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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

spin-down rate, ν̇ ≈ −3.7×10−10 Hz s−1, corresponds to a, corresponds to a
Ė = 4π2Izzν|ν̇| ≈ 4.4×1031 W

78Hz and the canonical

(using a spin frequency of ν = 29.78Hz and the canonical

hsd
0 = 8.06×10−19 I38r

−1
kpc(|ν̇|/ν)1/2

We have searched for gravitational waves in 
data from the fifth science run of LIGO 
detectors

The search did not find any gravitational 
waves

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

using uniform priors on all the parameters, is h95%
0 = 3.4×10−25. In terms of the pulsar’s ellipticity, given byε = 1.8×10−4
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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: Null result

~25% with redshift, ~10% short duration

Polarization-averaged antenna response of LIGO-Hanford, dots show 
location of GRBs during S5-VSR1
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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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Stochastic background

• Metric fluctuations carry energy:

• Characterize by frequency dependence:

• Describe in terms of strain power spectrum

• Strain scale:
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Searching for a Stochastic Background
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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)
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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) = [(3H2
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

Sdetectable
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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Fig. 14.— Landscape plot (see text for details). The curves corresponding to inflationary,

cosmic-string, and pre-big-bang models are examples; significant variations of the predicted
spectra are possible as the model parameters are varied. The bounds labeled “BBN” and

“CMB and Matter Spectra” apply to the integral of the GW spectrum over the frequency
range spanned by the corresponding lines.

Nucleosynthesis upper-limit 

Upper limit from LIGO data 
from the 4th Science run

Data from the 5th science run 
has improved 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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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,
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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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Gravitational Waves - Sources and Science
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Astrophysics
Unveiling progenitors of short-hard GRBs

Short-hard GRBs are believed to be triggered by merging NS-NS and NS-BH

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
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

Monday, 4 October 2010
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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?

Monday, 4 October 2010
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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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Gravity's Standard Sirens 

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 neutrino 
masses

Plots show the spectra of SNe at l0 
Kpc for two different models
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Neutron Stars
Great interest in detecting 
radiation: physics of such stars 
is poorly understood. 
After 35 years still don’t 
know what makes pulsars 
pulse or glitch. 
Interior properties not 
understood: equation of 
state, superfluidity, 
superconductivity, solid core, 
source of magnetic field. 
May not even be neutron 
stars: could be made of 
strange matter!
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An extreme challenge
Neutron star modelling 
involves the very extremes 
of physics:

Rapid (differential) 
rotation 

General relativity 

Superfluidity 

Strong magnetic fields

Crust-core interface 

Exotic nuclear physics

Strange quarks, hyperons

18
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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 
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
t
0

h
0

Time

h
(t
)
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- Gravitational wave emission damps non-axisymmetric 
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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

Friday, 19 June 2009
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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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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

Monday, 4 October 2010



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

GRBs in ET
Short-hard GRBs might be 
detectable at redshift z=2

An ET network could 
measure the binary 
orientation, masses, spins, 
and help build better 
models

Should be possible to shed 
light on GRB progenitors

Monday, 4 October 2010



Astrophysics
What is the population of white dwarfs in our galaxy?

What is their mass function, are there white dwarfs that 
are very close to Chandrasekhar limit?

Do massive black hole mergers produce detectable EM 
afterglows?

At what rate do massive black holes form and merger 
throughout the Universe?

How does this rate evolve with red-shift?

How frequently do intermediate and stellar-mass black holes 
infall into massive black holes?

What is the merger history of massive black holes at 
galactic nuclei

25
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Key question: the outcome of the common envelope phase

Less than half of the stars in the Universe are single, the majority being part of a binary, a 

triple or a higher order system.  Of the binaries on the order of half are formed with a sufficiently 

small orbital separation that during the evolution of the components into giants or super giants 

the stars will interact.  Especially for low-mass stars the majority of interactions are unstable and 

will lead to runaway  mass transfer.  Based on the observed short orbital periods of binaries that 

have passed this stage it  is argued that somehow the companion of the giant ends up inside the 

giant's outer layers.  During that common envelope phase, friction reduces the velocity of the 

companion, leading to orbital shrinkage and transfer of angular momentum from the orbit into 

the envelope of the giant.  Along with angular momentum, orbital energy is deposited in the 

envelope, whose matter is then unbound from the giant's core, leading to a very compact binary 

consisting of the core of the giant and the original companion (Paczynski 1976).

Virtually  all compact binaries and most of the systems giving rise to high-energy phenomena 

(such as X-ray  binaries, relativistic binary pulsars and possibly gamma-ray bursts) have 

experienced at least one common-envelope phase.  Given the importance of this phase in high-

energy astrophysics our understanding of the physics and our ability to predict the outcome of 

  LISA: PROBING THE UNIVERSE WITH GRAVITATIONAL WAVES

 PAGE 69

Figure 6-3:  GWR wave amplitude h as function of the GWR frequency  f (Hz) for the Galac-
tic binaries that are expected to be detectable by  LISA.  The left panel shows the (10658) 
double white dwarf systems as the grey  shade, with the 200 strongest sources as points, 
to increase their visibility.  The right panel shows the (9831) resolved AM CVn systems 
that are expected, again showing the 200 strongest  sources as points. Over plotted with 
the large symbols are the neutron star binaries in the left panel and the ultra-compact X-
ray sources in the right panel.  The average double white dwarf background is plotted as 
the solid line, while the dashed curves show the LISA sensitivity  for a integration time of 1 
year giving S/N of 1 and 5 respectively.  Based on Nelemans et al. (2004).
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White Dwarf Binaries and AM 
CVn Systems in LISA

200 brightest 
WDB,  AM CVn

Galactic binary 
neutron stars

Ultra compact 
X-ray sources
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Verification binaries

A subset of the known ultra-

compact binaries have been 

recognized as ideal verification 

sources, as they should be detected 

in a few weeks to months and thus 

can be used to verify the 

performance of the instrument 

(Stroeer & Vecchio 2006).  The 

reliability  of the verification 

binaries has been improved 

recently  by determinations of 

distances and systems parameters 

thus providing predictions of the 

expected signals with well defined 

error bars (Figure 6-6).  Their 

expected monochromatic nature 

within the LISA mission time 

prevents astrophysical effects (see 

next section) hampering their 

detection.

