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Newton’s gravity comes from Poisson equation:

In general relativity for weak gravitational fields, 
i.e.

Einstein’s equations reduce to wave equations:

Non-axisymmetric motion of mass-energy 
generates GW

GWs are ripples in the curvature of space-time

What are Gravitational Waves? 
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Tidal Gravitational Forces of GW
Gravitational effect of 
a distant source can 
only be felt through 
its tidal forces 
Gravitational waves 
are traveling, time-
dependent tidal 
forces.
Tidal forces scale with 
size, typically produce 
elliptical 
deformations.
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Gravitational Wave Observables
GW Luminosity  L = (Asymmetry factor) v10 

A strong function of velocity:  During merger, a binary 
black hole in gravitational waves outshines the entire 
Universe in light

GW Amplitude of a source of size r at a distance R 
h = (Asymmetry factor) (M/R) (M/r)

Amplitude gives strain in space h = ΔL/L 
GW frequency is the dynamical frequency f ~ √ρ

For binaries dominant the gravitational-wave frequency is 
twice the orbital frequency

GW Polarization
In Einstein’s theory two polarizations - plus and cross
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Gravitational Vs EM Waves
Production: electronic 
transitions in atoms and 
accelerated charges – 
physics of small things
Incoherent 
superposition of many, 
many waves
Detectors sensitive to 
the intensity of 
radiation 
Directional telescopes

Production: coherent 
motion stellar and super-
massive black holes, 
supernovae, big bang, …
Often, a single coherent 
wave, but stochastic 
background expected
GW detectors are 
sensitive to the amplitude 
of the radiation
Sensitive to wide areas 
over the sky
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A persistent source of GW
PSR 1913+16

In 1974 Hulse and Taylor observed the 
first binary pulsar 

Two neutron stars in relativistic orbit
Masses, each ~ 1.4 M

Period ~ 7.5 Hrs 
Eccentricity ~ 0.62

Einstein’s theory predicts the binary 
should emit gravitational radiation 

The stars spiral in toward each other, 
causing a decrease in the period
Observed decrease in period - about 10 
micro seconds per year - is in 
agreement with Einstein’s theory to 
fraction of a percent
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Accumulated orbital phase shift in PSR 
1913+16
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Accumulated orbital phase shift in PSR 
1913+16

Eventually the two stars will 
coalesce, but that will take 
another 100 million years
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Gravitational Wave 
Detectors - Now 
and in the Future
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Interferometric gravitational-wave detectors 
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Interferometric gravitational-wave detectors 

For Typical Astronomical sources
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American Laser Interferometer Gravitational-
Wave Observatory (LIGO) at Hanford
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LIGO at Livingstone, Louisiana
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German-British GEO600, Hanover, Germany
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French Italian VIRGO near PISA
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Virgo Science Run-2
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Future Improvements

Enhanced Detectors (2009-11)
2 x increase in sensitivity
8 x increase in rate

Advanced Detectors, LIGO and Virgo (2015- …)
12 x increase in sensitivity
Over 1000 x increase in rate

3G Detectors: Einstein Telescope (2025-)
100 x increase in sensitivity
106 increase in rate
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Einstein Telescope

ET is a conceptual design study supported, for 
about 3 years (2008-2011), by the European  
Commission under the Framework Programme 7 
Aim of the project is the delivery of a conceptual 
design of a 3rd generation GW observatory
Sensitivity of the detector ~ 10 better than 
advanced detectors
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Why a global network
Improved sky coverage

Non-overlapping antenna pattern => sky coverage

Improved angular resolution/localization
Longer baselines lead to greater time-delays and therefore 
improved angular resolution

Improved distance reach
For detectors in overlapping antenna patterns, great 
improvement in distance reach 

Improved 3-way duty cycle
If each detector has 80% duty cycle

With three detectors, 3-way duty cycle is about 50%
With four detectors, >= 3-way duty cycle improves to 82%
With five detectors, >= 3-way duty cycle improves to 94%
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Antenna Patterns of Hanford, 
Livingston, Virgo and Gingin detectors
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Expected Future Sensitivities
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Laser Interferometer Space Antenna

ESA-NASA collaboration 
Intended for launch in 2020

3 space craft, 5 million km 
apart, in heliocentric orbit
Test masses are passive 
mirrors shielded from solar 
radiation
Crafts orbit out of the 
ecliptic always retaining their 
formation
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Pulsar Timing Arrays

Figure by Paul Demorest (see 

arXiv:0902.2968) 
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Pulsar Timing Arrays and SKA
Hobbs, Amaldi Meeting, 2009
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Gravitational Waves
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Burst Sources

Gravitational wave 
bursts

Black hole collisions
Supernovae
gamma-ray bursts (GRBs)

Short-hard GRBs 
could be the result of 
merger of a neutron star 
with another NS or a BH

Long-hard GRBs 
could be triggered by 
supernovae
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Continuous Wave Sources

Rapidly spinning neutron stars 
or other objects

Mountains on neutron stars
Low mass X-ray binaries

Accretion induced 
asymmetry

Magnetars and other compact 
objects

Magnetic field induced 
asymmetries

Relativistic instabilities
r-modes, etc.
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Compact Binary Mergers
Binary neutron stars
Binary black holes
Neutron star–black hole 
binaries

Loss of energy leads to 
steady inspiral whose 
waveform has been 
calculated to order v7 in 
post-Newtonian theory
Knowledge of the waveforms 
allows matched filtering
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Examples of Merging Neutron Star 
Binaries

PSR 1913+16, J0737-3039
J0737-3039 - the fastest 

Strongly relativistic, Pb=2.5 Hrs

Mildly eccentric, e=0.088
Highly inclined (i > 87 deg)

The most relativistic 
Greatest periastron advance: 
dω/dt: 16.8 degrees per year 
(almost entirely general 
relativistic effect), compared to 
relativistic part of  Mercury’s  
perihelion advance of 42 sec 
per century
Orbit is shrinking by a few 
millimeters each year due to 
gravitational radiation reaction

Burgay et al Nature 2003
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Numerical Simulation of Merging Black Hole Binaries
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Numerical Simulation of Merging Black Hole Binaries
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Waveforms from Inspiralling Binaries

A
m

pl
itu

de

Time

Late-time dynamics of 
compact binaries is highly 
relativistic, dictated by non-
linear general relativistic 
effects

Post-Newtonian theory, which 
is used to model the 
evolution, is now known to O
(v7)

The shape and strength of the 
emitted radiation depend on 
many parameters of the 
binary: masses, spins, distance, 
orientation, sky location, ...

