-constrained parameters: TEST GR 

determine 



AJW, SURF 2008

The sound of a chirp

BH-BH collision, no noise 

The sound of a BH-BH collision,  
Fourier transformed over 5 one-second intervals  

(red, blue, magenta, green, purple) 
along with expected IFO noise (black) 



Astrophysical sources:  
Thorne diagrams

Initial LIGO (2002-2008) 

Advanced LIGO (2012-  ) 

Beyond Advanced LIGO  
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Understanding  
Inspiral-Merger-Ringdown

  The key to optimal detection is a well-modeled 
waveform, especially the phase evolution

  Low-mass systems (BNS) merge above ~1500 Hz, 
where LIGO noise is high - we see the inspiral

  Higher-mass systems (BBH) merge or ring down 
 in-band.

  These systems are unique: highly relativistic, 
dynamical, strong-field gravity – exactly where 
Einsteinʼs equations are most non-linear, 
intractable, interesting, and poorly-tested.

  Numerical relativity is devoted to deriving 
waveforms for such systems, to aid in detection 
and to test our understanding of strong-field 
gravity.

  HUGE progress in the last few years!

30



31

S3/S4 → S5 search map

“SPA” PN templates 

“BCV” templates 

“SPA” PN templates 

“SPA” PN templates 

“EOB” or “EOBNR” 
templates 
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CBC sources/searches map 



Illustration of Matched Filtering
A

rb
itr

ar
y 

un
its

 • Bank of 2110 
post2 –Newtonian 
stationary-phase 

templates for  
1< m1 ≤ m2 < 3 M❤   

with 3% 
maximum 
mismatch
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  Use two or more detectors: search for double or triple coincident “triggers”
  Can infer masses and “effective” distance. 
  Estimate false alarm probability of  resulting candidates: detection? 
  Compare with expected efficiency of detection and surveyed galaxies: upper limit

38



Binary Black Holes 
S5 Search

Image: R. Powell

binary neutron star 
horizon distance

binary black hole
horizon distance

  3 months analyzed
  Horizon distance (detector 

sensitivity) versus mass

Average over run

1 sigma variation

42



Horizon distance is a strong function of mass

Horizon distance (Mpc) 
versus mass (Msun) 

Inspiral-Merger-Ringdown  
Initial LIGO 

Horizon distance (Mpc) 
versus mass (Msun)  

for ringdowns  
iLIGO ⇒ eLIGO ⇒ aLIGO 

P.Ajith et al (2007) 
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Expected detection rate: 
How many sources can we see?

  CBC waveforms have known 
amplitude  
h ~ (GM/c2r)  × F(α,δ,ι)

  Measured detector sensitivity 
defines a horizon distance

  This encloses a known number of 
sources:  
MWEG = 1.7×1010 Ls =1.7 L10

  From galactic binary pulsars: 
R(BNSC) ~10-170 /Myr/L10

  From population synthesis: 
 R(BBHC) ~0.1 - 15 /Myr/L10

  To see more than 10 events/yr, 
we need to be sensitive to  
 105  - 107 galaxies! S4 S5 aLIGO 
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0.8-80 Msun 

1 / yr / L10 

10 / yr / L10 

0.1 / yr / L10 

  Rate/year/L10  vs. binary total mass 
 L10 = 1010 Lsun,B          (1 Milky Way = 1.7 L10) 

  Dark region excluded at 90% confidence. 

S4 upper limits-compact binary coalescence 

1.4-1.4 Mo 

Primordial BH binaries NS-NS BH-BHs 
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Triggered searches:  
GRB 070201

  Feb 1, 2007: short hard γ burst 
(T90=0.15 s) 

  Observed by five spacecraft 

  Location consistent with M31 
(Andromeda) spiral arms (0.77 Mpc) 

  At the time of the event,  
both Hanford instruments were 
recording data (H1, H2),  
while others were not (L1, V1, G1) 

