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Outline

Upcoming detectors and space missions
opportunities to observe gravitational waves from 1 to 108 

solar mass sources
Binary inspiral sources
Why are they standard candles or “sirens”?
How can they be used for cosmography?
Learning about black hole seeds

Cosmological backgrounds
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eLISA

!e Gravitational Universe – !e eLISA Space Gravitational Wave Observatory 13
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All of the above scienti!c objectives can be addressed by a 
single L-class mission consisting of 3 drag-free spacecra" 
forming a triangular constellation with arm lengths of one 
million km and laser interferometry between “free-falling” 
test masses. #e interferometers measure the variations in 
light travel time along the arms due to the tidal deforma-
tion of spacetime by gravitational waves. Compared to the 
Earth-based gravitational wave observatories like LIGO 
and VIRGO, eLISA addresses the much richer frequency 
range between 0.1 mHz and 1 Hz, which is inaccessible on 
Earth due to arm length limitations and terrestrial gravity 
gradient noise.
#e Next Gravitational wave Observatory (NGO) mission 
studied for the L1 selection [15] is an eLISA strawman mis-
sion concept. It enables the ambitious science program de-
scribed here, and has been evaluated by ESA as both tech-
nically feasible and compatible with the L2 cost target. Its 
foundation is mature and solid, based on decades of devel-
opment for LISA, including a mission formulation study, 
and the extensive heritage of $ight hardware and ground 
preparation for the upcoming LISA Path!nder geodesic 
explorer mission, which will directly test most of the eLI-
SA performance and validate the eLISA instrumental noise 
model [144–145].
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#e NGO mission has three spacecra", one ‘mother’ at the 
vertex and two ‘daughters’ at the ends, which form a single 
Michelson interferometer con!guration (Figure 9). #e 
spacecra" follow independent heliocentric orbits without 
any station-keeping and form a nearly equilateral triangle 
in a plane that is inclined by 60° to the ecliptic. #e con-
stellation follows the Earth at a distance between 10° and 

30°, as shown in Figure 10. Celestial mechanics causes the 
triangle to rotate almost rigidly about its centre as it orbits 
around the sun, with variations of arm length and opening 
angle at the percent level.
#e payload consists of four identical units, two on the 
mother spacecra" and one on each daughter spacecra" 
(Figure 11). Each unit contains a Gravitational Reference 
Sensor (GRS) with an embedded free-falling test mass that 
acts both as the end point of the optical length measure-
ment, and as a geodesic reference test particle. A telescope 
with 20 cm diameter transmits light from a 2 W laser at 
1064 nm along the arm and also receives a small fraction 
of the light sent from the far spacecra". Laser interferom-
etry is performed on an optical bench placed between the 
telescope and the GRS.
On the optical bench, the received light from the distant 
spacecra" is interfered with the local laser source to pro-
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Consists of 3 spacecraft in 
heliocentric orbit
Distance between 
spacecraft ~ 1 million km
10 to 30 degrees behind 
earth

The three eLISA spacecraft 
follow Earth almost as a 
rigid triangle entirely due to 
celestial mechanics
The triangle rotates like 
a cartwheel as craft orbit 
the sun
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The Gravitational Universe
A General Science !eme addressed by the eLISA Survey Mission observing the entire Universe 

!e Gravitational Universe – !e eLISA Space Gravitational Wave Observatory 13
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All of the above scienti!c objectives can be optimally ad-
dressed by a single L-class mission consisting of 3 drag-
free spacecra" forming a triangular constellation with 
armlengths of one million km and laser interferometry be-
tween “free-falling” test masses. #e interferometers meas-
ure the tiny variations in light travel time along the arms 
due to the tidal deformation of spacetime by gravitational 
waves. Compared to the Earth-bound gravitational wave 
observatories like LIGO and VIRGO, eLISA addresses the 
much richer frequency range between 0.1 mHz and 1 Hz, 
which is inaccessible on Earth due to armlength limita-
tions and terrestrial gravity gradient noise.

#e NGO proposal for L1 is a convincing eLISA base-
line design: it enables the ambitious science program de-
scribed here—indeed, with science value unanimously 
recognized by the SSAC—and has been evaluated by ESA 
as both technically feasible and compatible with the L2 cost 
target. Its foundation is mature and solid, based on dec-
ades of development for LISA, including a mission formu-
lation study, and the extensive heritage of $ight hardware 
and ground preparation for the upcoming LISA Path!nder 
geodesic explorer mission, which will directly test most of 
the eLISA performance.
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#e NGO mission has three spacecra", one “mother” at 
the vertex and two “daughters” at the ends, which form a 
single Michelson interferometer con!guration. #e space-
cra" follow independent heliocentric orbits without any 
station-keeping and form a nearly equilateral triangle in a 
plane that is inclined by 60° against the ecliptic. #e con-

stellation follows the Earth in a distance between 10° and 
30°. Celestial mechanics cause the triangle to rotate almost 
rigidly about its center as it orbits around the sun, with 
variations of armlength and opening angle at the percent 
level.