The LISA measurements will 

immediately test the determination of the system parameters and, more importantly, will provide 

the definitive answers the debate about the nature of the two shortest period binaries RX 

J0806.3+1527 and V407 Vul.  These have received special attention in the past few years 

because they show repeating signals with periods of 5.4 and 9.5 minutes.  In some 

interpretations, those times are the remarkably small orbital periods of binaries in which two 

white dwarfs are separated by about a quarter of the Earth Moon distance.  A good deal of debate 

and uncertainty  attends the two systems, and several competing theories purport to explain them, 

ranging from a detached pair of magnetic white dwarfs in which their X-ray  emission is 

produced by  induction, to direct accretion models in which the observed periods are not orbital 

periods at all (see Nelemans 2006).  No model is strongly  favored, and we might have to wait 

until LISA is launched before the two objects are understood.

Outlook: expected developments in the next decade

There are a number of initiatives that will improve our knowledge of ultra-compact binaries 

in the next decade, before LISA will fly.  One of the major contributions to the increase in the 

number of known AM  CVn systems in the last years has been the Sloan Digital Sky Survey 

(SDSS), in which 6 new systems have been found.  This number will certainly go up  with the 

  LISA: PROBING THE UNIVERSE WITH GRAVITATIONAL WAVES

 PAGE 73

WD 0957-666

4U 1820-30

RX J0806

V407 Vul

ES Cet

AM CVn

HP LibV803 Cen

CR Boo

GP Com

Figure 6-6:  Gravitational wave strain versus frequency  for 
the verification binaries.  The instrument sensitivity  and 
the average Galactic background are also plotted.  Based 
on Roelofs et al. (2006)

Verification Binaries in LISA
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How to supermassive black holes form and 
evolve?

Are black holes the end state of gravitational 
collapse?

 
Is no-hair theorem valid?

Black hole seeds
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Sagittarius A: A Galactic SMBH
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Super-massive black hole mergers
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SMBH binary in NGC 6240

X-ray observations have revealed 
that the nucleus of NGC 6240 
contains an SMBH binary that 
will coalesce within the Hubble 
time

The high visibility of the signal 
means we can see SMBH binaries 
anywhere in the Universe

We can catch the signal at early 
times to predict the precise time 
and position of the coalescence 
event, allowing the event to be 
observed simultaneously by 
other telescopes.

NGC6240, Kamossa et al
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Visibility of SMBH binary mergers

Cutler and Vecchio
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Massive black holes in LISA
When and where do supermassive black 
holes form and grow? 

What is the mass function of supermassive 
black holes?

What can we find in the environment around 
black holes?

Population of smaller black holes, neutron 
stars, white dwarfs?

33
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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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Expected Detection of SMBBH 
Mergers in LISA

Model N Ndet N10%DL N10 deg2 N10 deg2,10%DL
N1deg2 N1deg2,1%DL

SE 80 33 (25) 21 (8.0) 8.2 (1.5) 7.9 (1.1) 2.2 (0.6) 1.7 (0.1)
SC 75 34 (27) 17 (4.4) 6.1 (0.4) 5.5 (0.4) 1.3 (0.1) 1.3 (0.1)
LE 24 23 (22) 21 (7.7) 10 (0.8) 10 (0.7) 2.2 (0.1) 1.2 (0.05)
LC 22 21 (19) 14 (4.3) 6.5 (0.5) 5.4 (0.5) 1.8 (0.04) 1.0 (0.1)

Class. Quantum Grav. 26 (2009) 094027 K G Arun et al

four largely independent codes for calculating LISA’s parameter-estimation
capabilities. All codes are based on the Fisher-matrix approximation, but in
the past they used somewhat different signal models, source parametrizations
and noise curves. We show that once these differences are removed, the four
codes give results in extremely close agreement with each other. Using a code
that includes both spin precession and higher harmonics in the gravitational-
wave signal, we carry out Monte Carlo simulations and determine the number
of events that can be detected and accurately localized in our four population
models.

PACS numbers: 04.80.Nn, 95.55.Ym

(Some figures in this article are in colour only in the electronic version)

1. Introduction

This article reports results on merging massive black-hole binaries (MBHBs) obtained by the
LISA Parameter Estimation (LISAPE) Taskforce. The LISAPE Taskforce was established
at the September 2007 LISA International Science Team (LIST) meeting at ESTEC, under
the auspices of the LIST’s Working Group 1b (Data Analysis). The LISAPE Taskforce was
charged with developing a set of vetted tools for quickly estimating LISA’s science reach for
various mission configurations and gravitational-wave ( GW) sources.

The initial impetus for creating our Taskforce arose because several research groups
had independently written codes to calculate LISA’s capabilities to extract the parameters of
MBHBs [1–14], but these groups’ published results appeared to be discrepant on their face.
However, the various groups also used somewhat different approximations in their signal
models, as well as somewhat different assumptions for the LISA noise curve (unfortunately,
there has never been an ‘official’ LISA noise curve). Therefore, it was unclear whether the
differing results simply reflected these different assumptions or whether they were due to bugs
in one or more codes.

The Taskforce’s first goal was to resolve that question. As is described in section 3, it
turned out that there were no bugs: the differing results were primarily due to using different
noise curves and especially different low-frequency cut-offs. The second goal was to arrive
at vetted parameter-estimation codes that the LISA Project could safely use in its work, e.g.
in helping set LISA’s sensitivity requirements, as set forth in the evolving LISA Science
Requirements Document17.

In addition, the Taskforce wanted to develop a set of models for the distribution of MBHB
events in the universe: event rates as a function of the black-hole masses, spins and redshift,
based on well-motivated assumptions regarding the birth and growth history of massive black
holes in the universe. The goal was to generate realistic source distributions, which we could
‘feed’ to our vetted parameter-estimation codes in a Monte Carlo fashion, arriving at realistic
ensembles of LISA observations and associated parameter-estimation accuracies. We hope
is that in the future other LISA researchers will use these same MBHB ensembles when
evaluating LISA’s science performance, so that different researchers will compare ‘apples to
apples’.