Increasing Spin
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Astrophysics
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Astrophysics
Unveiling progenitors of short-hard GRBs

Short-hard GRBs believed to be merging NS-NS and NS-BH

Understanding Supernovae
Astrophysics of gravitational collapse and supernova?

Evolutionary paths of compact binaries
Finding why pulsars glitch and magnetars flare

What causes sudden excursions in pulsar spin frequencies
What is behind ultra high-energy transients in magnetars

Ellipticity of neutron stars
Mountains of what size can be supported on neutron stars?

NS spin frequencies in LMXBs
Why are spin frequencies of neutron stars in low-mass X-ray 
binaries bounded, CFS instability and r-modes
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Expected Annual Coalescence Rates

BNS NS-BH BBH

Initial LIGO
(2002-06)

0.02 0.006 0.01

Adv. LIGO 
(2014+)

40 10 20

ET Millions 100,000 Millions

Rates are mean of the distribution; in a 95% confidence 
interval, rates uncertain by 3 orders of magnitude
Rates are for Binary Neutron Stars (BNS) Binary Black 
Boles (BBH) and Neutron Star-Black Hole binaries 
(NS-BH) 
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GRB Progenitors
Intense flashes of gamma-
rays: 

Most luminous EM source 
since the Big Bang
X-ray, UV and optical 
afterglows

Bimodal distribution of 
durations

Short GRBs
Duration: T90 < 2 s
Mean redshift of 0.5

Long GRBs
Duration T90 > 2 s
Higher z, track Star Form. Rate.

Nicolle Rager Fuller/NSF
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Long GRBs
Core-collapse 
SNe, GW emission 
not well 
understood

Could emit burst of 
GW

Short GRBs
Could be the end 
state of the 
evolution of 
compact binaries

BNS, NS-BH
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Origin of GRB 070201 
from LIGO Observations

LSC searched for binary inspirals 
and did not find any events: 
results in ApJ 681 1419 2008
Null inspiral search result 
excludes binary progenitor in 
M31
Soft Gamma-ray Repeater (SGR) 
models predict energy release  
<= 1046 ergs.
SGR not excluded by GW limits 

LSC, Astrophys. J. 681, (2008) 1419
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Search for GRBs during all of S5
Nov 2005 - Oct 2007: 212 GRBs
LSC-Virgo searched for 137 GRBs with 2 or more LIGO-Virgo 
detectors:  ~25% with redshift, ~10% short duration: Null result
Polarization-averaged antenna response of LIGO-Hanford, dots 
show location of GRBs during S5-VSR1
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Spin-down limit on the Crab pulsar
2 kpc away, formed in a spectacular 
supernova in 1054 AD
Losing energy in the form of particles 
and radiation, leading to its spin-down

2 The LIGO Scientific Collaboration

N. Zotov 21, M. Zucker 17, J. Zweizig 16,
The LIGO Scientific Collaboration, http://www.ligo.org

G. Santostasi23

Draft version July 22, 2008

ABSTRACT

We present direct upper limits on gravitational wave emission from the Crab pulsar using data from
the first nine months of the fifth science run of the Laser Interferometer Gravitational-wave Observa-
tory (LIGO). These limits are based on two searches. In the first we assume that the gravitational
wave emission follows the observed radio timing, giving an upper limit on gravitational wave emission
that beats indirect limits inferred from the spin-down and braking index of the pulsar and the ener-
getics of the nebula. In the second we allow for a small mismatch between the gravitational and radio
signal frequencies and interpret our results in the context of two possible gravitational wave emission
mechanisms.
Subject headings: gravitational waves - pulsars: individual (Crab pulsar)
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1. INTRODUCTION

The Crab pulsar (PSR B0531+21, PSRJ0534+2200)
has long been regarded as one of the most promis-
ing known local sources of gravitational wave emission
and is an iconic target for gravitational wave searches
(Press & Thorne 1972; Zimmermann 1978). Its high
spin-down rate, ν̇ ≈ −3.7×10−10 Hz s−1, corresponds to a
kinetic energy loss rate of Ė = 4π2Izzν|ν̇| ≈ 4.4×1031 W
(using a spin frequency of ν = 29.78Hz and the canonical
value of 1038 kgm2 for the principal moment of inertia
Izz.) This loss is due to a variety of mechanisms, in-
cluding magnetic dipole radiation, particle acceleration
in the magnetosphere, and gravitational radiation. If
one assumes that all the energy is being radiated grav-
itationally, the gravitational wave tensor amplitude at
Earth is hsd

0 = 8.06×10−19 I38r
−1
kpc(|ν̇|/ν)1/2, where rkpc

is the distance to the pulsar in kpc and I38 is the moment
of inerta in units of the canonical value (Abbott et al.
2007c). For the Crab pulsar this “spin-down upper limit”
is hsd

0 = 1.4×10−24, using the canonical moment of in-
ertia and a distance r = 2kpc. It has long been known
that the Laser Interferometer Gravitational-wave Obser-
vatory (LIGO) can achieve this sensitivity by integrating
several months of data with the initial design noise spec-
trum.

The electromagnetic emission and accelerating expan-
sion of the Crab Nebula are powered almost entirely by
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kinetic energy loss rate of Ė = 4π2Izzν|ν̇| ≈ 4.4×1031 W
(using a spin frequency of ν = 29.78Hz and the canonical
value of 1038 kgm2 for the principal moment of inertia
Izz.) This loss is due to a variety of mechanisms, in-
cluding magnetic dipole radiation, particle acceleration
in the magnetosphere, and gravitational radiation. If
one assumes that all the energy is being radiated grav-
itationally, the gravitational wave tensor amplitude at
Earth is hsd

0 = 8.06×10−19 I38r
−1
kpc(|ν̇|/ν)1/2, where rkpc

is the distance to the pulsar in kpc and I38 is the moment
of inerta in units of the canonical value (Abbott et al.
2007c). For the Crab pulsar this “spin-down upper limit”
is hsd

0 = 1.4×10−24, using the canonical moment of in-
ertia and a distance r = 2kpc. It has long been known
that the Laser Interferometer Gravitational-wave Obser-
vatory (LIGO) can achieve this sensitivity by integrating
several months of data with the initial design noise spec-
trum.

