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Gravity's Standard Sirens 

In 1909 Geiger and Marsden smashed α particles at gold foil & discovered atomic 
structure which led Rutherford to discover in 1911 the structure of the atom
A 100 years hence we are at the verge of exploring the very structure of spacetime with 
a similar “experiment” by observing black holes - pure geometric objects - smashing 
against each other
That’ll only be the beginning: Gravitational Astronomy will herald a new era in fundamental 
physics, cosmology and astrophysics, giving access to processes with phenomenal 
energies, inconceivable in accelerators, and luminosities, far exceeding all but the Big Bang

Rutherford’s Discovery of 
Atomic Structure

Image: physicsquest.homestead.com
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Expected ET Sensitivity
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What will ET observe and 
what can it tell?

ET will observe radiation arising from
black hole collisions when the Universe was still in its infancy 
assembling the first galaxies
neutron star collisions when star formation in the Universe was 
at its peak 
formation of black holes and neutron stars in supernovae and 
collapsars in the local neighbourhood
stochastic backgrounds of cosmological and astrophysical origin

ET will provide new insights into
the secret births and lives of black holes and neutron stars, 
their demographics, populations and their masses and spins
dark energy and its variation with redshift
equation of state of matter at supra-nuclear densities
early history of the Universe’s evolution
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Black holes and neutron stars are the most compact objects
The potential energy of a test particle is equal to its rest mass energy

Being the most compact objects, they are also the most 
luminous sources of gravitational radiation

The luminosity of a neutron star binary increases a billion times in the 
course of its evolution through a ET’s sensitivity band
The GW luminosity of a binary black hole outshines, during merger, 
the EM luminosity of all the stars in the Universe

Compact binaries are self-calibrating standard sirens
GW observations measure both the apparent luminosity (strain) and 
absolute luminosity (chirp rate) of a source                  Schutz 86

Compact binaries for fundamental 
physics, cosmology and astrophysics
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Numerical Simulation of Merging Black Hole Binaries
Caltech-Cornell Simulation
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Numerical Simulation of Merging Black Hole Binaries
Caltech-Cornell Simulation
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ET Distance Reach for 
Compact  Binary Mergers
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Fundamental Physics
Properties of gravitational waves

Testing GR beyond the quadrupole formula 
Binary pulsars consistent with quadrupole formula; they don’t measure properties of GW

How many polarizations are there?
In Einstein’s theory only two polarizations; a scalar-tensor theory could have six

Do gravitational waves travel at the speed of light?
There are strong motivations from string theory to consider massive gravitons
Binary pulsars constrain the speed to few parts in a thousand
GW observations can constrain to 1 part in 1018

EoS of dark energy
Black hole binaries are standard candles/sirens

EoS of supra-nuclear matter
Signature of EoS in GW emitted when neutron stars merge

Black hole no-hair theorem and cosmic censorship
Are BH (candidates) of nature BH of general relativity?

An independent constraint/measurement of neutrino mass
Delay in the arrival times of neutrinos and gravitational waves

Friday, 20 May 2011



Do gravitational waves travel at the 
speed of light?

Coincident observation of a supermassive black hole binary 
and the associated gravitational radiation can be used to 
constrain the speed of gravitational waves:
If Δt is the time difference in the arrival times of GW and EM
radiation and D is the distance to the source then the 
fractional difference in the speeds is

It is important to study what the EM signatures of massive 
BBH mergers are
Can be used to set limits on the mass of the graviton slightly 
better than the current limits.

Will (1994, 98)
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Arun and Will (2009)

Bound on graviton Compton wave 
length as a function of total mass
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The Compton wavelength 
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Limit on the Compton 
wavelength of graviton 
based on ET observations 
will be two orders-of-
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solar system limits
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Testing Brans-Dicke Theory - An 
Alternative to Einstein’s gravity
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Brans-Dicke theory 
has a parameter 
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In Einstein’s gravity 
this parameter 
takes the value 
infinity
ET can constrain 
this value by an 
order of magnitude  
more than current 
limits

Arun 2011
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Black Hole No-Hair Theorem

Deformed black holes are unstable; they emit energy in 
their deformation as gravitational waves

Superposition of damped waves with many different frequencies 
and decay times
In Einstein’s theory, frequencies and decay times all depend only 
on the mass M and spin j of the black hole