Of course, today our ignorance concerning MBHB birth and growth is rather humbling
[15–17]. It therefore behooves us to consider a range of plausible assumptions. In the end, the

17 The LISA Science Team, http://www.srl.caltech.edu/lisa/mission documents.html.

2

Numbers for the 6-link model are followed, within parenthesis, 
by those for the baseline (i.e., 4-link) LISA noise model

LISA should detect and verify the nature of black hole seeds

35
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Signal as seen in LISA

Arun et al (2007)36
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Mass reach of LISA

Arun et al (2007)

37

RWF=Restricted Waveform: 
only the dominant harmonic

FWF=Full Waveform:  all harmonics 
up to 7 times the orbital frequency
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LISA’s ability in measuring the Source

Because of LISA’s superb visibility to 
supermassive black holes the parameters of 
the binary can be measured to phenomenal 
accuracy: The parameters we are interested 
in are: 

The epoch when the binary merges, chirp-
mass and reduced mass of the binary, spin-
parameters, the sky location, luminosity 
distance, orientation of the binary with 
respect to the line of sight.

38
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Parameter measurement distributions
(106,106)M

!

Trias and Sintes

w/harmonics
w/o harmonics

39

Location Orientation

Distance Spin mag Spin orientation

reduced masschirp massepoch of merger

SNR
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Parameter measurement distributions
(105,105)M

!

Trias and Sintes

w/harmonics
w/o harmonics
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Parameter measurement distributions
(105,107)M

!

Trias and Sintes

w/harmonics
w/o harmonics
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Distance Spin mag Spin orientation

reduced masschirp massepoch of merger

SNR
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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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Black hole quasi-normal modes
Damped sinusoids with characteristic frequencies and decay 
times

In general relativity frequencies flmn and decay times tlmn all 
depend only on the mass M and spin q of the black hole

Measuring two or modes unambiguously, would severely 
constrain general relativity

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

LISA should be able to observe formation of black holes out 
to red-shifts of several

45
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Gravitational Astronomy p

Energy in QNM for Detection

Berti, Cardoso and Will 

Source at 300 Mpc
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QNM Frequencies Vs. BH Spin j

Berti, Cardoso and Will 
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Quality Factor of QNMs

Berti, Cardoso and Will 
Monday, 4 October 2010



Error (x SNR) in Amplitude (A), Mass (M), 
Angular Momentum (j)

Berti, Cardoso and Will 
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Cosmology
Cosmography

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 BH

Hierarchical growth of central engines of BH

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

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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Cosmological parameters
Luminosity distance Vs. red shift depends on a 
number of cosmological parameters H0, !M, !b, 

!
"

, 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.

Monday, 4 October 2010
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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
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SNR in ET for coalescences at z=0.5
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Measurement of DM, DE, w
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Measurement of DM and w
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Cosmography with the Einstein Telescope 8
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Figure 3. Scatter plot of the retrieved values for (ΩΛ, w), with 1-σ, 2-σ, and 3-σ
contours, in the case where weak lensing is not corrected.

and BH masses. A more realistic Monte Carlo simulation would draw binaries from the
expected population rather than the same system, some of which (e.g. more massive
systems) would lead to better, but others to worsened, parameter accuracies. The
signal contains additional features, such as other harmonics of the orbital frequency
than the second harmonic considered in this work, and the merger and ringdown
signals. These are important for heavier systems and could potentially reduce the
errors. These factors are currently being taken into account to get a more reliable
estimation of the usefulness of ET in precision cosmography.
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Measuring w with LISA

TABLE II. Accuracy in LISA’s measurement of the various parameters in Eq. (2.5), for seven different sets of the angular parameters
and three different combinations of the (physical) masses at a distance of 3 Gpc (z ! 0:55). When the number of clusters in the error
box on the sky is significantly larger than 1, it will not be possible to determine redshift unless the inspiral event has a clear optical
counterpart; we have chosen not to quote results for !w in such cases. (Note that the error on w is ultimately determined by both
LISA’s statistical errors and weak lensing errors in the determination of luminosity distance.) The figures clearly demonstrate
significant improvement in parameter estimation when higher order terms are included.

Orientation !S ’S !L ’L Model SNR ! lnDL !"S ! lnM !" !tC Nclusters !w
(rad) (rad) (10"2) (10"6 str) (10"6) (10"6) (sec)

#m1; m2$ ! #105; 106$M%
A1 0.3 5 0.8 2 RWF 750 1.2 12 6.0 31 1.7 0.25 0.068

FWF 754 0.88 4.3 4.6 23 1.2 0.088 0.050
A2 "0:1 2 "0:2 4 RWF 1168 1.1 110 4.7 21 1.7 2.2 0.062

FWF 1150 0.58 13 3.5 16 1.1 0.27 0.033
A3 "0:8 1 0.5 3 RWF 2722 0.25 170 3.3 12 2.6 3.5 & & &

FWF 2497 0.17 26 2.7 9.7 1.1 0.53 0.0096
A4 "0:5 3 "0:6 "2 RWF 1868 0.74 150 3.1 15 1.2 3.1 & & &

FWF 1781 0.19 13 2.5 12 0.58 0.27 0.011
A5 0.9 2 "0:8 5 RWF 3740 15 84 2.3 8.0 2.1 1.7 0.82

FWF 2857 0.11 8.1 1.7 7.9 0.69 0.17 0.0062
A6 "0:6 1 0.2 3 RWF 2185 0.42 220 3.9 15 2.9 4.5 & & &

FWF 2108 0.24 65 3.0 11 1.6 1.3 0.014
A7 "0:1 3 "0:9 6 RWF 2213 0.58 410 3.5 13 1.1 8.4 & & &

FWF 2175 0.45 300 2.9 10 0.74 6.1 & & &
#m1; m2$ ! #6:45' 104; 1:29' 106$M%
A1 0.3 5 0.8 2 RWF 385 1.3 21 5.5 13 3.2 0.43 0.073