The electromagnetic emission and accelerating expan-
sion of the Crab Nebula are powered almost entirely by
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ABSTRACT

We present direct upper limits on gravitational wave emission from the Crab pulsar using data from
the first nine months of the fifth science run of the Laser Interferometer Gravitational-wave Observa-
tory (LIGO). These limits are based on two searches. In the first we assume that the gravitational
wave emission follows the observed radio timing, giving an upper limit on gravitational wave emission
that beats indirect limits inferred from the spin-down and braking index of the pulsar and the ener-
getics of the nebula. In the second we allow for a small mismatch between the gravitational and radio
signal frequencies and interpret our results in the context of two possible gravitational wave emission
mechanisms.
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LSC have searched for gravitational 
waves in data from the fifth science 
run of LIGO detectors
Lack of GW at S5 sensitivity means a 
limit on ellipticity a factor 4 better 
than spin-down upper limit - less 
than 4% of energy in GW
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all three detectors. We use both uniform priors and re-
stricted priors on ψ and ι when calculating the posterior.
We marginalize the angle parameters to produce a pos-
terior probability for h0 and from this calculate a 95%
degree-of-belief upper limit on the gravitational wave am-
plitude.

A search was also performed at gravitational wave fre-
quencies νGW in a narrow band about 2ν, based on
simple astrophysical arguments. We begin by writing
νGW = 2ν(1 + δ), where δ is a small number. A rela-
tion of this form holds if the gravitational waves are pro-
duced by a component spinning separately from the elec-
tromagnetically emitting one, with the two components
linked by some torque which acts to enforce co-rotation
between them on a timescale τcoupling. In such a case
δ ∼ τcoupling/τspin−down, where τspin−down ∼ ν/ν̇ " 2500
years. A relation of the form given for νGW above also
holds if the gravitational waves are produced by free
precession of a nearly biaxial star (Jones & Andersson
2002). In such a case δ ∼ α(Izz − Ixx)/Ixx where α is a
factor of order unity dependent on the geometry of the
free precession, e.g. the angle between the symmetry axis
and angular momentum axis. No clear signature of free
precession has been seen in the radio pulsations of the
Crab pulsar, although precession would have little effect
on the radio signal if the amplitude of the precession were
small.

Together, these scenarios suggest searching over a fre-
quency interval ±∆νGW centred on 2ν, where ∆νGW ∼
|δ| 2ν. We have followed such a strategy, using a
maximum value of |δ| = 10−4. In terms of the
two-component model, such a |δ| value corresponds to
τcoupling ∼ 10−4 τspin−down ∼ several months, compara-
ble to the longest timescales seen in glitch recovery where
re-coupling between the two components might be ex-
pected to occur. In terms of free precession, |δ| = 10−4

is on the high end of the range of deformations that
compact objects are thought to be capable of sustain-
ing (Owen 2005; Lin 2007; Haskell et al. 2007).

Using the above estimates as a guide, a band of fre-
quencies ±6×10−3 Hz centred on twice the Crab pulsar’s
observed frequency was searched over. Corresponding
bands in frequency derivatives were motivated via differ-
entiation of the equation for νGW, which together with
the assumption that δ itself evolves no more rapidly than
on the spin-down timescale, leads to a band in frequency
first derivative of ±1.5 × 10−13 Hz/s, with searches over
higher derivatives being unnecessary.

The multi-template search method is a maximum like-
lihood technique, the coherent multi-detector F -statistic
derived in Cutler & Schutz (2005). An explicit search
is required over a single sky position and second deriva-
tive of the frequency, and over the selected ranges of the
frequency and of the first frequency derivative. The spac-
ing of the templates is chosen in such a way as to ensure
at most a 5% loss in the detection statistic, resulting
in a total of 3 × 107 templates. The detection statis-
tic 2F is computed for each template. The expected 3σ
range of the largest 2F value for Gaussian noise (no sig-
nal present) and 3× 107 templates is 35–49. The largest
2F value found in the actual search is 37, well within the
expected range for noise.

Based on the largest 2F value, 95% confidence upper
limits are produced using a frequentist Monte Carlo in-

jection method, as described in Abbott et al. (2007a).
For the unknown parameters uniform distributions and
physically informed distributions were used for the in-
jected population of signals, consistent with the choices
made for the single-template time domain search.

3. RESULTS

In the single-template search the joint (i.e. multi-
detector) posterior probability distribution for the grav-
itational wave amplitude peaks at zero, indicating that
no signal is visible at our current sensitivity. The joint
95% upper limit on the gravitational wave amplitude,
using uniform priors on all the parameters, is h95%

0 =
3.4×10−25. In terms of the pulsar’s ellipticity, given by
ε = 0.237 h−24rkpcν−2I38 (Abbott et al. 2007c), where
h−24 is h0 in units of 1×10−24, this gives ε = 1.8×10−4 us-
ing the canonical moment of inertia and r = 2kpc. This
is 4.1 times lower than the spin-down upper limit and
also 1.6 times lower than the limit estimated by Palomba
(2000) (see §1.) Squaring the ratio of the spin-down and
direct upper limit shows that less than ≈ 6% of the to-
tal power available from spin-down is being emitted as
gravitational waves, assuming the canonical moment of
inertia. Using the restricted priors on ψ and ι we get
an upper limit on h0 of 2.7×10−25, which is 1.3 times
smaller than that with uniform priors, and corresponds
to less than 4% of the spin-down energy available.

With the coherent multi-template frequency-frequency
first derivative search we set 95% confidence upper limits
on h0 and ellipticity of 1.7×10−24 and 9.0×10−4 respec-
tively, over the entire parameter space searched. These
upper limits are larger than the single-template search
limits by roughly a factor of five. This is to be expected
because the larger number of templates raises the num-
ber of trials and thus the statistical confidence threshold.
Assuming restricted priors on ψ and ι yields an improved
upper limit of 1.2×10−24, a factor of 1.2 below the spin-
down limit, across the entire parameter space searched.
This limits the energy budget of gravitational waves to
be less than 73% of the available energy. These quoted
upper limits are subject to uncertainty in the calibra-
tion of the detectors. Amplitude calibration uncertain-
ties for H1, H2 and L1, respectively, are: 8.1%, 7.2%
and 6.0% (single-template analysis), and 9.5%, 7.8% and
8.7% (multi-template analysis).

4. DISCUSSION

Under the assumption that the gravitational wave and
the electromagnetic signals are phase-locked, our single-
template search results constrain the gravitational wave
luminosity to be less than 6% of the observed spin-down
luminosity. This beats the indirect limits inferred from
all electromagnetic observations of the Crab pulsar and
nebula.

