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SPHERICALLY SYMMETRIC MOTION RADIATES GRAVITATIONAL WAVES







THE QUADRUPOLE FORMULA A FACTOR OF 2 TOO SMALL
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Gravitational Waves 
the evidence 

Neutron Binary System – Hulse & Taylor
PSR 1913 + 16  -- Timing of pulsars

•

•

17 / sec

Neutron Binary System
• separated by 106 miles
• m1 = 1.4m!!!!; m2 = 1.36m!!!!; εεεε = 0.617

Prediction from general relativity
• spiral in by 3 mm/orbit
• rate of change orbital period

~ 8 hr

Emission of gravitational waves



Direct detection of gravitational 
waves from astrophysical sources

� Physics
» Observations of gravitation in the strong field, high velocity limit
» Determination of wave kinematics – polarization and propagation
» Tests for alternative relativistic gravitational theories

� Astrophysics
» Measurement of coherent inner dynamics – stellar collapse, pulsar 

formation….
» Compact binary coalescence – neutron star/neutron star, black hole/black 

hole
» Neutron star equation of state
» Primeval cosmic spectrum of gravitational waves

� Gravitational wave survey of the universe
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FRINGE SENSING

POSITI VE

NEGA TIVE

CENTERED
light fringe

photo detector current

RF phase modulationh x
L---

λ

L b Nτ·
------------------- --∼=

wavelength  1 x 10 -6 m

integration time

arm length = 4000 m

equivalent # of passes = 10 0

number of quanta/second at the beam splitter

300 watts at beam splitter  =  1021 identical photons/sec

h  =  6 x 10  - 22 integration time 10-2 sec



2

PENDULUM THERMAL NOISE

T + dT

T

Zener dampin g

Doppler (gas) dampin g

Pendulum Brownian motion

Dissipation leads to fluctuations

Tc = coherence or damping time
=  Q  x  period of oscillator 

Exchange with surroundings:

E(thermal) = kT t
Tc

Large Tc => smaller fluctuations
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Interferometers
international network

LIGO

Simultaneously detect signal (within msec)

detection 
confidence

locate the 
sources

decompose the 
polarization of 
gravitational 
waves  

GEO Virgo
TAMA

AIGO





LIGO Observatory Facilities

LIGO Hanford Observatory [LHO]
26 km north of Richland, WA 

2 km + 4 km interferometers in same vacuum envelope

LIGO Livingston Observatory [LLO]

42 km east of Baton Rouge, LA

Single 4 km interferometer
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L1: 10.1 Mpc, Apr 20 2005 06:01:38 UTC

Local Damping
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Gravitational Radiation and Detectors:
LIGO Sensitivity Improvements

First Science Run S1

~ Second Science Run S2

LIGO Target Sensitivity



Classes of sources
• Compact binary inspiral: template search

– BH/BH
– NS/NS and BH/NS

• Low duty cycle transients: wavelets,T/f clusters
– Supernova
– BH normal modes
– Unknown types of sources

• Periodic CW sources
– Pulsars
– Low mass x-ray binaries (quasi periodic)

• Stochastic background
– Foreground sources : gravitational wave radiometry
– Cosmological isotropic background



Rate < 47 inspirals/yr/milky way galaxy to a distance of 1.5Mpc
Mass range 1 to 3 solar masses







group.phys.uwm.edu/daswg/projects/lal.html) with
the tag “pulgroup paper s2tds”. It was validated by
checking its performance on fake pulsar signals injected
in artificial and real detector noise, both in software ([2])
and in hardware. In particular, two artificial signals (P1,
P2) were injected into all three detectors by modulating
the mirror positions via the actuation control signals
with the strain signal we should expect from a hypo-
thetical pulsar. These injections were designed to give
an end-to-end validation of the search pipeline starting
from as far up the observing chain as possible.

The pulsar signals were injected for 12 h at frequen-
cies of 1 279.123Hz (P1) and 1 288.901 Hz (P2) with fre-
quency derivatives of zero and −10−8 Hz s−1 respectively,
and strain amplitudes of 2× 10−21. This gives signal-to-
noise ratios (as defined by Eq. (79) of [6]) of 26 and 40
for P1 in H1 and L1 respectively and of 38 and 34 for
P2. The signals were modulated and Doppler shifted to
simulate sources at fixed positions on the sky with ψ = 0,
cos ι = 0 and φ0 = 0. To illustrate, posterior pdfs for the
recovered P1 signal are shown in Fig. 2. The results de-
rived from the different detectors are in broad statistical
agreement, confirming that the relative calibrations are
consistent and that the assessments of uncertainty (ex-
pressed in the posterior widths) are reasonable. Results
for P2 were very similar to these.

The phase stability of the detectors in S2 allowed us to
implement a joint coherent analysis based on data from
all three participating instruments. This technique was
noted in [2], but could not be performed on the S1 data
because of timing uncertainties that existed when those
observations were performed. The black lines in Fig. 2
show marginalisations of the joint posterior from H1, H2
and L1, i.e.,

p(a|H1,H2, L1) ∝ p(a) p(H1|a) p(H2|a) p(L1|a). (4)

In an ideal case of three detectors of similar sensitivi-
ties and operational times these coherent results would
be approximately

√
3 times tighter than the individual

results. The posteriors for φ0 clearly highlight the rela-
tive coherence between the instruments and verify that
similar joint methods can be used to set upper limits on
our target pulsars.