FWF 511 1.0 8.4 4.2 9.1 2.1 0.17 0.056
A2 "0:1 2 "0:2 4 RWF 595 1.1 120 4.2 9.2 2.5 2.4 0.062

FWF 771 0.70 25 3.3 6.5 1.7 0.51 0.039
A3 "0:8 1 0.5 3 RWF 1345 0.33 170 3.4 5.8 2.7 3.5 & & &

FWF 1573 0.25 53 2.6 4.2 1.6 1.1 0.014
A4 "0:5 3 "0:6 "2 RWF 924 0.78 160 3.0 6.8 1.7 3.3 & & &

FWF 1158 0.26 27 2.3 5.0 1.0 0.55 0.015
A5 0.9 2 "0:8 5 RWF 1863 15 87 2.4 3.8 2.2 1.8 1.0

FWF 1506 0.19 25 2.0 3.9 1.3 0.51 0.011
A6 "0:6 1 0.2 3 RWF 1069 0.47 240 4.1 7.2 3.1 4.9 & & &

FWF 1378 0.32 110 2.9 4.8 2.1 2.2 0.018
A7 "0:1 3 "0:9 6 RWF 1093 0.57 420 3.1 6.1 1.6 8.6 & & &

FWF 1448 0.50 350 2.5 4.2 1.1 7.1 & & &
#m1; m2$ ! #106; 107$M%
A1 0.3 5 0.8 2 RWF 495 11 600 1400 1100 290 12 & & &

FWF 444 2.2 16 190 240 75 0.33 0.12
A2 "0:1 2 "0:2 4 RWF 773 10 6500 870 710 190 130 & & &

FWF 685 1.2 43 130 160 51 0.88 0.068
A3 "0:8 1 0.5 3 RWF 1824 3.2 24 000 380 310 90 490 & & &

FWF 1549 0.29 82 96 100 31 1.7 0.016
A4 "0:5 3 "0:6 "2 RWF 1249 6.9 2400 550 450 120 49 & & &

FWF 1081 0.34 40 110 130 40 0.82 0.019
A5 0.9 2 "0:8 5 RWF 2493 110 8300 270 220 63 170 & & &

FWF 1954 0.18 18 200 180 49 0.37 0.010
A6 "0:6 1 0.2 3 RWF 1465 4.7 53 000 470 380 110 1100 & & &

FWF 1273 0.44 300 105 115 36 6.1 & & &
A7 "0:1 3 "0:9 6 RWF 1480 21 170 000 520 390 98 3500 & & &

FWF 1300 1.3 3400 87 100 30 69 & & &
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A lighter system

TABLE II. Accuracy in LISA’s measurement of the various parameters in Eq. (2.5), for seven different sets of the angular parameters
and three different combinations of the (physical) masses at a distance of 3 Gpc (z ! 0:55). When the number of clusters in the error
box on the sky is significantly larger than 1, it will not be possible to determine redshift unless the inspiral event has a clear optical
counterpart; we have chosen not to quote results for !w in such cases. (Note that the error on w is ultimately determined by both
LISA’s statistical errors and weak lensing errors in the determination of luminosity distance.) The figures clearly demonstrate
significant improvement in parameter estimation when higher order terms are included.
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FWF 754 0.88 4.3 4.6 23 1.2 0.088 0.050
A2 "0:1 2 "0:2 4 RWF 1168 1.1 110 4.7 21 1.7 2.2 0.062

FWF 1150 0.58 13 3.5 16 1.1 0.27 0.033
A3 "0:8 1 0.5 3 RWF 2722 0.25 170 3.3 12 2.6 3.5 & & &

FWF 2497 0.17 26 2.7 9.7 1.1 0.53 0.0096
A4 "0:5 3 "0:6 "2 RWF 1868 0.74 150 3.1 15 1.2 3.1 & & &

FWF 1781 0.19 13 2.5 12 0.58 0.27 0.011
A5 0.9 2 "0:8 5 RWF 3740 15 84 2.3 8.0 2.1 1.7 0.82

FWF 2857 0.11 8.1 1.7 7.9 0.69 0.17 0.0062
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FWF 771 0.70 25 3.3 6.5 1.7 0.51 0.039
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A4 "0:5 3 "0:6 "2 RWF 924 0.78 160 3.0 6.8 1.7 3.3 & & &
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FWF 1506 0.19 25 2.0 3.9 1.3 0.51 0.011
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A3 "0:8 1 0.5 3 RWF 1824 3.2 24 000 380 310 90 490 & & &
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A4 "0:5 3 "0:6 "2 RWF 1249 6.9 2400 550 450 120 49 & & &
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FWF 1300 1.3 3400 87 100 30 69 & & &

K. G. ARUN et al. PHYSICAL REVIEW D 76, 104016 (2007)

104016-6

TABLE II. Accuracy in LISA’s measurement of the various parameters in Eq. (2.5), for seven different sets of the angular parameters
and three different combinations of the (physical) masses at a distance of 3 Gpc (z ! 0:55). When the number of clusters in the error
box on the sky is significantly larger than 1, it will not be possible to determine redshift unless the inspiral event has a clear optical
counterpart; we have chosen not to quote results for !w in such cases. (Note that the error on w is ultimately determined by both
LISA’s statistical errors and weak lensing errors in the determination of luminosity distance.) The figures clearly demonstrate
significant improvement in parameter estimation when higher order terms are included.

Orientation !S ’S !L ’L Model SNR ! lnDL !"S ! lnM !" !tC Nclusters !w
(rad) (rad) (10"2) (10"6 str) (10"6) (10"6) (sec)

#m1; m2$ ! #105; 106$M%
A1 0.3 5 0.8 2 RWF 750 1.2 12 6.0 31 1.7 0.25 0.068

FWF 754 0.88 4.3 4.6 23 1.2 0.088 0.050
A2 "0:1 2 "0:2 4 RWF 1168 1.1 110 4.7 21 1.7 2.2 0.062

FWF 1150 0.58 13 3.5 16 1.1 0.27 0.033
A3 "0:8 1 0.5 3 RWF 2722 0.25 170 3.3 12 2.6 3.5 & & &

FWF 2497 0.17 26 2.7 9.7 1.1 0.53 0.0096
A4 "0:5 3 "0:6 "2 RWF 1868 0.74 150 3.1 15 1.2 3.1 & & &

FWF 1781 0.19 13 2.5 12 0.58 0.27 0.011
A5 0.9 2 "0:8 5 RWF 3740 15 84 2.3 8.0 2.1 1.7 0.82

FWF 2857 0.11 8.1 1.7 7.9 0.69 0.17 0.0062
A6 "0:6 1 0.2 3 RWF 2185 0.42 220 3.9 15 2.9 4.5 & & &

FWF 2108 0.24 65 3.0 11 1.6 1.3 0.014
A7 "0:1 3 "0:9 6 RWF 2213 0.58 410 3.5 13 1.1 8.4 & & &

FWF 2175 0.45 300 2.9 10 0.74 6.1 & & &
#m1; m2$ ! #6:45' 104; 1:29' 106$M%
A1 0.3 5 0.8 2 RWF 385 1.3 21 5.5 13 3.2 0.43 0.073