Our upper limits are interesting because they have en-
tered the outskirts of the range of theoretical predictions.
Normal neutron stars are believed to be mostly fluid
with maximum elastic deformations orders of magnitude
smaller than the few ×10−4 of our upper limits, but some
theories of quark matter predict solid or mostly solid
stars which could sustain such ellipticities (Owen 2005;
Lin 2007; Haskell et al. 2007). However, our upper limits
do not constrain the composition of the star and cannot
constrain any fundamental properties of quark matter.
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Gravity's Standard Sirens 

Pulsar Glitches
Pulsars have stable rotation rates:

However, observe secular 
increase in pulse period

Glitches are sudden dips in 
period

Vela glitches once every few yrs
Could be the result of transfer of 
angular momentum from core to 
crust

At some critical lag rotation rate 
superfluid core couples to the 
curst imparting energy to the 
crust
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Pulsar glitches
- Observe sudden step increase in rotation rate

- At some critical lag frequency !lag, interior 
super-fluid couples to the crust, imparting 
angular momentum & energy:

- Large glitches: !!/! ~ 10-6 so

3

- Possible that this sudden jolt in the rotation could excite 
oscillations

- Various oscillatory modes exist (f-modes, p-modes, w-modes)
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NS Normal Mode Oscillations
Sudden jolt due to a glitch, and superfluid vortex unpinning, 
could cause oscillations of the core, emitting gravitational waves

These normal mode oscillations have characteristic frequencies and 
damping times that depend on the equation-of-state

Detecting and measuring normal modes could reveal the 
equation-of-state of neutron stars and their internal structure

Amaldi 09 J Clark,  June 2009
LIGO-G0900574-v1

Neutron Star QNM Parameter space

• f-mode frequencies and damping 

times

• symbol shape = EOS

• Colour = NS mass

•Figure created from data in Benhar et al 

(2005) - recent EOS calculations and 

representative but not exhaustive

4

- Adopt flat priors on 

signal frequency f0 and 

decay time !:

f0
(upp) = 3 kHz,  f0

(low) = 1 kHz

!(upp) = 0.5 s, !(low) = 0.05 s
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Accreting Neutron Stars
Spin frequencies of 
accreting NS seems to be 
stalled below 700 Hz

Well below the break-up 
speed

What could be the reason 
for this stall?

Balance of accretion torque 
with GW back reaction torque

Could be explained if 
ellipticity is ~ 10-8

Could be induced by 
mountains or relativistic 
instabilities, e.g. r-modes

I.  OVERVIEW:  ACCRETING NS
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Sensitivity to Accreting NS
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Cosmology
Cosmography

H0, dark matter and dark energy densities, dark energy EoS w
Black hole seeds

Black hole seeds and their hierarchical growth 

Anisotropic cosmologies
In an anisotropic Universe the distribution of H on the sky 
could show residual quadrupole and higher-order 
anisotropies

Primordial gravitational waves
Quantum fluctuations in the early Universe, stochastic BG

Production of GW during early Universe phase 
transitions

Phase transitions, pre-heating, re-heating, etc.
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Stochastic Backgrounds

Primordial background
Quantum fluctuations produce a background GW that 
is amplified by the background gravitational field

Phase transitions in the Early Universe
Cosmic strings - kinks can form and “break” producing 
a burst of gravitational waves

Astrophysical background
A population of Galactic white-dwarf binaries produces 
a background above instrumental noise in LISA
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ET f ~ 10 Hz probes te ~ 10-20 s (T ~ 106 GeV)

Slide from Shellard
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Searching for a Stochastic Background

15

from the X-ray point source at the centre of Cas A is nearing completion and

has reported an expected sensitivity also in the range ∼ 10
−24

[23]. The Ligo

and Virgo Collaborations have now developed a broad suite of algorithms and

methods to tack a wide range of potential sources of continuous gravitational

radiation, including all-sky searches for binary sources, and the full power of

these will be applied to data form the current S6/VSR2 runs.

4.5 Future prospects

As with other searches that involve population statistics, the crude extrapo-

lation holds that a factor η improvement in sensitivity will increase detection

numbers by a factor ∼ η3
. Clearly the physical extent of the Galaxy places

an upper limit on this, but that only becomes relevant for current all-sky

searches when broadband sensitivities are a factor ∼ 100 times their current

values. Perhaps more important is a consideration of the types of neutron

star that may be detectable in the future using instruments with an improved

low frequency response. Current detectors show good sensitivity only to rela-

tively rapidly spinning pulsars, most of which are recycled millisecond pulsars

with low observed spin-down rates and, probably, low gravitational luminos-

ity. Young, glitchy pulsars are more common at gravitational frequencies below

∼ 100 Hz, with some of the most interesting, rapidly braked, sources closer to

10 Hz, so the low-frequency wall is a particular challenge for future continuous

wave gravitational observations.

5 Stochastic Background

A stochastic gravitational-wave background (SGWB) refers to a long-lived

random GW signal. This is generally produced by a superposition of many

unresolved sources, and can be characterized as cosmological or astrophysi-

cal according to the epoch in which the GWs are generated. Cosmological

backgrounds can be assumed to be approximately isotropic, unpolarized and

stationary, while astrophysical backgrounds may have additional structure de-

pending on the nature of their sources.

5.1 Sources

A convenient measure of the strength of a SGWB is the energy density in the

GWs, per logarithmic frequency interval, in units of the critical energy density

needed to close the universe:
1

Ωgw(f) =
1

ρcrit

dρgw

d ln f
(7)

1
Note that ρcrit depends on the value of the Hubble constant; it has become conventional

to use the fiducial value 72 km/s/Mpc when defining Ωgw(f)

16

Cosmological models which produce a SGWB include amplification of quan-
tum vacuum fluctuations during inflation [88–90], phase transitions [91,92],
pre-big-bang models [93–95], and cosmic (super-)string models [96–99]. Stan-
dard inflationary models generate a backround of constant Ωgw(f) over many
decades of frequencies, but the amplitude of such a background is already
bounded by cosmic microwave background observations to be Ωgw(f) < 10−14

[100]. Astrophysical GW backgrounds can be generated by unresolved super-
positions of sources such as cosmic string cusps [99], supernovae [101], and
neutron-star instabilities [102,103].

The most stringent indirect limit on a SGWB in the frequency range of
ground-based detectors comes from a constraint on the total energy density
present at the time of nucleosyntheis. This big-bang nucleosynthesis (BBN)
bound limits the total energy density in gravitational waves to be

�
df

f
Ωgw(f) � 1.1× 10−5 (8)

Note that this limit only applies to cosmological SGWBs, i.e., gravitational
waves generated before the era of nucleosynthesis.