  Short GRB: could be inspiral of 
compact binary system (NS/BH),  
or perhaps soft gamma repeater 
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Inspiral search - GRB 070201
  Matched template analysis, 1M < m1 < 3M, 1M < m2 < 40M
  H1 ~ 7200 templates, H2 ~ 5400 templates, obtain filter SNR
  Require consistent timing and mass parameters between H1, H2
  Additional signal-based vetos

No gravitational wave 
candidates found

Compact binary in M31 with
1M < m1 < 3M
1M < m2 < 40M
excluded at 99% confidence

30 
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Astrophys.J 681, 1419 (2008) 

D(M31) 
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Pulsars and continuous wave sources

   Pulsars in our galaxy
» non axisymmetric:     10-4 < ε < 10-6
» science: EOS; precession; interiors
» “R-mode” instabilities
» narrow band searches best

(NASA/CXC/SAO)  
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Joint 95% upper limits for 97 pulsars using ~13 months of the LIGO S5 run. 
Results are overlaid on the estimated median sensitivity of this search. 

Search for known pulsars- preliminary 

Pulsar timings provided by the 
Jodrell Bank pulsar group 

Lowest GW strain upper limit: 
PSR J1435-6100 
(fgw = 214.0 Hz, r = 3.3 kpc) 
h0 < 4.2×10-26 

Lowest ellipticity upper limit: 
PSR J2124-3358 
(fgw = 405.6 Hz, r = 0.25 kpc) 
ε < 9.6×10-8 

Preliminary

Spin-down limit: 
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All sky searches 
  Most spinning neutron stars are not observed pulsars;  

EM dim and hard to find.
  But they all emit GWs in all directions (at some level)
  Some might be very close and GW-loud!
  Must search over huge parameter space:

»  sky position: 150,000 points @ 300 Hz, more at higher frequency or 
longer integration times

»  frequency bins: 0.5 mHz over hundreds of Hertz band, more for longer 
integration times

»  df/dt: tens(s) of bins
  Computationally limited! Full coherent approach requires 

~100,000 computers  (Einstein@Home)
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  GEO-600 Hannover 
  LIGO Hanford
  LIGO Livingston
  Current search point
  Current search 

coordinates
  Known pulsars
  Known 

supernovae 
remnants 

  User name
  Userʼs total credits
  Machineʼs total 

credits
  Team name
  Current work % 

complete }

Einstein@Home: the Screensaver 
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The second-largest distributed 
computing project in the world!
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Gravitational waves from Big Bang

cosmic microwave 
background -- 
WMAP 2003 

380,000 
YEARS 

13.7 billion 
YEARS 

Waves now in the LIGO band were 
produced 10-22 sec after the big bang

GUT 
GWs 

 γs 
NOW 

 νs 

DM,DE 53



LIGO limits and expectations on ΩGW 

S4 result: ΩGW < 6.5×10-5
 

LIGO design, 1 year: �
ΩGW < 10-5 - 10-6 

(H1L1, H1H2) 

Challenge is to 
identify and eliminate 

noise correlations 
between H1 and H2! 

Advanced LIGO, 1 year: �
ΩGW <~ 10-9
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Upper limit map of a  
stochastic GW background 

  S4 data- 16 days of 2 site coincidence 
data 

  Get positional information from 
sidereal modulation in antenna pattern 
and time shift between signals at 2 
separated sites 

  No signal was seen.  
  Upper limits on broadband radiation 

source strain power originating from 
any direction.  
 (0.85-6.1 x 10-48 (Hz-1) for min-max on sky map; 
flat source power spectrum) 

Point Spread Function (calculated)

Preliminary 
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GW Bursts from 
core collapse supernova 

  Within about 0.1  second, the core  
collapses and gravitational waves 
are emitted.

  After about 0.5  second, the  
collapsing envelope interacts with 
the outward  shock. Neutrinos are 
emitted.

  Within 2 hours, the envelope of the 
star is explosively ejected.  When  
the photons reach the surface of 
the  star, it brightens by a factor of 
100 million.

  Over a period of months, the 
expanding  remnant emits X-rays, 
visible light and radio waves in a 
decreasing fashion. 

