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1. GW sources for ground-based detectors                  

 references: 

   Buonanno (2007) arXiv: 0709.4682v1

   Fairhurst et al. (2009) arXiv:0908.4006v1

  Lorimer (2008)  http://www.livingreviews.org/lrr-2008-8

   Sathyaprakash & Schutz (2009), http://www.livingreviews.org/lrr-2009- 2



GW sources
Accelerating masses lose their energy as they emit 
gravitational waves (GWs). Therefore, typical GW 
sources we expect to detect using current techniques 
are ÒastrophysicalÓ .

distance unit: 1 parsec(pc) = 3.26 light year = 3e18 cm

mass unit: 1 solarmass = 1       = 2e33 gM !



GW sources
Accelerating masses lose their energy as they emit 
gravitational waves (GWs). Therefore, typical GW 
sources we expect to detect using current techniques 
are ÒastrophysicalÓ .

Incomplete list of questions on GW sources:

Q: What are the source candidates? Where are they?
Q: How strong would GWs from a source be?
Q: What are source event rate? (lecture 2) 
Q: How to form these sources? (lecture 3a)



GW sources
Accelerating masses lose their energy as they emit 
gravitational waves (GWs). Therefore, typical GW 
sources we expect to detect using current techniques 
are ÒastrophysicalÓ .

Credit: Bill Saxton
NRAO/AUI/NSF

          credit: John Rowe



does GWs exist?

YES! 

Indirect evidences are provided by comparisons between the 
post-Keplerian parameters measured by pulsar-timing for a 
number of pulsar binaries and the predictions given by theory.

Pulsar-timing : ÒFit your model pulse phase (at the barycenter time T) Ò

! o =
2!
Ps

To = time when a pulse is detected at telescope



post-keplerian parameters

advance of periastron (orbital shrinkage rate)

time dilation and gravitational redshift parameter

orbital decay rate

ÒrangeÓ parameter due to Shapiro delay

ÒshapeÓ parameter due to Shapiro delay

units: 



does GWs exist?

(Fig. 26 in Lorimer (2008) ; picture made by J. Weinberg

First indirect evidence:
measurements of the orbital 
decay of the Hulse-Taylor 
pulsar (data points obtained 
between 1974-2006).

consistent with a prediction 
made by EinsteinÕs general 
relativity within 0.2%.



does GWs exist?

(Fig. 27 in Lorimer (2008) ; picture made by R. Breton)

Best indirect evidence:
mass measurements of the 
double-pulsar 

PSRs J0737-3039A and B.
A pulsar is the Þrst-born  
(recycled) pulsar with a 22.7 
ms spin period and B pulsar 
is the second-born pulsar 
that spins slower (2.7 sec 
spin period).

consistent with a prediction 
made by EinsteinÕs general 
relativity within 0.05%.



GW amplitude and frequency

Apply the quadrupole approximation (consider the lowest order)

second moment of the mass 
distribution

GW amplitude h of a source with Qjk 
at a distance r from an observer

self-gravitating objects emit GWs 
at their natural frequency

GW frequencies are also linked to a 
motion of a mass (system)



GW amplitude and frequency

Apply the quadrupole approximation (consider the lowest order)

second moment of the mass 
distribution

GW amplitude h of a source with Qjk 
at a distance r from an observer

GW frequencies are also linked to a 
motion of a mass (system)

GW frequency of a compact object 
with mass M and size R



Mass-radius relation of 
gw sources

(Fig. 2 in Sathyaprakash and Schutz 2009)



How bright is a GW source?