5.2 Search Methods

Since the amplitude of a SGWB will be much smaller than that of instrumental
noise in a typical ground-based detector, one needs to exploit the expectation
that while instrumental noise will be (predominantly) uncorrelated between
independent detectors, the gravitational wave signals in a pair of detectors
should have an average correlation

�h̃1(f)∗h̃2(f �)� =
1
2
δ(f − f

�)γ12(f)Sgw(f) (9)

where γ12(f) encodes the observing geometry (location and orientation of de-
tectors 1 and 2, and in the case of an anisotropic background, the spatial
distribution of the background) and Sgw(f) is a one-sided power spectral den-
sity for the SGWB which is given for an isotropic background by

Sgw(f) = [(3H
2
0 )/(10π2)]f−3Ωgw(f) . (10)

The standard search method [104] for an isotropic background cross-correlates
the data from pairs of detectors using an optimal filter

Q̃(f) ∝ γ12(f)Sgw(f)
S1(f)S2(f)

(11)

where S1,2(f) are the noise power spectra for the two detectors and Sgw(f) is
the expected shape of the SGWB spectrum. The resulting search is sensitive
to a background Sgw(f) = SRSgw(f) of strength

S
detectable
R ∼

�
2T

� ∞

0
df

[γ12(f)S(f)]2

S1(f) S2(f)

�−1/2

. (12)
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4.1. Complementarity with Other Measurements and Observations

Figure 14 compares different experiments and some of the theoretical models. For
wavelengths larger than the horizon size at the surface of last scattering (redshifted to today,

this corresponds to frequencies below ∼ 10−16 Hz), the COBE observations of the CMB place
an upper limit on the stochastic gravitational wave background of ΩGW(f) < 1.3 × 10−13

(Allen & Koranda 1994). In standard inflationary models (Turner 1997), the GW spectrum
is expected to be (almost) flat at frequencies above ∼ 10−16 Hz.

The fluctuations in the arrival times of millisecond pulsar signals can be used to place
a bound at ∼ 10−8 Hz (Jenet et al. 2006): ΩGW(f) < 3.9 × 10−8 (assuming frequency

independent GW spectrum). Similarly, Doppler tracking of the Cassini spacecraft can be
used to arrive at yet another bound, in the 10−6 − 10−3 Hz band (Armstrong et al. 2003):
ΩGW(f) < 0.027.

If the energy density carried by the gravitational waves at the time of Big-Bang Nucle-

osynthesis (BBN) were large, the amounts of the light nuclei produced in the process could
be altered. Hence, the BBN model and observations can be used to constrain the total
energy carried by gravitational waves at the time of nucleosynthesis (Kolb & Turner 1990;

Maggiore 2000; Allen 1996):
∫

ΩGW(f) d(ln f) < 1.1 × 10−5 (Nν − 3), (9)

where Nν is the effective number of relativistic species at the time of BBN. Measurements of
the light-element abundances, combined with the WMAP data, give the following 95% upper
bound: Nν − 3 < 1.4 (Cyburt et al. 2005). This limit translates into

∫

ΩGW(f) d(ln f) <

1.5 × 10−5. This bound applies down to ∼ 10−10 Hz, corresponding to the horizon size at
the time of BBN.

Gravitational waves are also expected to leave a possible imprint on the CMB and matter
spectra, similar to that of massless neutrinos. (Smith et al. 2006a) used recent measurements

of the CMB anisotropy spectrum, galaxy power spectrum, and of the Lyman−α forest, to
constrain the energy density carried by gravitational waves to

∫

ΩGW(f) d(ln f) < 1.3×10−5

for homogeneous initial conditions. This bound is competitive with the BBN bound and
it extends down to ∼ 10−15 Hz, corresponding to the horizon size at the time of CMB

decoupling. It is also expected to improve as new experiments come online (such as Planck
or CMBPol).

The LIGO results apply to the frequency region around 100 Hz. The result discussed in
this paper is an improvement by a factor 13× over the previous LIGO result in the 100 Hz

region, for a frequency-independent spectrum of GW background. A one-year run at design

– 29 –
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Upper limit from LIGO data 
from the 4th Science run

S5 data will improve this 
better than the 
nucleosynthesis limit
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Note that the sensitivity of a cross-correlation search improves like the square
root of the observing time T . Also, stochastic background measurements tend
to be dominated by the low end of the available frequency range, because
γ12(f) oscillates with increasing f within an envelope whose leading term is
∝ f−1 and because Eq. 10 means that a constant-Ωgw(f) background has
S(f) ∝ f−3.

A cross-correlation search can also be used to search for an astrophysical
background with a specified spatial distribution, e.g., a SGWB coming from
one point on the sky [105]. More sophisticated techniques can be used to
recover the spatial distribution of a measured background [106].

5.3 Search Results

The most stringent published direct limit on Ωgw(f) was set using data from
the S4 run of LIGO Livingston and LIGO Hanford [107], which set the 90%
confidence level upper limit of Ωgw(f) < 6.5 × 10−5 assuming Ωgw(f) to be
constant over the interval 51 < f < 150 Hz. This is less stringent than the
BBN bound by a factor of about 6, but does place additional restrictions
on the parameters of some cosmic string models which generate GWs both
before and after the era of nucleosynthesis. Additional searches of S4 LIGO
data set limits on the strength of possible point-like backgrounds [108] and (by
correlating LIGO Livingston data with data from the ALLEGRO bar detector)
set a higher-frequency limit of Ωgw(915 Hz) < 1.02 [109].

Preliminary results correlating part of the S5 data from the two LIGO
sites [110] set a limit on Ωgw(f) comparable to the BBN bound; analysis of
the full S5 data is expected to surpass that bound. Correlation measurements
using LIGO and Virgo data are also expected to improve the high-frequency
measurement [111]. Further searches for anisotropic backgrounds are also being
conducted.

6 Discussion

The current search for GW covers multiple types of signals originating from
different possible astrophysical events like core collapse of massive stars and
neutron stars formation, binary coalescing systems of neutron stars and black
holes, non-axysimmetric spinning neutron stars and signals produced by a
large collection of incoherent sources. The data acquired by the most sensible
GW observatories, which are at present the LIGO and Virgo interferometers,
are analysed applying different methods and strategies targeted to the identi-
fication and characterisation of the signals emitted by these possible sources.
Moreover, methods able to catch signals coming from unknwon sources are
currently used.

The analysis of the latest scientific data, acquired during the first part
of S5/VSR1 run, did not show up to know any evidence of a possible detec-
tion. Upper limits on the rate of events and/or the strain amplitude h are

LSC,  Astrophys. J. 659 (2007) 918
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LETTERS

An upper limit on the stochastic gravitational-wave
background of cosmological origin
The LIGO Scientific Collaboration* & The Virgo Collaboration*

A stochastic background of gravitational waves is expected to arise
from a superposition of a large number of unresolved gravitational-
wave sources of astrophysical and cosmological origin. It should
carry unique signatures from the earliest epochs in the evolution
of the Universe, inaccessible to standard astrophysical observa-
tions1. Direct measurements of the amplitude of this background
are therefore of fundamental importance for understanding
the evolution of the Universe when it was younger than one
minute. Here we report limits on the amplitude of the stochastic
gravitational-wave background using the data from a two-year sci-
ence run of the Laser Interferometer Gravitational-wave Obser-
vatory2 (LIGO). Our result constrains the energy density of the
stochastic gravitational-wave background normalized by the critical
energy density of the Universe, in the frequency band around
100Hz, to be ,6.93 1026 at 95% confidence. The data rule out
models of early Universe evolution with relatively large equation-
of-state parameter3, as well as cosmic (super)string models with
relatively small string tension4 that are favoured in some string
theory models5. This search for the stochastic background improves
on the indirect limits from Big Bang nucleosynthesis1,6 and cosmic
microwave background7 at 100Hz.