Gravitational waves 
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Zwerger-Müller SN waveforms
  astrophysically-motivated waveforms, computed from 

simulations of  axi-symmetric SN core collapses.
  Almost all waveforms have duration < 0.2 sec
  A “menagerie”, revealing only crude systematic regularities. 

Inappropriate for matched filtering or other model-dependent 
approaches.

»  Their main utility is to provide a set of signals that one could use to compare the 
efficacy of different filtering techniques.

  Absolute normalization/distance scale. 

58



Burst Search Techniques
Two main types of burst searches:

  Untriggered: Scan ~all data, looking for excess power indicative 
of a transient signal.

»  Robust way to detect generic waveforms.

  Triggered:  Scan small amount of data around time of 
astronomical event (e.g., GRB), by cross-correlating data from 
pairs of detectors.

»  Exploits knowledge of time of and direction to astronomical event.

Always:  Use techniques that make minimal assumptions about the 
signal.  Be open to the unexpected! 
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Excess-Power Detection

  Look for transient jump in power in 
some time-frequency region:

»  frequency ~ [60,2000] Hz (determined by 
noise curves of instruments)

»  duration ~ [1,100] ms  (time scale 
associated with solar-mass COs)

»  Anderson et al. PRD 63 042003 (2001).

  Many different implementations in 
LIGO:

»  Fourier modes, wavelets, Gaussian-
modulated sinusoids.

»  Multiple time-frequency resolutions.
»  Provide redundancy & robustness.
»  Also time-domain & optimal filter searches.

Simulated binary inspiral signal in S5 data 

from Chatterji, session W11:  
The Q Pipeline search for GWBs with LIGO 
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time, frequency 
coincidence 

candidate event 
⇓ 

range of
time-freq

resolutions
8 - 256 Hz

Schematic

fre
qu

en
cy


detector 2 

time timetime

fre
qu

en
cy


fre
qu

en
cy


detector 3 detector 1 

Typically require coincident detection in all 3 LIGO interferometers: 

1/128 – 1/4 s
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Removing Spurious Events

Cadonati CQG 21 S1695 (2004)

  Also apply cuts on data quality, and “veto” candidate 
GWs occurring in coincidence with identifiable noise 
events.

  Waveform-independent detection algorithms also pick up 
noise “glitches”.  

  Follow up with tests for consistency with GWs:
»  time coincidence
»  frequency overlap
»  amplitude consistency (in the two Hanford detectors H1 & H2)
»  require cross-correlation of data from pairs of detectors exceed threshold:
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Tuning & Testing

  Tuning ground rules:
»  “Blind tuning” for statistical purity of upper limits.
»  Target low background rate from noise (<0.1 event / observation 

time).

  Test sensitivity of analysis by adding simulated 
signals to the data.

  Estimate background rate by repeating analysis with 
large (5+ sec) time shifts between detector sites.
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Central  
Frequency 

D
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n 
Ef
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Science Run 4 (Shawhan, Session W11) 

Detection Efficiency

20 

am
pl

itu
de


0 time [ms]

     Astrophysics - minimum detectable 
     in-band energy in GWs (in S5):

»  EGW >   1 Mo     at  r ~ 75 Mpc
»  EGW > 0.05 Mo  at  r ~ 15 Mpc (~ distance to Virgo cluster) 

    Test sensitivity by adding 
simulated GWBs to the data.

»  Typical test waveform: 
Gaussian-modulated sinusoid.
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Untriggered GW burst search 
•  Look for short, unmodeled GW signals in LIGO’s frequency band 

– From stellar core collapse, compact binary merger, etc. — or unexpected source 
•  Look for excess signal power and/or cross-correlation among data streams from  
       different detectors 

•  No GW bursts detected in S1/S2/S3/S4; preliminary results from 1st 5 months of S5 

• Detection algorithms 
  tuned for 64–1600 Hz, duration << 1 sec
• Veto thresholds pre-established before 
    looking at data
• Corresponding energy emission sensitivity 
  EGW ~ 10–1 Msun at 20 Mpc  (153 Hz case)

Limit on GWB rate vs. GW signal strength sensitivity 

hrss (root-sum-squared strain amplitude)

Ra
te

 L
im

it 
(e

ve
nt

s/
da

y, 
90

%
 C

.L
.)