Measuring two or modes would constrain Einstein’s 
theory or provide a smoking gun evidence of black 
holes

If modes depend on other parameters (e.g., the structure of the 
central object), then test of the consistency between different 
mode frequencies and damping times would fail

The amplitude of the modes cary additional 
information about what caused the deformity
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Visibility of QNM in ET: Formation of BHs at z=1

Kamaretsos et al 2011
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BBH Signals as Testbeds for GR

Gravity gets ultra-strong during a BBH merger compared to 
any observations in the solar system or in binary pulsars

In the solar system: ϕ/c2 ~ 10-6 
In a radio binary pulsar it is still very small: ϕ/c2 ~ 10-4 
Near a black hole ϕ/c2 ~ 1
Merging binary black holes are the best systems for 
strong-field tests of GR

Dissipative predictions of gravity are not even tested at the 
1PN level

In binary black holes even (v/c)7 PN terms will not be 
adequate for high-SNR (~100) events
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Testing GR by observing non-linear effects

Binary inspiral waveform 
depends on many post-
Newtonian coefficients
Ψ0, Ψ2, Ψ3, ...

They correspond to different 
physical effects, e.g. GW tails

In the case of non-spinning 
binariesΨ0, Ψ2, Ψ3, ... depend 
on just the two masses m1 
and m2

By assuming they are all 
independent one can check 
to see if GR is the correct 
theory

Gravitational wave tails

Blanchet and Schaefer (1994)
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How well can ET measure non-linear effects?
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If Einstein’s theory is a correct description of gravity, masses 
measured using different parameters will all be consistent with each 
other (left and middle plots) 
One percent departure of a parameter from predictions of Einstein’s 
theory will lead to discrepancies in the measured masses (right plot)
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Cosmology
Cosmography

Build the cosmic distance ladder, strengthen existing calibrations at high z
Measure the Hubble parameter, dark matter and dark energy densities, dark 
energy EoS w, variation of w with z 

Black hole seeds
Black hole seeds could be intermediate mass black holes
Might explore hierarchical growth of central engines of black holes

Dipole anisotropy in the Hubble parameter
The Hubble parameter will be “slightly” different in different directions due to 
the local flow of our galaxy

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

Primordial gravitational waves
Quantum fluctuations in the early Universe could produce a stochastic b/g

Production of GW during early Universe phase transitions
Phase transitions, pre-heating, re-heating, etc., could produce detectable 
stochastic GW
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EXPLORING SHORT GAMMA-RAY BURSTS AS GRAVITATIONAL-WAVE STANDARD SIRENS

Samaya Nissanke1,2, Scott A. Hughes2, Daniel E. Holz3, Neal Dalal1, Jonathan L. Sievers1

Draft version April 7, 2009

ABSTRACT

Recent observations support the hypothesis that a large fraction of “short-hard” gamma-ray bursts
(SHBs) are associated with the inspiral and merger of compact binaries. Since gravitational-wave
(GW) measurements of well-localized inspiraling binaries can measure absolute source distances with
high accuracy, simultaneous observation of a binary’s GWs and SHB would allow us to directly and
independently determine both the binary’s luminosity distance and its redshift. Such a “standard
siren” (the GW analog of a standard candle) would provide an excellent probe of the relatively
nearby (z ! 0.3) universe’s expansion, independent of the cosmological distance ladder, and thus
complementing other standard candles. Previous work explored this idea using a simplified formalism
to study measurement by advanced GW detector networks, incorporating a high signal-to-noise ratio
limit to describe the probability distribution for measured parameters. In this paper we eliminate this
simplification, constructing distributions with a Markov Chain Monte Carlo technique. We assume
that each SHB observation gives both the source sky position and the time of coalescence, and we
take both binary neutron stars and black hole-neutron star coalescences as plausible SHB progenitors.
We examine how well parameters (particularly the luminosity distance) can be measured from GW
observatations of these sources by a range of ground-based detector networks. We find that earlier
estimates overstate how well distances can be measured, even at fairly large signal-to-noise ratio.
The fundamental limitation to determining distance to these sources proves to be the gravitational
waveform’s degeneracy between luminosity distance and source inclination. Despite this, we find that
excellent results can be achieved by measuring a large number of coalescing binaries, especially if
the worldwide network consists of many widely separated detectors. Advanced GW detectors will be
able to determine the absolute luminosity distance to an accuracy of 10–30% for NS-NS and NS-BH
binaries out to 600 and 1400 Mpc, respectively.
Subject headings: cosmology: distance scale—cosmology: theory—gamma rays: bursts—gravitational