According to the general theory of relativity, gravitational waves
are produced by accelerating mass distributions with a quadrupole
(or higher)moment.Moreover, in the early phases of the evolution of
the Universe, they can be produced by the mechanism of amplifica-
tion of vacuum fluctuations. Once produced, gravitational waves
travel through space-time at the speed of light, and are essentially
unaffected by the matter they encounter. As a result, gravitational
waves emitted shortly after the Big Bang (and observed today) would
carry unaltered information about the physical processes that
generated them. These waves are expected to be generated by a large
number of unresolved sources, forming a stochastic gravitational-
wave background (SGWB) that is usually described in terms of the
gravitational-wave spectrum:

VGW fð Þ~ f

rc

drGW
df

ð1Þ

where drGW is the energy density of gravitational radiation contained
in the frequency range f to f1 df and rc is the critical energy density of
the Universe8. Many cosmological mechanisms for generation of the
SGWB exist, such as the inflationary models9,10, pre-Big-Bang mod-
els11–13, electroweak phase transition14, and cosmic strings4,5,15,16.
There are also astrophysical mechanisms, such as magnetars17 or
rotating neutron stars18.

The physical manifestation of gravitational waves consists of
stretching and compressing the spatial dimensions orthogonal to
the direction of wave propagation, producing strain in an oscillating
quadrupolar pattern. A Michelson interferometer with suspended

mirrors2 is well suited to measure this differential strain signal due
to gravitational waves. Over the past decade, LIGO has built three
such multi-kilometre interferometers, at two locations2: H1 (4 km)
and H2 (2 km) share the same facility at Hanford, Washington, USA,
and L1 (4 km) is located in Livingston Parish, Louisiana, USA. LIGO,
together with the 3 km interferometer Virgo19 in Italy and GEO20 in
Germany, forms a network of gravitational-wave observatories.
LIGO has completed science run S5 (between 5 November 2005
and 30 September 2007), acquiring one year of data coincident
among H1, H2 and L1, at the interferometer design sensitivities
(Fig. 1).

The search for the SGWB using LIGO data is performed by cross-
correlating strain data from pairs of interferometers8. In the fre-
quency (f ) domain, the cross-correlation between two interferom-
eters is multiplied by a filter function ~QQ fð Þ (Supplementary
Information):

~QQ fð Þ~N
c fð ÞVGW fð ÞH2

0

f 3P1 fð ÞP2 fð Þ
ð2Þ
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Figure 1 | Sensitivities of LIGO interferometers. LIGO interferometers
reached their design sensitivity in November 2005, resulting in
interferometer strain noise at the level of 33 10222 r.m.s. in a 100Hz band
around 100Hz. This figure shows typical strain sensitivities of LIGO
interferometers during the subsequent science run S5. Also shown is the
strain amplitude corresponding to the upper limit on the gravitational-wave
energy density presented in this paper (grey dashed line). Note that this
upper limit is ,100 times lower than the individual interferometer
sensitivities, which illustrates the advantage of using the cross-correlation
technique in this analysis.

*Lists of participants and their affiliations appear at the end of the paper.
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This filter optimizes the signal-to-noise ratio, enhancing the fre-
quencies at which the signal of the template gravitational-wave spec-
trumVGW(f) is strong, while suppressing the frequencies at which the
detector noise (P1(f ) and P2(f )) is large. In equation (2), and
throughout this Letter, we assume the present value of the Hubble
parameter H05 72 km s21Mpc21 (ref. 21), and use c(f ) to denote
the overlap reduction function8, arising from the overlap of antenna
patterns of interferometers at different locations and with different
orientations. For the H1–L1 and H2–L1 pairs, the sensitivity above
roughly 50Hz is attenuated due to the overlap reduction. As most
theoretical models in the LIGO frequency band are characterized by a
power-law spectrum, we assume a power-law template gravitational-
wave spectrum with index a:VGW(f )5Va(f/100Hz)a. The normal-
ization constant N in equation (2) is chosen such that the expected
value of the optimally filtered cross-correlation is Va.

We apply the above search technique to the data acquired by LIGO
during the science run S5. We include two interferometer pairs: H1–
L1 and H2–L1. Summing up the contributions to the cross-correla-
tion in the frequency band 41.5–169.25Hz, which contains 99% of
the sensitivity, leads to the final point estimate for the frequency
independent gravitational-wave spectrum (a5 0): V05 (2.16 2.7)3
1026, where the quoted error is statistical. We calculate the Bayesian
95% confidence upper limit for V0, using the previous LIGO result
(S4 run22) as a prior for V0 and averaging over the interferometer
calibration uncertainty. This procedure yields the 95% confidence
upper limit V0, 6.93 1026. For other values of the power index a
in the range between 23 and 3, the 95% upper limit varies between
1.93 1026 and 7.13 1026. These results constitute more than an

order of magnitude improvement over the previous LIGO result in
this frequency region22. Figure 2 shows this result in comparison with
other observational constraints and some of the cosmological SGWB
models.