FWF 511 1.0 8.4 4.2 9.1 2.1 0.17 0.056
A2 "0:1 2 "0:2 4 RWF 595 1.1 120 4.2 9.2 2.5 2.4 0.062

FWF 771 0.70 25 3.3 6.5 1.7 0.51 0.039
A3 "0:8 1 0.5 3 RWF 1345 0.33 170 3.4 5.8 2.7 3.5 & & &

FWF 1573 0.25 53 2.6 4.2 1.6 1.1 0.014
A4 "0:5 3 "0:6 "2 RWF 924 0.78 160 3.0 6.8 1.7 3.3 & & &

FWF 1158 0.26 27 2.3 5.0 1.0 0.55 0.015
A5 0.9 2 "0:8 5 RWF 1863 15 87 2.4 3.8 2.2 1.8 1.0

FWF 1506 0.19 25 2.0 3.9 1.3 0.51 0.011
A6 "0:6 1 0.2 3 RWF 1069 0.47 240 4.1 7.2 3.1 4.9 & & &

FWF 1378 0.32 110 2.9 4.8 2.1 2.2 0.018
A7 "0:1 3 "0:9 6 RWF 1093 0.57 420 3.1 6.1 1.6 8.6 & & &

FWF 1448 0.50 350 2.5 4.2 1.1 7.1 & & &
#m1; m2$ ! #106; 107$M%
A1 0.3 5 0.8 2 RWF 495 11 600 1400 1100 290 12 & & &

FWF 444 2.2 16 190 240 75 0.33 0.12
A2 "0:1 2 "0:2 4 RWF 773 10 6500 870 710 190 130 & & &

FWF 685 1.2 43 130 160 51 0.88 0.068
A3 "0:8 1 0.5 3 RWF 1824 3.2 24 000 380 310 90 490 & & &

FWF 1549 0.29 82 96 100 31 1.7 0.016
A4 "0:5 3 "0:6 "2 RWF 1249 6.9 2400 550 450 120 49 & & &

FWF 1081 0.34 40 110 130 40 0.82 0.019
A5 0.9 2 "0:8 5 RWF 2493 110 8300 270 220 63 170 & & &

FWF 1954 0.18 18 200 180 49 0.37 0.010
A6 "0:6 1 0.2 3 RWF 1465 4.7 53 000 470 380 110 1100 & & &

FWF 1273 0.44 300 105 115 36 6.1 & & &
A7 "0:1 3 "0:9 6 RWF 1480 21 170 000 520 390 98 3500 & & &

FWF 1300 1.3 3400 87 100 30 69 & & &

K. G. ARUN et al. PHYSICAL REVIEW D 76, 104016 (2007)

104016-6

TABLE II. Accuracy in LISA’s measurement of the various parameters in Eq. (2.5), for seven different sets of the angular parameters
and three different combinations of the (physical) masses at a distance of 3 Gpc (z ! 0:55). When the number of clusters in the error
box on the sky is significantly larger than 1, it will not be possible to determine redshift unless the inspiral event has a clear optical
counterpart; we have chosen not to quote results for !w in such cases. (Note that the error on w is ultimately determined by both
LISA’s statistical errors and weak lensing errors in the determination of luminosity distance.) The figures clearly demonstrate
significant improvement in parameter estimation when higher order terms are included.

Orientation !S ’S !L ’L Model SNR ! lnDL !"S ! lnM !" !tC Nclusters !w
(rad) (rad) (10"2) (10"6 str) (10"6) (10"6) (sec)

#m1; m2$ ! #105; 106$M%
A1 0.3 5 0.8 2 RWF 750 1.2 12 6.0 31 1.7 0.25 0.068

FWF 754 0.88 4.3 4.6 23 1.2 0.088 0.050
A2 "0:1 2 "0:2 4 RWF 1168 1.1 110 4.7 21 1.7 2.2 0.062

FWF 1150 0.58 13 3.5 16 1.1 0.27 0.033
A3 "0:8 1 0.5 3 RWF 2722 0.25 170 3.3 12 2.6 3.5 & & &

FWF 2497 0.17 26 2.7 9.7 1.1 0.53 0.0096
A4 "0:5 3 "0:6 "2 RWF 1868 0.74 150 3.1 15 1.2 3.1 & & &

FWF 1781 0.19 13 2.5 12 0.58 0.27 0.011
A5 0.9 2 "0:8 5 RWF 3740 15 84 2.3 8.0 2.1 1.7 0.82

FWF 2857 0.11 8.1 1.7 7.9 0.69 0.17 0.0062
A6 "0:6 1 0.2 3 RWF 2185 0.42 220 3.9 15 2.9 4.5 & & &

FWF 2108 0.24 65 3.0 11 1.6 1.3 0.014
A7 "0:1 3 "0:9 6 RWF 2213 0.58 410 3.5 13 1.1 8.4 & & &

FWF 2175 0.45 300 2.9 10 0.74 6.1 & & &
#m1; m2$ ! #6:45' 104; 1:29' 106$M%
A1 0.3 5 0.8 2 RWF 385 1.3 21 5.5 13 3.2 0.43 0.073

FWF 511 1.0 8.4 4.2 9.1 2.1 0.17 0.056
A2 "0:1 2 "0:2 4 RWF 595 1.1 120 4.2 9.2 2.5 2.4 0.062

FWF 771 0.70 25 3.3 6.5 1.7 0.51 0.039
A3 "0:8 1 0.5 3 RWF 1345 0.33 170 3.4 5.8 2.7 3.5 & & &

FWF 1573 0.25 53 2.6 4.2 1.6 1.1 0.014
A4 "0:5 3 "0:6 "2 RWF 924 0.78 160 3.0 6.8 1.7 3.3 & & &

FWF 1158 0.26 27 2.3 5.0 1.0 0.55 0.015
A5 0.9 2 "0:8 5 RWF 1863 15 87 2.4 3.8 2.2 1.8 1.0

FWF 1506 0.19 25 2.0 3.9 1.3 0.51 0.011
A6 "0:6 1 0.2 3 RWF 1069 0.47 240 4.1 7.2 3.1 4.9 & & &

FWF 1378 0.32 110 2.9 4.8 2.1 2.2 0.018
A7 "0:1 3 "0:9 6 RWF 1093 0.57 420 3.1 6.1 1.6 8.6 & & &

FWF 1448 0.50 350 2.5 4.2 1.1 7.1 & & &
#m1; m2$ ! #106; 107$M%
A1 0.3 5 0.8 2 RWF 495 11 600 1400 1100 290 12 & & &