waves

1. INTRODUCTION

1.1. Overview

There are presently two operational multikilometer in-
terferometric gravitational-wave (GW) detectors: LIGO4

and Virgo5. They are sensitive to the GWs produced
by the coalescence of two neutron stars to a distance of
roughly 30 Mpc, and to the coalescence of a neutron star
with a 10M! black hole to roughly 60 Mpc. Over the
next several years these detectors will undergo upgrades
which are expected to extend their range by a factor
∼ 10. At these advanced sensitivity levels, most esti-
mates suggest that detectors should measure at least a
few, and possibly a few dozen, binary coalescence events
every year (e.g., Kopparapu et al. 2008).

It has long been argued that neutron star-neutron star
(NS-NS) and neutron star-black hole (NS-BH) merg-
ers are likely to be accompanied by a gamma-ray burst
(Eichler et al. 1989). Recent evidence supports the hy-
pothesis that many short-hard gamma-ray bursts (SHBs)
are indeed associated with such mergers (Fox et al. 2005,
Nakar et al. 2006, Berger et al. 2007, Perley et al. 2008).

1 CITA, University of Toronto, 60 St. George St., Toronto, ON,
M5S 3H8, Canada

2 Department of Physics and MIT Kavli Institute, 77 Mas-
sachusetts Avenue, Cambridge, MA 02139

3 Theoretical Division, Los Alamos National Laboratory, Los
Alamos, NM 87545

4 http://www.ligo.caltech.edu
5 http://www.virgo.infn.it

This suggests the exciting possibility that it may be pos-
sible to simultaneously measure a binary coalescence in
gamma rays (and associated afterglow emission) and in
GWs. The combined electromagnetic and gravitational
view of these objects is likely to teach us substantially
more than what we learn from either data channel alone.
Because GWs track a system’s global mass and energy
dynamics, measuring GWs from a coalescing binary al-
lows us to determine with exquisite accuracy “intrinsic”
binary properties, such as the masses and spins of its
members. As we describe in the following subsection,
GWs can also determine a system’s “extrinsic” prop-
erties, such as location on the sky and distance to the
source. In particular, the amplitude of a binary’s GWs
directly encodes its luminosity distance. Direct measure-
ment of a coalescing binary could thus be used as a cos-
mic distance measure: Binary inspiral would be a “stan-
dard siren” (the GW equivalent of a standard candle,
so-called due to the sound-like nature of GWs) whose
calibration depends only on the validity of general rela-
tivity (Dalal et al. 2006).

Unfortunately, GWs alone do not measure extrinsic
parameters as accurately as the intrinsic ones. As we de-
scribe in more detail in the following section, in general
a GW observation of a binary measures a complicated
combination of the distance to the binary, the binary’s
position on the sky, and the binary’s orientation, with
overall fractional accuracy ∼ 1/signal-to-noise. As the
distance is degenerate with the angular parameters, us-
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AIGO or LIGO-Virgo-LCGT network, we expect 3/4 of
this rate. If SHB collimation can be assumed, the rate
is further augmented by a factor of 1.12. At this rate,
we find that one year of observation should be enough
to measure H0 to an accuracy of ∼ 1% if SHBs are dom-
inated by beamed NS-BH binaries using the “full” net-
work of LIGO, Virgo, AIGO, and LCGT—admittedly,
our most optimistic scenario. A general trend we see is
a network of five detectors (as opposed to our baseline
LIGO-Virgo network of three detectors) increases mea-
surement accuracy in H0 by a factor of one and a half;
assuming that the SHB progenitor is a NS-BH binary
improves measurement accuracies by a factor of four or
greater. Errors in H0 are seen to improve by a factor of
at least two when we assume SHB collimation.

Aside from exploring the cosmological consequences of
these results, several other issues merit careful future
analysis. One general result we found is the importance
that prior distributions have on our final posterior PDF.
We plan to examine this in some detail, checking which
parameters particularly influence our final result, and as-
certaining what uncertainties can be ascribed to our in-
ability to set priors on these parameters. It may be pos-
sible to mitigate the influence of the DL–cos ι degeneracy
by setting a distance prior that requires our inferred dis-
tance to be consistent with the SHB’s observed redshift.