Before the result described here, the most constraining bounds on
the SGWB in the frequency band around 100Hz came from the Big
Bang nucleosynthesis (BBN) and from cosmic microwave back-
ground (CMB) measurements. The BBN bound is derived from
the fact that a large gravitational-wave energy density at the time of
BBN would alter the abundances of the light nuclei produced in the
process. Hence, the BBN model and observations constrain the total
gravitational-wave energy density at the time of nucleosynthesis1,6:

VBBN~

ð
VGW fð Þ d ln fð Þv1:1|10{5 Nn{3ð Þ ð3Þ

where Nn (the effective number of neutrino species at the time of
BBN) captures the uncertainty in the radiation content during
BBN. Measurements of the light-element abundances, combined
with the Wilkinson Microwave Anisotropy Probe (WMAP) data
give the upper bound Nn – 3, 1.4 (ref. 23). Similarly, a large
gravitational-wave background at the time of decoupling of CMB
would alter the observed CMB and matter power spectra. Assu-
ming homogeneous initial conditions, the total gravitational-wave
energy density at the time of CMB decoupling is constrained toÐ
VGW(f ) d(ln f ), 1.33 1025 (ref. 7). In the LIGO frequency band

and for a5 0, these bounds become: VBBN
0 v1:1|10{5 and

VCMB
0 v9:5|10{6. Our result has now surpassed these bounds,

CMB large
angle

Pulsar
limit

LIGO S4

AdvLIGO

BBNCMB and matter
spectra

Planck

In!ation

LISA
Pre-Big-Bang

Cosmic strings

LIGO S5

10–4

10–6

10–8

10–10

10–12

10–14

10–16 10–12 10–8 10–4 100 104 108

G
W

Ω

Frequency (Hz)

Figure 2 | Comparison of different SGWBmeasurements and models. The
95% upper limit presented here, V0v6:9|10{6 (LIGO S5), applies in the
frequency band 41.5–169.25Hz, and is compared to the previous LIGO S4
result22 and to the projected Advanced LIGO sensitivity25. Note that the
corresponding S5 95% upper bound on the total gravitational-wave energy
density in this band, assuming frequency independent spectrum, is
9.73 1026. The indirect bound due to BBN1,6 applies to
VBBN~

Ð
VGW( f )d( ln f ) (andnot to the densityVGW(f )) over the frequency

band denoted by the corresponding horizontal line, as defined in equation 3.
A similar integral bound (over the range 10215–1010Hz) can be placed using
CMB andmatter power spectra7. Projected sensitivities of the satellite-based
Planck CMB experiment7 and LISA gravitational-wave detector26 are also
shown. The pulsar bound27 is based on the fluctuations in the pulse arrival
times of millisecond pulsars and applies at frequencies around 1028Hz.
Measurements of the CMB at large angular scales constrain the possible
redshift of CMB photons due to the SGWB, and therefore limit the
amplitude of the SGWB at largest wavelengths (smallest frequencies)6.
Examples of inflationary9,10, cosmic strings4,5,15,16, and pre-Big-Bang11–13

models are also shown (the amplitude and the spectral shape in thesemodels
can vary significantly as a function of model parameters).
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Figure 3 | Constraining early Universe evolution. The gravitational-wave
spectrum VGW fð Þ is related to the parameters that govern the evolution of

the Universe3: VGW fð Þ~A f âa fð Þ f n̂nt fð Þ r, where âa fð Þ~2
3ŵw fð Þ{1

3ŵw fð Þz1
, r is the

ratio of tensor and scalar perturbation amplitudes (measured by the CMB
experiments), n̂nt fð Þ and ŵw fð Þ are effective (average) tensor tilt and equation
of state parameters respectively, and A is a constant depending on various
cosmological parameters. Hence, the measurements of VGW and r can be
used to place constraints in the ŵw{n̂nt plane, independently of the
cosmological model. The figure shows the ŵw{n̂nt plane for r5 0.1. The
regions excluded by the BBN23, LIGO and pulsar27 bounds are above the
corresponding curves (the inset shows a zoom-in on the central part of the
figure). The BBN curve was calculated in ref. 3. We note that the CMB
bound7 almost exactly overlaps with the BBN bound. Also shown is the
expected reach of Advanced LIGO25. Note that these bounds apply to
different frequency bands, so their direct comparison is meaningful only if
n̂nt fð Þ and ŵw fð Þ are frequency independent. We note that for the simplest
single-field inflationary model that still agrees with the cosmological data,
with potential V(w)5m2w2/2 (where w is a scalar field of mass m), r5 0.14
and nt(100Hz)520.035 (ref. 28), implying a LIGObound on the equation-
of-state parameter of ŵw (100Hz), 0.59.
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which is one of the major milestones that LIGO was designed to
achieve. Moreover, the BBN and CMB bounds apply only to back-
grounds generated before the BBN and the CMBdecoupling, respect-
ively, while the LIGO bound also probes the SGWB produced later
(this is the case, for example, in models involving cosmic strings).

Our result also constrains models of early Universe evolution.
Although the evolution of the Universe following the BBN is well
understood, there is little observational data probing the evolution
before BBN, when the Universe was less than one minute old. The
gravitational-wave spectrum VGW(f ) carries information about
exactly this epoch in the evolution. In particular, measuring
VGW(f ) is the best way to test for the existence of currently unknown
‘stiff’ energy components in the early Universe3, for which a small
density variation is associated with a large pressure change, which
could carry information about the physics of the inflationary era24.
Figure 3 demonstrates how the result presented here can be used to
constrain the existence of these new energy components.

Our result also constrains models of cosmic (super)strings.
Cosmic strings were originally proposed as topological defects
formed during phase transitions in the early Universe15. More
recently, it was realized that fundamental strings may also be
expanded to cosmological scales5. Hence, searching for cosmic
stringsmay provide a unique and powerful window into string theory
and into particle physics at the highest energy scales. Figure 4 shows
that our result, along with other observations, can be used to con-
strain the parameters in the cosmic stringmodels.Whereas our result

is currently excluding a fraction of the allowed parameter space,
Advanced LIGO25 is expected to probe most of these models.

Measurements of the SGWB also offer the possibility of probing
alternative models of early Universe cosmology. For example, in the
pre-Big-Bangmodel11–13 the Universe starts off large and then under-
goes a period of inflation driven by the kinetic energy of a dilaton
field, after which the standard cosmology follows. Although more
speculative than the standard cosmology model, the pre-Big-Bang
model makes testable predictions of the gravitational-wave spec-
trum. As shown in Fig. 5, the BBN and CMB bounds are currently
the most constraining for this model and Advanced LIGO25 is
expected to surpass them.
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Figure 4 | Models involving cosmic strings. The network of cosmic strings
is usually parametrized by the string tension m (multiplied by the Newton
constant G), and reconnection probability p. The CMB observations limit
Gm, 1026. If the size of the cosmic string loops is determined by the
gravitational back-reaction29, the size of the loop can be parametrized by a
parameter e (ref. 16), which is essentially unconstrained. Themechanism for
production of gravitational waves relies on cosmic string cusps: regions of
string that move at speeds close to the speed of light. If the cusp motion
points towards Earth, a detectable burst of gravitational radiation may be
produced16,30. The superposition of gravitational waves from all string cusps
in the cosmic string network would produce a SGWB4. This figure shows
how different experiments probe the e –Gm plane for a typical value of
p5 1023 (ref. 4) (p is expected to be in the range 1024–1). The excluded
regions (always to the right of the corresponding curves) correspond to the
S4 LIGO result22, this result, the BBN bound6,23, the CMB bound7, and the
pulsar limit27. In particular, the bound presented in this paper excludes a
new region in this plane (73 1029,Gm, 1.53 1027 and e, 83 10211),
which is not accessible to any of the other measurements. Also shown is the
expected sensitivity for the search for individual bursts from cosmic string
cusps with LIGO S5 data30. The region to the right of this curve is expected to
produce at least one cosmic string burst event detectable by LIGOduring the
S5 run.Note that this search is complementary to the search for the SGWBas
it probes a different part of the parameter space. Also shown is the region
that will be probed by the Planck satellite measurements of the CMB7. The
entire plane shownherewill be accessible toAdvancedLIGO25 SGWBsearch.
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Figure 5 | Pre-Big-Bang models. In the pre-Big-Bang model, the
gravitational waves are produced through themechanismof amplification of
vacuum fluctuations, analogously to the standard inflationary model. The
typical gravitational-wave spectrum increases as f 3 up to a turn-over
frequency fs, above which VGW(f )!f 3{2m with m, 1.5. The spectrum cuts
off at a frequency f1, which is theoretically expected to bewithin a factor of 10
from4.33 1010Hz (dashed horizontal line). This figure shows the f1–m plane
for a representative value of fs5 30Hz. Excluded regions corresponding to
the S4 result and to the result presented here are shaded. The regions
excluded by the BBN6,23 and the CMB7 bounds are above the corresponding
curves. The expected reaches of the Advanced LIGO25 and of the Planck
satellite7 are also shown.
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Cosmic String Models Ruled Out