If a source located at r from the Earth, loses energy E via gravitational radiation (at 
frequency f) with a GW amplitude h (from a single cycle), one can calculate an 
effective GW amplitude heff  as follows

Eqs.  (19) and (20) from Sathyaprakash and Schutz (2009) 

heff, an apparent GW luminosity, is heff is 
proportional to the E0.5. Also, it is inversely 
proportional to a distance to the source and f-0.5. 

n = number of cycles (n = f x observation time)



ground-based GW detector

sensitivity curves of LIGO, GEO and VIRGO (2006-2007)

(in Hz-1/2) @

Hz

strain noise
h < 10! 22

(Fairhurst et al. 2009)

f gw = a few ! 10 " 103



GW sources for ground-based 
detectors

Inspiral 

Continuous

Bursts

Stochastic : will be discussed on Friday

There are four types of GWs that can be characterised by different kinds of motion and 
change in mass distributions



Inspiral sources

fgw ~ typically a few 100 Hz

NS-NS, NS-BH, BH-BH binaries
M !(BH masses up to 10 )

 simple waveforms (NS-NS binaries) 

 advanced LIGO will be able to detect GWs 
from these inspirals



total power radiated by GWs from 
a star - a planet

binaries in circular orbit  (ex: Sun and Jupiter)

discussed by Buonanno (2007)

P = 5 ! 103 J/ sec

! = 1.68 ! 10! 7Hz

µ =
m1m2

m1 + m2

R = 7.8 ! 1013cm

m1 = M ! and m2 = M J = 0.001M !



total power radiated by GWs from 
a pulsar binary

binaries in circular orbit  (ex: Sun and Jupiter)

binaries in an eccentric orbit (ex: PSR 
B1913+16, a.k.a. the Hulse-Taylor pulsar)

discussed by Buonanno (2007)

P = 5 ! 103 J/ sec

1.95! 1011a= cm (separation)
e=0.617 (eccentricity)
M 1=1.441      , M2=1.383M ! M !

P = 7 .35! 1024J/ sec



GW frequency from a binary system

       : time to coalesce
                               Hz when      =17min, 2 sec, 1 msec

As a binary emits GWs, it loses its energy and angular momentum. 
Therefore the binary becomes ÒtighterÓ as the two bodies inspiral in.

f gw = 10, 102, 103
!

!



 Parameters for a typical NS-NS system: 
   chirp mass ~ 1.2 M o(M1=M2=1.4 Mo) &  f gw ~ 100 Hz

 Amplitude of GW signals from a NS-NS at 1kpc is  ho ~ 10-18

!"#$%&'"()$*%$&+,$-.$%*)(/01$

On Earth, the amplitude of GW ho from a binary system  
in a circular  orbit is 

chirp mass f gw = 2 f orb  distance  

Chirp mass of a binary  
¥!

¥!
m1 

m2 

f orb 

r  Earth  



rate predictions
Predictions made by empirical modeling (lecture 2):

GWs from NS-NS inspirals are expected to be 
detected with an advanced LIGO sensitivity. Most 
likely ~ 20 event per month up to 2 events per day.

Estimated Galactic inspiral rates of BH-BH binaries 
are ~10 times less than that of NS-NS binaries in 
MKEGs, however, BH binaries are ÒbrighterÓ than 
NS-NS binaries. Therefore, the detection rates for 
BH binaries are comparable with those for NS-NS 
binaries. 



Detection rates

upper limit on the NS-NS inspiral =  5 ! 10! 5

Results from S5 LIGO run (Fairhurst et al. 2009):

per yr

Detection rates for NS/BH binarie (Rdet) with LIGO

Rdet, inital LIGO ~ a few per decade  

Rdet, advanced LIGO ~ a few x 100 per yr 



continuous sources

fast-spinning neutron stars (isolated pulsars) 

GWs from a rotating rigid body

spin frequencies faster than several x 100 Hz or more

cf) fastest spinning pulsar PSR J1748-2446ad (in Terzan5, d=8.5 kpc) 
      spin frequency = 716 Hz(Hessels et al. 2006)



continuous sources

http://www.skatelescope.org

Text

> 20000 radio bright pulsars are expected to reside in 
Milky Way



Neutron star as a gw source

Neutron stars are considered to be the most ÒperfectÓ spheres in 
the Universe (zero ellipticity). 