Another important issue is that of systematic errors
in binary modeling. We have used the second-post-
Newtonian description of a binary’s GWs in our analy-
sis; and, we have ignored all but the leading quadrupole
harmonic of the waves (the so-called “restricted” post-
Newtonian waveform). Our suspicion is that a more
complete post-Newtonian description of the phase would
have little impact on our results, since such effects are
not likely to have an impact on the all-important DL–
cos ι degeneracy. In principle, including additional (non-
quadrupole) harmonics could have an impact on this de-
generacy, since these other harmonics encode different
information about the inclination angle ι. In practice,
we expect that they won’t have much effect on GW-SHB
measurements, since these harmonics are measured with
very low SNR (the strongest harmonic is roughly a fac-
tor of 10 smaller in amplitude than the quadrupole). It
shouldn’t be too difficult to test this, however; given how
important this degeneracy has proven to be, it could be
a worthwhile exercise.

As discussed previously, we confine our analysis to the
inspiral part of the waveform. Inspiral waves are ter-
minated at the presumed innermost stable circular or-
bit frequency, fISCO = (63/2πMz). For NS-NS binaries,
fISCO " 1600 Hz. At this frequency, detectors have fairly
poor sensitivity, and we are thus confident that termi-
nating the waves has little impact on our results for NS-
NS systems. However, for our assumed NS-BH binaries,
fISCO " 400 Hz. Detectors have rather good sensitivity
in this band, so it may be quite important to improve
our model for the waves’ termination in this case.

Perhaps the most important follow-up would be to in-
clude the impact of spin. Although the impact of neutron
star spin is likely to be small, it may not be negligible;
and, for NS-BH systems, the impact of the black hole’s
spin could be significant. Spin induces precessions in
the binary which can make the orientation of the orbit,
L̂, dynamical. That in turn makes the observed incli-
nation dynamical, which can break the DL–cos ι degen-
eracy. Van der Sluys et al. (2008) have already shown
that spin precession physics vastly improves the ability
of ground-based detectors to determine a source’s posi-
tion on the sky; we are confident that a similar analysis
which assumes sky position will find that measurements
of source distance and inclination can likewise be im-
proved.
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Hubble Constant from Advanced Detectors
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ET: Measuring Dark Energy and Dark Matter

Class. Quantum Grav. 27 (2010) 215006 B S Sathyaprakash et al
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Figure 3. Scatter plot of the retrieved values for (!", w), with 1-σ , 2-σ and 3-σ contours, in the
case where weak lensing is not corrected.

In addition to H0 if !" is also known (or, equivalently, if !M + !" = 1), then one can
estimate the pair (!M, w) more accurately, with 1-σ errors in !M and w of 9.4% and 7.6%
(with weak lensing) and 8.1% and 6.6% (with lensing errors corrected). Finally, if w is the
only parameter unknown, it can be measured to an even greater accuracy with 1-σ errors of
1.4% (with weak lensing) and 1.1% (with lensing errors corrected)4.

3.3. Effect of unknown orientation and polarization

In the previous section our study neglected the effect of different inclinations of the orbit to
the line of sight. Varying the inclination has two distinct effects. On the one hand, as noted
in [7], due to the strong correlation between the luminosity distance and the inclination, the
estimation of the luminosity distance could get corrupted. On the other hand, binaries that
are not face-on are, in general, elliptically polarized and have a non-zero polarization angle.
Since the polarization angle is correlated with the luminosity distance, there could be further
degradation in the estimation of the luminosity distance.

In this section we relax the condition that the inclination of the orbit is precisely known.
However, we will restrict the inclination of the binary’s angular momentum with the line of
sight to be within 20◦. We will also assume that the radiation is described by an arbitrary
polarization angle. Since the sky position is still assumed to be known, this gives us a 7 × 7
covariance matrix with a revised estimate for the error in the luminosity distance. As before, we
construct catalogues of binary coalescence events but with the luminosity distance now drawn
from a Gaussian distribution with revised widths. We fit each catalogue to a cosmological
model and then repeat the exercise 5190 times to estimate the accuracy with which the various
cosmological parameters can be measured.