S1

S2

S4
First 5 months of S5

Expected, if no detections

? 
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Triggered Searches for GW Bursts 

preliminary 

Swift/ 
HETE-2/ 
IPN/ 
INTEGRAL RXTE/RHESSI 

LIGO-LHO LIGO-LLO 
   search LIGO data surrounding GRB 
    trigger using cross-correlation method 
   no GW signal found associated with 
    39 GRBs in S2, S3, S4 runs 
   set limits on GW signal amplitude 
   53 GRB triggers for the first five 
    months of LIGO S5 run 
   typical S5 sensitivity at 250 Hz: 
    EGW ~ 0.3 Msun at 20 Mpc 

Gamma-Ray Bursts 

   galactic neutron star (10-15 kpc)  
    with intense magnetic field (~1015 G) 
   source of record gamma-ray flare on 
    December 27, 2004 
   quasi-periodic oscillations found in 
    RHESSI and RXTE x-ray data 
   search LIGO data for GW signal  
    associated with quasi-periodic  
    oscillations-- no GW signal found 
   sensitivity:  EGW ~ 10–7 to 10–8 Msun 
    for the 92.5 Hz QPO 
   this is the same order of magnitude 
    as the EM energy emitted in the flare 

Soft Gamma Repeater 1806-20 

preliminary 

66



               LISA Sources                          

Standard sirens! 
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Frequency-Time Characteristics of 
GW Sources

Bu
rs

ts


•  Bursts are short duration, 
broadband events

Ringdowns •  BH Ringdowns expected to be 
associated with chirps

Broadband Background

•  Stochastic background is 
stationary and broadband

CW (quasi-periodic)

•  CW sources have FM 
characteristics which depend on 
position on the sky (and source 
parameters)

Chirps

•  Chirps explore the greatest time-
frequency area

•  For each source, the optimal 
signal to noise ratio is obtained 
by integrating signal along the 
trajectory

• If SNR >> 1, kernel ∝ |signal|^2
• If SNR < 1,   kernel ∝  
                |template* signal|  or  
                 |signalj* signalk|
• Optimal filter:  
       kernel  ∝ 1/(noise power)time

fre
qu

en
cy


Earthʼs orbit

fre
qu

en
cy


time

Earthʼs rotation
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Ultimate Goals for the 
Observation of GWs

  Tests of General Relativity – Gravity as space-time curvature
–  Wave propagation speed (delays in arrival time of bursts)
–  Spin character of the radiation field (polarization of radiation from sources)
–  Detailed tests of GR in P-P-N approximation (chirp waveforms)
–  Black holes & strong-field gravity (merger, ringdown of excited BH)

  Gravitational Wave Astronomy (observation, populations, properties of the most 
energetic processes in the universe):

–  Compact binary inspirals
–  Gamma ray burst engines
–  Black hole formation
–  Supernovae in our galaxy
–  Newly formed neutron stars -  spin down in the first year
–  Pulsars, rapidly rotating neutron stars, LMXBs
–  Stochastic background
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Summary 
  LIGO is operating in science mode at design sensitivity 

»  first long science run (S5) is now complete 
»  No detections to report yet – but there may be some in the can! 

  VIRGO, GEO, TAMA and CLIO approaching design sensitivity 
  LIGO Sensitivity/range will be increased by ~ 2 in 2009  

and a factor of 10-15 in ~2014 with Advanced LIGO 
»  We expect to found the field of GW astrophysics with Advanced LIGO 

  LIGO searches producing some interesting upper limits 
  An international network of ground-based GW detectors is taking shape. 
  Detections, and the exploration of the universe with GWs, will begin over 

the next decade! 
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LIGO - Virgo 

LIGO+ - Virgo+ 

AdvLIGO - AdvVirgo 

The Beginning of a New Astronomy… 
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