FWF 444 2.2 16 190 240 75 0.33 0.12
A2 "0:1 2 "0:2 4 RWF 773 10 6500 870 710 190 130 & & &

FWF 685 1.2 43 130 160 51 0.88 0.068
A3 "0:8 1 0.5 3 RWF 1824 3.2 24 000 380 310 90 490 & & &

FWF 1549 0.29 82 96 100 31 1.7 0.016
A4 "0:5 3 "0:6 "2 RWF 1249 6.9 2400 550 450 120 49 & & &

FWF 1081 0.34 40 110 130 40 0.82 0.019
A5 0.9 2 "0:8 5 RWF 2493 110 8300 270 220 63 170 & & &

FWF 1954 0.18 18 200 180 49 0.37 0.010
A6 "0:6 1 0.2 3 RWF 1465 4.7 53 000 470 380 110 1100 & & &

FWF 1273 0.44 300 105 115 36 6.1 & & &
A7 "0:1 3 "0:9 6 RWF 1480 21 170 000 520 390 98 3500 & & &

FWF 1300 1.3 3400 87 100 30 69 & & &

K. G. ARUN et al. PHYSICAL REVIEW D 76, 104016 (2007)

104016-6

62

Monday, 4 October 2010



2

10
5

10
6

10
7

Total Binary Mass (in M
O. )

0

0.01

0.02

0.03

0.04

0.05

0.06

!
w

z = 0.5
z = 1
z = 1.5

FIG. 1: 1σ errors in the dark energy EOS parameter w as
a function of the total binary black hole mass at redshifts of
0.5, 1 and 1.5. Binaries are all assumed to have precession
and contain black holes of mass (1, 10) × 104, (1, 10) × 105,
(5, 50)× 105 , (1, 10)× 106 , (5, 50)× 106 M!. The data points
are medians of 104 runs for each mass and redshift, and ignore
the effect of weak lensing.

some influence on the results [24]. We follow Cutler [25]
in our model of the LISA satellite and its orbital motion.
The noise characteristics of LISA that we assume and
use are the same as in Ref. [26] and used by Lang and
Hughes [17]. We have taken into account the effect of
precession on the antenna pattern functions of LISA.

We use a Fisher matrix analysis to estimate the er-
rors in estimating the 15 parameters that characterize
the system: two masses, two dimensionless spin magni-
tudes (which vary from 0 to 1), the time and phase of
coalescence, four sets of two angles each specifying the
location of the binary, the initial angular momentum di-
rection and the two initial spin directions of the binary’s
members (eight in total), and finally the luminosity dis-
tance. All the angles used are with respect to the solar
system barycenter. We also assume that LISA provides
two independent signal outputs with uncorrelated noises.
Finally, we assume that the sources are observed for one
year prior to coalescence.

For a given choice of the physical masses of the two
black holes and of the redshift or luminosity distance,
we distribute 104 sources randomly in the sky with ran-
dom values of the remaining 10 parameters (we choose
coalescence time and phase to be one year and zero, re-
spectively, in all cases). For each of the realizations, we
solve for the precessing inspiral of the system, compute
the Fisher matrix, invert it to obtain the covariance ma-
trix and obtain from the latter the corresponding root
mean square errors from the square roots of the diago-
nal entries. We focus on systems with a mass ratio of
10 : 1 since these are astrophysically interesting and ex-
hibit strong effects of spin precession.

Fig. 2 shows the histogram of the relative errors
in the luminosity distance for a system with masses
(105, 106)M! at a redshift of z = 1. Precession of the
binary has a significant impact on the distribution as the
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L
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FIG. 2: Distribution of the 1σ errors in luminosity distance
measurement based on 104 random realizations. The mass of
the binary system is (105 + 106)M! at a redshift of z = 1.
Solid (red) histogram is for precessing systems; dashed (blue)
histogram is for systems with spins aligned.

peak of the distribution shifts to the left (improves) al-
most by an order of magnitude with respect to the case
where all systems in the population are nonprecessing.
This is in reasonable agreement with the results of Lang
and Hughes [17] (see, e.g., figure 7 of their paper).

However, to do cosmology, we need the redshift of an
electromagnetic signal associated with an observed LISA
event or with its host galaxy. To date there is no clear un-
derstanding of the astrophysical mechanisms that could
produce an electromagnetic afterglow (or a precursor) to
a binary black hole merger, although a number of pos-
sibilities have been discussed [27]. Whether LISA can
localize the source on the sky so that extensive electro-
magnetic follow up missions can be launched has been
addressed in many recent works. Of particular interest
here are the estimates of Lang and Hughes [17], showing
that typically for a z = 1 source of total mass 106M!, the
angular resolution taking precession into account is about
0.3−3 square degrees one day prior to merger (see Table
5 of [17] for example). Kocsis et al [28] argued that find-
ing EM counterparts associated with LISA sources will
be difficult, but may be achievable with the advent of
various wide field telescopes which would be operational
by the time LISA flies (see Table I of Ref. [28] for details).
Further, some authors have argued [8, 27] that the num-
ber of candidate galaxies associated with a LISA event,
can be reduced by 2-3 orders of magnitude by looking for
the source within a 3D error volume, combining the an-
gular resolution of LISA and the approximate luminosity
distance LISA would provide in advance. For this reason
(rather optimistically) we have not rejected any distance
estimate in the 104 realizations based on the size of the
angular error box or the detectability of an EM counter-
part.