As expected, the parameter measurements get worse if we assume two or more parameters
to be unknown. For instance, errors in the estimation of !M, !" and w are, respectively,

4 At this point we note that in contemporary cosmology, w is determined mainly through SNIa observations using
CMB data as prior to ‘fix’ the other parameters. The CMB constraint on w is extremely weak. If one were to use
CMB results as a prior for GW measurements, one would obtain an independent measurement of w. We stress once
again that, unlike supernovae, GW standard sirens do not need any external calibration. A detailed discussion will be
presented in forthcoming work [23].

7

ET will observe 100’s of binary neutron stars and GRB associations each year
GRBs could give the host location and red-shift, GW observation provides DL
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Measuring w and its variation with z

FIG. 5: In the ideal case and the uniform distribution, the 2-d uncertainties configures.
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I. INTRODUCTION

In the past decade, various observations, including SNIa, CMB, LSS as well as the BAO and WL all suggest that
the present Universe is accelerating expansion, which needs a kind of mysterious dark energy with negative equation-
of-state. Understanding the physical character of dark energy is one of the main tasks in the modern cosmology. In
order to differentiate various dark energy models, the key is that how well we can determine the EOS of dark energy
and its evolution.

In the present day, the main methods to determine the EOS of dark energy is by observing the SNIa, CMB and
BAO, and so on. The detection ability of these methods will be much improved in the near future. However, we
also notice that all these methods are all based on the observations of various electromagnetic waves. In addition to
these electromagnetic methods, the observation of gravitational waves provides a new technique to realize this aim,
where the gravitational wave sources can be considered as a standard sirens. Many authors have discussed that the
observation of supermassive binary blackhole by the LISA project provides a sensitive tool to constrain the dark energy
component. However, the disadvantage is that the number of sources is too short, so some unknown systematics may
strongly affect the finial results.

In this paper, we will consider the gamma-bursts as the gravitational wave sources, which can be well observed by
the future Einstein telescope to fairly high redshift (z ∼ 2). Observing this kind of standard sirens provides a new
tool to measure evolution of cosmic expansion in at the redshift range up to z ∼ 2, where dark energy component is
just make a role for the cosmic expansion.

..................................................

II. GRAVITATIONAL WAVE SOURCES AS A KIND OF STANDARD SIRENS

A. The expanding Universe and the dark energy

Let us consider a homogeneous and isotropic Universe, which is described by the Robertson-Walker matric:

ds2 = −dt2 + a2(t)

{

dr2

1 − kr2
+ r2dθ2 + r2 sin2 θdφ2

}

, (1)

where t is the cosmic time, (r, θ, φ) are the comoving spatial coordinates. The parameter k = 0, 1,−1 describes the
flat, close and open universe, separately. The evolution of the scale factor a(t) depends on various components in the
Universe. Within the general relativity, the expression of the equations for the expansion are

(

ȧ

a

)2

≡ H2 =
8πGρtot

3
−

k

a2
,

ä

a
= −

4πG

3
(ρtot + 3ptot), (2)

where ρtot and ptot are the total energy densities and pressures in the Universe. Since in the paper we are only interested
in the late stage of the Universe, when the radiation component is ignorable, we only consider the components including
baryon, dark matter and dark energy. The baryon and dark matter are all non-relativistic, i.e. the pressure are all
zero. The equation-of-state (EOS) of the dark energy component w dominates the evolution of recent expansion of
the Universe, which should be determined by the observations. In this paper, we shall adopt a phenomenological form
as a function of redshift z:

w(z) ≡ pde/ρde = w0 + waz/(1 + z). (3)

This form has been adopted by many authors, including the DETF (dark energy task force) group [5]. In the present
day with z = 0, we have w = w0. However in the early Universe with z $ 1, the EOS becomes w = w0 + wa. So in
this form w0 corresponds to the present EOS, and wa describes the evolution of w(z).

The evolution of dark energy is determined by the equation

ρ̇de + 3H(ρde + pde) = 0, (4)

By using the EOS of dark energy in (3), we obtain that

ρde = ρde0 × E(z), (5)

where ρde0 is the value of ρde at z = 0, and

E(z) ≡ (1 + z)3(1+w0+wa)e−3waz/(1+z). (6)

2

Baskaran, Van Den Broeck, Zhao, Li, 2011
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Gravity's Standard Sirens 

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

Slide from Sesana
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Observing Intermediate-mass Black Hole 
Binaries

Ultra-luminous X-ray sources might be hosting black holes of mass one 
thousand solar masses
100 solar mass black holes could be seeds of galaxy formation
ET could observe black hole populations at different red-shifts and 
resolve questions about black hole demographics
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Gravity's Standard Sirens 

ET f ~ 10 Hz probes te ~ 10-20 s (T ~ 106 GeV)

Slide from Shellard
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Astrophysics
Unveiling progenitors of short-hard GRBs

Understand the demographics and different classes of short-hard GRBs

Understanding Supernovae
Astrophysics of gravitational collapse and accompanying supernova?