Results.—From the ATNF pulsar catalogue
(www.atnf.csiro.au/research/pulsar/psrcat/)
we selected 28 isolated pulsars with rotational frequen-
cies greater than 20 Hz and for which sufficiently good
timing data were available (Table I). For 18 of these, we
obtained updated timing solutions from regular timing
observations made at the Jodrell Bank Observatory
using the Lovell and the Parkes telescopes, adjusted for
a reference epoch centred on the epoch of the S2 run
(starred pulsars in Table I). Details of the techniques
that were used to do this can be found in [10]. We also
checked that none of these pulsars exhibited a glitch
during this period.

The list includes globular cluster pulsars (including
isolated pulsars in 47 Tuc and NGC6752), the S1 tar-
get millisecond pulsar (J1939+2134) and the Crab pul-
sar (B0531+21). Although Table I only shows approx-

spin spindown h95%
0 ε

pulsar f (Hz) ḟ (Hz s−1) /10−24 /10−5

B0021−72C∗ 173.71 +1.50×10−15 4.3 16

B0021−72D∗ 186.65 +1.19×10−16 4.1 14

B0021−72F∗ 381.16 −9.37×10−15 7.2 5.7

B0021−72G∗ 247.50 +2.58×10−15 4.1 7.5

B0021−72L∗ 230.09 +6.46×10−15 2.9 6.1

B0021−72M∗ 271.99 +2.84×10−15 3.3 5.0

B0021−72N∗ 327.44 +2.34×10−15 4.0 4.3

J0030+0451 205.53 −4.20×10−16 3.8 0.48

B0531+21∗ 29.81 −3.74×10−10 41 2 100

J0711−6830 182.12 −4.94×10−16 2.4 1.8

J1024−0719∗ 193.72 −6.95×10−16 3.9 0.86

B1516+02A 180.06 −1.34×10−15 3.6 21

J1629−6902 166.65 −2.78×10−16 2.3 2.7

J1721−2457 285.99 −4.80×10−16 4.0 1.8

J1730−2304∗ 123.11 −3.06×10−16 3.1 2.5

J1744−1134∗ 245.43 −5.40×10−16 5.9 0.83

J1748−2446C 118.54 +8.52×10−15 3.1 24

B1820−30A∗ 183.82 −1.14×10−13 4.2 24

B1821−24∗ 327.41 −1.74×10−13 5.6 7.1

J1910−5959B 119.65 +1.14×10−14 2.4 8.5

J1910−5959C 189.49 −7.90×10−17 3.3 4.7

J1910−5959D 110.68 −1.18×10−14 1.7 7.2

J1910−5959E 218.73 +2.09×10−14 7.5 7.9

J1913+1011∗ 27.85 −2.61×10−12 51 6 900

J1939+2134∗ 641.93 −4.33×10−14 13 2.7

B1951+32∗ 25.30 −3.74×10−12 48 4 400

J2124−3358∗ 202.79 −8.45×10−16 3.1 0.45

J2322+2057∗ 207.97 −4.20×10−16 4.1 1.8

TABLE I: The 28 pulsars targeted in the S2 run, with approx-
imate spin parameters. Pulsars for which radio timing data
were taken over the S2 period are starred (*). The right-
hand two columns show the 95% upper limit on h0, based on
a coherent analysis using all the S2 data, and corresponding
ellipticity values (ε, see text). These upper limit values do
not include the uncertainties due to calibration and to pulsar
timing accuracy, which are discussed in the text, nor uncer-
tainties in the pulsar’s distance, r.

imate pulsar frequencies and frequency derivatives, fur-
ther phase corrections were made for pulsars with mea-
sured second derivatives of frequency. Timing solutions
for the Crab were taken from the Jodrell Bank online
ephemeris [11], and adjustments were made to its phase
over the period of S2 using the method of [12].

The analysis used 910 hours of data from H1, 691 hours
from H2, and 342 hours from L1. There was no evidence
of strong spectral contamination in any of the bands in-
vestigated, such as might be caused by an instrumen-
tal feature or a potentially detectable pulsar signal. A
strong gravitational signal would generate a parameter
pdf prominently peaked off zero with respect to its width,
as for the hardware injections. Such a pdf would trigger
a more detailed investigation of the pulsar in question.

5





Overlap reduction function
Specifies the reduction in sensitivity due to the separation and
orientation of the two detectors:

6



our galaxy
and local
group

V irgo
cluster

incomplete
selected
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7
average dens ity of s tars  = 8.6 x 10 /Mly3

DATA:    Cosmology of the Local Group   G.Lake
               Astrophysical Quantities  C.W. Allen
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Binary Coalescence Sources & Science:
Binary Neutron Stars: S1 Range

Image: R. Powell
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Binary Coalescence Sources & Science:
Binary Neutron Stars: S2 Range

Image: R. Powell

S1 Range
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Binary Coalescence Sources & Science:
Binary Neutron Stars: LIGO Range

Image: R. Powell

S2 Range
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Binary Coalescence Sources & Science:
Binary Neutron Stars: AdLIGO Range

Image: R. Powell

LIGO Range



LIGO-G020272-00-D

Advanced Interferometer Concept

» Signal recycling

» 180-watt laser

» 40 kg Sapphire test    
masses

» Larger beam size

» Quadruple suspensions

» Active seismic isolation

» Active thermal correction

» Output mode cleaner



LIGO-G020272-00-D
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The Gravitational-Wave Spectrum



LISA 15 LISALISA

Massive Black Holes in Merging Galaxies
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LISA 25 LISALISA

Mission Concept



LISA 29 LISALISA

Spacecraft Orbits

• Spacecraft orbits evolve under gravitational forces only
• Spacecraft fly “drag-free” to shield proof masses from non-gravitational forces
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Optical System
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an example E mode

components of a B mode

Gravitational wave strain pattern
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