What would happen if a neutron star spins extremely fast? (spin 
period ~ 1 kHz)

Any instability and/or deformation of a neutron star that 
introduce ainostropic stresses would generate GW emission 
(non-zero ellipticity); fgw =2fspin

equatorial ellipticity
GW amplitude from 

an isolated pulsar spinning at  

Q = I zz!

!
and located at a distance d from Earch



Searches for GWs from known 
pulsars with S5 LIGO data

(lowest) upper limit of GW amplitude: 2.3 ! 10! 26

7 ! 10−8(lowest) limit of ellipticity                   : J2124-3358 
(fgw=406 Hz, Ps=5 ms, 
    d=0.2 kpc)

J1603-7202 
(fgw=135 Hz, Ps=15 ms)

LSC: Abbot et al. 2009

116 known millisecond pulsars (Ps < 50 ms)



Searches for GWs from known 
pulsars with S5 LIGO data

(lowest) upper limit of GW amplitude: 2.3 ! 10! 26

7 ! 10−8(lowest) limit of ellipticity                   : 

LSC: Abbot et al. 2009

6.8% of all known pulsars (1800 as of 2009)

J2124-3358 
(fgw=406 Hz, Ps=5 ms, 
    d=0.2 kpc)

J1603-7202 
(fgw=135 Hz, Ps=15 ms)

116 known millisecond pulsars 



Searches for GWs from known 
pulsars with S5 LIGO data (cont.)

LSC: Abbot et al. 2009



burst sources
Source candidates: non-spherical collapse of massive objects, 
mergers of two compact objects

ex: accretion-induced collapses, core-collapse supernovae 
(including hypernovae), gamma-ray bursts, merging compact 
binaries

GWs from burst sources are expected to be ÒbrightÓ in amplitude, 
short in duration (~ 1msec - a few sec, meaning these are high-
frequency sources in GW observation; various in waveforms 
depending on details of physical details

Search for burst sources 
(1) single, bright signal with no assumption  Òunmodelled searchÓ 
(2) coincidences (or follow-ups) of EM observations 



burst sources

SNe Type II
production rate: 0.01 - 0.1 per year
for a Milky Way Equivalent galaxy (MWEG)

For a volume up to the VIRGO cluster (d~ 20 Mpc),
detection rate ~ 30 event per year

Hypernovae

production rate: 0.001-1 % of the core-collapse SNe

Eq. (21) Sathyaprakash and Schutz (2009) 



recent LIGO results

1. All sky search for unmodelled GW bursts with S5 LIGO run

flow = 64 - 2000 Hz

fhigh = 1 - 6 kHz

(Fairhurst et al. 2009)

(observation time = 270 days)

upper limit ~ 3.6 events/year at 90% conÞdence level

(observation time = 161 days)

upper limit ~ 5.4 events/year at 90% conÞdence level



recent LIGO results (conti.)

2. GRB 070201 : a short GRB found at about 1 degree from 
the center of M31 (d=760 kpc)
Upper limit for GW energy budget ~ 4.4 ! 10! 4M " c2

Assumptions: 
f ~ 150 ms, duration < 100ms, isotropic GW emission

3. Soft Gamma-ray repeaters (SGR 1806-20, SGR1900+14)

Upper limit for GW energy budget ~ 1045 - 1052 ergs
(cf. theoretical predictions ~1049 ergs)



GW sources for ground-based 
detector

GW sources for ground-based detectors are 
mostly stellar-mass compact objects including 
their progenitors (core-collapse supernovae) or 
outcomes of compact binary mergers (short 
gamma-ray bursts)

typical frequencies ~ 100-1000 Hz

NSÕs seem to be the best target to search (NS-
NS binaries, isolated, fast-spinning pulsars)



GW astronomy 

ground-based 
(fgw~a few x10-103 Hz) 

space-based 
fgw~0.01-100 mHz 

NS-BH 