To translate distance errors into errors in the dark
energy EOS parameter w, we work with the standard

Spin-Precession: More accurate 
Luminosity Distance Measurement
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Spin-Precession: Improvement 
in Dark Energy Measurement
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FIG. 3: Distributions of 1σ errors in w for various values of redshifts and spin configurations. Left panel: Distribution of
the errors in the dark energy EOS parameter w for a binary system of masses 105 + 106 M! at redshift z = 1, and for the
precessing and non-precessing cases. The inset frame shows a zoom of the corresponding cumulative histograms. Right panel:
Distribution of errors in w for the same binary system with masses 105 + 106 M! in the precessing case for three different
redshifts. The inset frame shows a zoom of the corresponding cumulative histograms.

cosmological model with a flat universe and the nomi-
nal parameters H0 = 75 km s−1 Mpc−1, matter density
ΩM = 0.25, dark energy density ΩΛ = 0.75 and w = −1.
The luminosity distance of a source at a redshift z is
given by,

DL = (1 + z)

∫ z

0

dz′

H(z′)
, (2.1)

where H(z) is given by

H(z) = H0

√

ΩM (1 + z)3 + ΩΛ(1 + z)3(1+w) , (2.2)

In order to illustrate directly the effect of precession,
we assume that errors in H0, ΩM , ΩΛ and z are negligible,
so that the error in w is related directly to the error in
DL by [10]

∆w = DL

∣

∣

∣

∣

∂DL

∂w

∣

∣

∣

∣

−1 ∆DL

DL

. (2.3)

The value of ∂DL/∂w can be calculated using (2.1) and
(2.2) for the different values of the redshift used.

Finally, we have neglected the effect of the weak lens-
ing on the estimation of the luminosity distance. This
is a serious caveat, especially at redshifts above 1. How-
ever, mechanisms have been proposed, such as corrected
lenses [28], the use of radio observations to measure accu-
rately the weak lensing power spectrum [29] and combin-
ing optical and infrared observations of foreground galax-
ies [30], which might help to reduce the weak lensing error
in the future. See [29] for a recent discussion.

III. RESULTS AND DISCUSSION

The inclusion of spin precession and its attendant mod-
ulation of the GW waveform has a significant impact on
the accuracy of measurements of the dark energy param-
eter, which in turn is due to improved estimation of the
luminosity distance, as shown in Fig. 2. Figure 1 depicts
how the estimation of w varies with the total mass of the
binary. We show the median errors from various runs
corresponding to different masses and redshifts. It is in-
teresting to note that for masses between 105 − 107M#,
∆w ≤ 3% for redshifts up to 1.5. The left panel of Fig. 3
shows that the errors in the measurement of w go down
by a factor of approximately 10 when the spins of the
binaries are not aligned compared to the aligned, non-
precessing case. Note that all our histograms, except
the cumulative plots in the insets, are unnormalized, so
that the histograms show the number of realizations in
each bin. The dependence of the errors in the redshift
z is shown in the right panel of Fig. 3. As is expected
the errors get worse with increasing redshift (distance),
but the degradation of errors is not dramatic. Even for
z = 1.5, a significant fraction of the 104 randomly dis-
tributed sources permit measurement of w to better than
5% accuracy. However, for larger redshifts, more galax-
ies will be found in the LISA error volume and it will be
more difficult to obtain a redshift.

Van den Broeck et al. [12] have recently revisited the
measurement accuracy of the dark energy EOS parame-
ter w, using a GW signal without precession but includ-
ing higher harmonics. Though higher harmonics and pre-
cession are completely different effects, it is interesting to
note that both improve the estimation of w significantly
and to comparable orders. This further motivates the at-

Stavridis, Arun, Will64

Monday, 4 October 2010



Gravity's Standard Sirens 

Fundamental Physics
Properties of gravitational waves

Testing the wave generation formula beyond the quadrupole formula 
Binary pulsars consistent with quadrupole formula but they cannot measure the 
properties of GW

How many polarizations?
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

EoS of dark energy
GW from inspiralling binaries are standard 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?

Merger dynamics of spinning black hole binaries
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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 !t 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

Can be used to set limits on the mass of the graviton - 
no strong motivation for massive graviton theory due 
to vDVZ discontinuity, but might be avoided

Will (1994, 98)66
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A massive graviton induces dispersion in the waves

Arrival times are altered due to a massive graviton - 
frequency-dependent effect

Massive Graviton: Dispersion 
as Waves Propagate

ta = (1 + Z)

[

te +
D

2λ2
gf

2
e

]

Will (1994, 98)

72 Clifford M. Will

where M = (χ3/5G−4/5)η3/5m, and b is the coefficient of the dipole term, given by b =
(5/48)(χ−1G4/3)ξS2, where χ, G, S are given by Equations (94), and ξ = 1/(2 + ωBD). Double
neutron star systems are not promising because the small range of masses available near 1.4 M"
results in suppression of dipole radiation by symmetry. For black holes, s = 0.5 identically, con-
sequently double black hole systems turn out to be observationally identical in the two theories.
Thus mixed systems involving a neutron star and a black hole are preferred. However, a num-
ber of analyses of the capabilities of both ground-based and space-based (LISA) observatories
have shown that observing waves from neutron-star–black-hole inspirals is not likely to bound
scalar-tensor gravity at a level competitive with the Cassini bound or with future solar-system
improvements [283, 161, 236, 292, 27, 28].

6.4 Speed of gravitational waves

According to GR, in the limit in which the wavelength of gravitational waves is small compared
to the radius of curvature of the background spacetime, the waves propagate along null geodesics
of the background spacetime, i.e. they have the same speed c as light (in this section, we do not
set c = 1). In other theories, the speed could differ from c because of coupling of gravitation to
“background” gravitational fields. For example, in the Rosen bimetric theory with a flat back-
ground metric η, gravitational waves follow null geodesics of η, while light follows null geodesics
of g (TEGP 10.1 [281]).

Another way in which the speed of gravitational waves could differ from c is if gravitation were
propagated by a massive field (a massive graviton), in which case vg would be given by, in a local
inertial frame,

v2
g

c2
= 1−

m2
gc

4

E2
, (99)

where mg and E are the graviton rest mass and energy, respectively.
The simplest attempt to incorporate a massive graviton into general relativity in a ghost-free

manner suffers from the so-called van Dam–Veltman–Zakharov (vDVZ) discontinuity [263, 299].
Because of the 3 additional helicity states available to the massive spin-2 graviton, the limit of
small graviton mass does not coincide with pure GR, and the predicted perihelion advance, for
example, violates experiment. A model theory by Visser [265] attempts to circumvent the vDVZ
problem by introducing a non-dynamical flat-background metric. This theory is truly continuous
with GR in the limit of vanishing graviton mass; on the other hand, its observational implications
have been only partially explored. Braneworld scenarios predict a tower or a continuum of massive
gravitons, and may avoid the vDVZ discontinuity, although the full details are still a work in
progress [91, 66].