Evolutionary paths of compact binaries
Evolution of compact binaries involves complex astrophysics

Initial mass function, stellar winds, kicks from supernova, common envelope phase

Finding why pulsars glitch and magnetars flare
What causes sudden excursions in pulsar spin frequencies and what is behind 
ultra high-energy transients of EM radiation in magnetars

Could reveal the composition and structure of neutron star cores

Ellipticity of neutron stars as small as 1 part in a billion (10μm)
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?

Onset/evolution of relativistic instabilities
CFS instability and r-modes
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Gravity's Standard Sirens 

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

Progenitors of 
GRBs
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Gravity's Standard Sirens 

Unveiling the Origin of GRBs
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ET can detect model-independent radiation from collapsars if EGW > 5% M⊙

Soft Gamma Repeaters could be seen both in the Milky Way and the local 
neighbourhood provided if EGW > 10-8 M⊙
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Mountains on Neutron Stars

ET will check if neutron stars (10 km in radius) have 
mountains that are smaller than 10 micro meters
This could constrain models about their crustal strengths
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Neutron star mergers and equation of state 
of neutron stars

Spectrum of gravitational radiation from black hole binaries is featureless 
(that’s why they are standard candles)
Radiation from binary neutron star mergers carries an imprint of the star’s 
mass and equation of state

Andersson et al 2011
Friday, 20 May 2011



Supernovae
Standard candles of astronomy

Our knowledge of the expansion rate of the Universe at redshift of 
z=1 comes from SNe

Produce dust and affect evolution of galaxies
Heavy elements are only produced in SNe

They are precursors to formation of neutron stars and 
black holes

The most compact objects in the Universe

SNe cores are laboratories of complex physical 
phenomena

Most branches of physics and astrophysics needed in modelling
General relativity, nuclear physics, relativistic magnetohydrodynamics, turbulence, 
neutrino viscosity and transport, ...

Unsolved problem: what is the mechanism of shock revival?

Friday, 20 May 2011



Core Collapse SNe

Energy reservoir
few x 1053 erg

Explosion energy
1051 erg

Time frame for explosion
300 - 1500 ms after bounce

Formation of black hole
At baryonic mass > 1.8-2.5 M
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Accretion Induced Collapse

Collapse of accreting, probably 
rotating White Dwarfs

Neutrino-driven or magneto-
rotational explosion

Explosion probably weak, sub-
luminous

Might not be seen in optical

Potential birth site of 
magnetars - highly (1015- 1016

G) magnetized neutron stars
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SNe Rate in ET
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ET sensitive to SNe up to 5 Mpc
Could observe one SN once in few years 

Coincident observation with 
neutrino detectors 

Might be allow measurement of neutrino 
mass

Plots show the spectra of SNe at l0 
Kpc for two different models
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Pulsar Glitches
Pulsars have fairly stable rotation 
rates:

However, observe the secular 
increase in pulse period

Glitches are sudden dips in the 
rotation period

Vela shows glitches once every few 
years

Could be the result of transfer of 
angular momentum from core to 
crust

At some critical lag rotation rate of 
superfluid core couples to the curst, 
imparting energy to the crust

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

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)

- Gravitational wave emission damps non-axisymmetric 
oscillations

- Mode frequencies determined by equation of state
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A glitch in Vela
McCulloch et al, Aust. J. Phys. 1987
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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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VORTEX (UN)PINNING
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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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Summary of Science with ET
Fundamental Physics

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

Astrophysics
What is the nature of gravitational collapse?
What is the origin of gamma ray bursts?
What is the structure of neutron stars and other compact 
objects?

Cosmology
How did massive black holes at galactic nuclei form and evolve?
What is dark energy?
What phase transitions took place in the early Universe?
What were the physical conditions at the big bang?
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