Monday, 7 March 2011



Gravity's Standard Sirens 

Cosmological parameters
Luminosity distance Vs. red shift depends on a 
number of cosmological parameters H0, ΩM, Ωb, 
ΩΛ, w, etc.

Einstein Telescope will detect 1000’s of compact 
binary mergers for which the source can be 
identified (e.g. GRB) and red-shift measured.
A fit to such observations can determine the 
cosmological parameters to better than a few 
percent.
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Compact Binaries are Standard Sirens

Amplitude of gravitational waves depends on
Chirp-mass=µ3/5M2/5

Gravitational wave observations can measure both 
Amplitude (this is the strain caused in our detector) 
Chirp-mass (because the chirp rate depends on the chirp mass)

Therefore, binary black hole inspirals are standard sirens
From the apparent luminosity (the strain) we can conclude the 
luminosity distance

However, GW observations alone cannot determine the 
red-shift to a source
Joint gravitational-wave and optical observations can 
facilitate a new cosmological tool

Schutz 86
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Gravitational Waves - Sources and Science

Models of Black Hole Seeds 
and Their Evolution

Class. Quantum Grav. 26 (2009) 094027 K G Arun et al
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Hierarchical Growth of Black Holes  
in Galactic Nuclei

Diagram from A SesanaInitially small black holes may grow by hierarchical merger
ET could observe seed black holes if they are of order 1000 solar mass
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Fundamental Physics
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Fundamental Physics
Properties of gravitational waves

Test wave generation formula beyond quadrupole approx.
Number of GW polarizations?
Do gravitational waves travel at the speed of light?

Equation-of-State of dark energy
GW from inspiralling binaries are standard sirens

Equation-of-State of supra-nuclear matter
Signature NS of EoS in GW from binary neutron star 
mergers

Black hole no-hair theorem and cosmic censorship
Are black hole candidates black holes of general relativity?

Merger dynamics of spinning black hole binaries
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Are Gravitons Massive?
Coincident observation of a supernova and the associated 
gravitational radiation can be used to constrain the speed of 
gravitational waves to a fantastic degree:
If Δt is the time difference in the arrival times of GW and 
optical radiation and D is the distance to the source then 
the fractional difference in the speeds is

Should also be possible to constrain the mass of the graviton 
as they alter GW phasing of inspiral waveform due to 
dispersion of gravitational waves; no EM counterpart needed
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Counting the Polarization States

Only two states in GR: h+ and hx
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Counting the Polarization States

Cross polarizationPlus polarization 

Only two states in GR: h+ and hx
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Polarization States in a 
Scalar-Tensor Theory

Cliff Will, Living Rev. in Relativity

Polarization tests are 
qualitative tests
A single measurement is 
good enough to rule the 
theory out
In Einstein’s theory there 
are only two polarization 
states - the plus and the 
cross polarizations
In a scalar-tensor theory of 
gravity, there are six 
different polarization modes
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Capture of Small Black Holes by 
Intermediate-Mass Black Holes
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Testing the No-Hair Theorem
Ryan
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Testing the No-Hair Theorem
Ryan
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Gravitational Capture and Testing 
Uniqueness of Black Hole Space-times

Glampedakis and Babak
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Summary
Was Einstein right?

Is the nature of gravitational radiation as predicted by Einstein?
Are black holes in nature black holes of GR?
Are there naked singularities?

Unsolved problems in astrophysics
What is the origin of gamma ray bursts?
What is the structure of neutron stars and other compact objects?

Cosmology
Measurement of Hubble parameter, dark matter density, etc.
Demography of massive black holes at galactic nuclei?
Phase transitions in the early Universe?

Fundamental questions
What were the physical conditions at the big bang?
What is dark energy?
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CSIRO.  Gravitational wave detection

Summary

•PREDICTIONS: 
•Within 5 to 10 years, gravitational 
wave astronomy will exist!

•Within 20 years, gravitational wave 
astronomy will be common-place 
with LIGO, LISA and PTAs being 
used just like radio/optical/xray… 
telescopes are today!

•...

Hobbs @ The Amaldi Meeting 2009, NY
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Spare Slides
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Luminosity Distance Vs Redshift
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What do we know 
about the sources
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Black Hole Mergers from 
Numerical Relativity

After several decades NR is now able to compute 
accurate waveforms for use in extracting signals and 
science

New physics - e.g. super-kick velocities
Analytical understanding of merger dynamics

We should be able to see further and more massive 
objects
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numerical relativity

Close Agreement b/w NR and EOB

A new Effective One-Body (EOB) model by Damour, Iyer and Nagar 
(2009) in excellent agreement with Numerical Relativity simulations
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IMR/EOBNRPN templates 
Ring-down

Initial LIGO                   Virgo design              Advanced LIGO

EOB w/o ring-down

700 Mpc z=1.81 Gpc

Ajith et al

How further can we see with 
Inspiral, Merger and Ringdown?
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Bound on λg as a function of total mass

Berti, Buonanno and Will (2006)

Limits based on GW 
observations will be 
five orders-of-
magnitude better 
than solar system 
limits

Still not as good as 
(model-dependent) 
limits based on 
dynamics of galaxy 
clusters
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