The most obvious way to test this is to compare the arrival times of a gravitational wave and
an electromagnetic wave from the same event, e.g., a supernova. For a source at a distance D, the
resulting value of the difference 1− vg/c is

1− vg

c
= 5× 10−17

(
200 Mpc

D

) (
∆t

1 s

)
, (100)

where ∆t ≡ ∆ta − (1 + Z)∆te is the “time difference”, where ∆ta and ∆te are the differences in
arrival time and emission time of the two signals, respectively, and Z is the redshift of the source.
In many cases, ∆te is unknown, so that the best one can do is employ an upper bound on ∆te
based on observation or modelling. The result will then be a bound on 1− vg/c.

For a massive graviton, if the frequency of the gravitational waves is such that hf $ mgc2,
where h is Planck’s constant, then vg/c ≈ 1 − 1

2 (c/λgf)2, where λg = h/mgc is the graviton
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Compton wavelength, and the bound on 1− vg/c can be converted to a bound on λg, given by

λg > 3× 1012 km
(

D

200 Mpc
100 Hz

f

)1/2 (
1

f∆t

)1/2

. (101)

The foregoing discussion assumes that the source emits both gravitational and electromagnetic
radiation in detectable amounts, and that the relative time of emission can be established to
sufficient accuracy, or can be shown to be sufficiently small.

However, there is a situation in which a bound on the graviton mass can be set using gravi-
tational radiation alone [285]. That is the case of the inspiralling compact binary. Because the
frequency of the gravitational radiation sweeps from low frequency at the initial moment of obser-
vation to higher frequency at the final moment, the speed of the gravitons emitted will vary, from
lower speeds initially to higher speeds (closer to c) at the end. This will cause a distortion of the
observed phasing of the waves and result in a shorter than expected overall time ∆ta of passage of
a given number of cycles. Furthermore, through the technique of matched filtering, the parameters
of the compact binary can be measured accurately (assuming that GR is a good approximation to
the orbital evolution, even in the presence of a massive graviton), and thereby the emission time
∆te can be determined accurately. Roughly speaking, the “phase interval” f∆t in Equation (101)
can be measured to an accuracy 1/ρ, where ρ is the signal-to-noise ratio.

Thus one can estimate the bounds on λg achievable for various compact inspiral systems, and
for various detectors. For stellar-mass inspiral (neutron stars or black holes) observed by the
LIGO/VIRGO class of ground-based interferometers, D ≈ 200 Mpc, f ≈ 100 Hz, and f∆t ∼
ρ−1 ≈ 1/10. The result is λg > 1013 km. For supermassive binary black holes (104 to 107 M")
observed by the proposed laser interferometer space antenna (LISA), D ≈ 3 Gpc, f ≈ 10−3 Hz,
and f∆t ∼ ρ−1 ≈ 1/1000. The result is λg > 1017 km.

A full noise analysis using proposed noise curves for the advanced LIGO and for LISA weakens
these crude bounds by factors between two and 10 [285, 292, 27, 28]. For example, for the inspiral
of two 106 M" black holes with aligned spins at a distance of 3 Gpc observed by LISA, a bound
of 2× 1016 km could be placed [27]. Other possibilities include using binary pulsar data to bound
modifications of gravitational radiation damping by a massive graviton [106], and using LISA
observations of the phasing of waves from compact white-dwarf binaries, eccentric galactic binaries,
and eccentric inspiral binaries [69, 142].

Bounds obtainable from gravitational radiation effects should be compared with the solid bound
λg > 2.8×1012 km [250] derived from solar system dynamics, which limit the presence of a Yukawa
modification of Newtonian gravity of the form

V (r) =
GM

r
exp(−r/λg), (102)

and with the model-dependent bound λg > 6× 1019 km from consideration of galactic and cluster
dynamics [265].

6.5 Strong-gravity tests

One of the central difficulties of testing GR in the strong-field regime is the possibility of contami-
nation by uncertain or complex physics. In the solar system, weak-field gravitational effects could
in most cases be measured cleanly and separately from non-gravitational effects. The remarkable
cleanliness of the binary pulsar permitted precise measurements of gravitational phenomena in a
strong-field context.

Unfortunately, nature is rarely so kind. Still, under suitable conditions, qualitative and even
quantitative strong-field tests of GR could be carried out.
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Bounding the mass of the graviton 4
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Figure 1. Bounds on the graviton Compton wavelength that can be deduced from
AdvLIGO, Einstein Telescope and LISA. The mass ratio is 2. The distance to the
source is assumed to be 100 Mpc for AdvLIGO and ET, and 3 Gpc for LISA.

ET and LISA are plotted as a function of the total mass of the binary for a fixed mass

ratio of m2/m1 = 2. For AdvLIGO and ET, the source is assumed to be at a luminosity

distance of 100 Mpc and for LISA the SMBH binary is assumed to be 3 Gpc away.

The bounds from the Newtonian RWF and 3PN FWF are compared. Inclusion of

amplitude corrections and the higher harmonics improve the bounds for both ground-

based configurations and at the high-mass end for LISA. The improvement is more
than an order of magnitude for heavier binaries, because higher harmonics play a more

prominent role for such systems. Typical bounds, with the use of higher harmonics,

for AdvLIGO, ET and LISA are 1012 km, 1013 km and 1016 km, respectively. The best

bound, not surprisingly, will be provided by LISA, thanks to its low frequency sensitivity,

to the high signal-to-noise ratios with which it will be observing the supermassive binary

black hole coalescences, and to the very large distances involved. Though our results
are for a specific location and orientation of the binary, we have verified that the bounds

are not significantly altered by different source positions and orientations.

The remainder of the paper provides details underlying these results. In Sec. 2, we

describe the full-waveform model used, the noise curves for the various detectors, and

the technique of matched filtering. Section 3 details the bounds obtainable from the

various detectors.

Arun and Will (2009)
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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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ET f ~ 10 Hz probes te ~ 10-20 s (T ~ 106 GeV)

Slide from Shellard
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Landscape of Stochastic 
GW in ET
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What can gravitational waves reveal 
about the Universe?

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
How did massive black holes at galactic nuclei form and evolve?

Were there phase transitions in the early Universe?

Fundamental questions
What were the physical conditions at the big bang?

What is dark energy?

Are there really  ten spatial dimensions?
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