#e payload consists of four identical units, two on 
the mother spacecra" and one on each daughter space-
cra". Each unit contains a Gravitational Reference Sensor 
(GRS) with an embedded free-falling test mass that acts 
both as end point of the optical length measurement and 
as geodesic reference test particle. A telescope with 20 cm 
diameter transmits the laser light, about 2 W at 1064 nm, 
along the arm and also receives the weak light from the 
other end. Laser interferometry is performed on an optical 
bench in between the telescope and the GRS.
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Selected by ESA for L3 launch in 2034
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Initial Interferometers
Ca 2002-2010
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Between 2006-2010 larger detectors took 2 years worth of data at 
unprecedented sensitivity levels
No detections so far but beginning to impact astrophysics
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Between 2006-2010 larger detectors took 2 years worth of data at 
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unprecedented sensitivity levels
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Between 2006-2010 larger detectors took 2 years worth of data at 
unprecedented sensitivity levels
No detections so far but beginning to impact astrophysics
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Sky CoverageLIGO-Hanford
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H

Hour Angle

Declination

Gives the distance reach in different directions relative to the maximum 
distance reach for sources overhead with respect to the interferometer
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Sky Coverage of HL
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Sky Coverage of HLV
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Initial LIGO/Virgo Sensitivity
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Initial LIGO Sensitivity 2002-2006
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Design goal reached in 2006
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Virgo Science Run-2
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Highlights from initial detectors

20

Beating the spin-down limit on the strength of gravitational 
waves from of the crab pulsar
Crab pulsar emits less than 1% of its rotational energy into 
gravitational waves

Improved upper limits on the strength of stochastic 
backgrounds around 100 Hz
Better than BB nucleosynthesis limit

Providing indirect evidence that certain extra-Galactic short 
GRBs are SGRs
First detection of a magnetar outside the Milky Way

Follow-up of hundreds of short and hard gamma-ray burst 
events
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Advanced Detectors: 
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Sky Coverage of HIJLV

Declination

Gives the distance reach in different directions relative to the maximum 
distance reach for sources overhead with respect to the interferometer
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Advanced Detectors: Schedule and Sensitivity
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BNS−optimized (2020, 215 Mpc)
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Early (2016−17, 40 ± 20 Mpc)

Mid (2017−18, 70 ± 15 Mpc)

Late (2018−20, 100 ± 15 Mpc)

Final (2021, 130 Mpc)

Figure 1: aLIGO (left) and AdV (right) target strain sensitivity as a function of frequency. The
average distance to which binary neutron star (BNS) signals could be seen is given in Mpc. Current
notions of the progression of sensitivity are given for early, middle, and late commissioning phases,
as well as the final sensitivity target. While both dates and sensitivity curves are subject to change,
the overall progression represents our best current estimates.

the detector sensitivity for a specific class of astrophysical signals, such as BNSs. The BNS range
may then become 215Mpc. The sensitivity for each of these stages is shown in Fig. 1.

If the LIGO-India concept is pursued, the installation of the H2 detector in India will be delayed
until construction of the LIGO-India Observatory is complete. The site development would start in
2014, with installation of the detector beginning in 2018. Assuming no unexpected problems, first
runs are anticipated circa 2020 and design sensitivity at the same level as the H1 and L1 detectors
is anticipated for no earlier than 2022.

The commissioning timeline for AdV [4] is still being defined, but it is anticipated that in 2015
AdV may join the LIGO detectors in their first science run depending on the sensitivity attained.
Following an early step with sensitivity corresponding to a BNS range of ∼ 40Mpc, commissioning
is expected to bring AdV to a ∼ 70Mpc in 2017-18. A configuration upgrade at this point will allow
the range to increase approximately 100Mpc in 2018-20. The final design sensitivity, corresponding
to a BNS range of 130Mpc, is anticipated circa 2021. The sensitivity curves for the various AdV
configurations are shown in Fig. 1.

Japan has recently begun the construction of an advanced detector, KAGRA [5]. KAGRA is
designed to have a BNS range greater than 100Mpc at final sensitivity. While we do not consider
KAGRA in this document, we note that the addition of KAGRA to the worldwide GW detector
network will improve both sky coverage and localisation capabilities beyond those envisioned here.

2.2 Observing schedule

Keeping in mind the above caveats about commissioning, the following is a plausible scenario for
the operation of the LIGO-Virgo network over the next decade:

• 2015: A 3 month run with the two-detector H1L1 network at early aLIGO sensitivity (60 ±
20Mpc BNS range). Virgo in commissioning at ∼ 20Mpc with a chance to join the run.
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Figure 5: The expected distribution of 90% confidence localization areas for a population of BNS

systems with advanced detector networks.

Run BNS range (Mpc) Number of Median % localized within

Epoch Duration LIGO Virgo Detections Area (deg
2
) 5 deg

2
20 deg

2

2015 3 months 60± 20 — 0.0004 - 3 2000 - -

2016–17 6 months 100± 20 40± 20 0.006 - 20 70 2 15

2017–18 6 months 140± 30 70± 15 0.02 - 70 84 1 12

2019+ (per year) 200 100± 15 0.2 - 200 31 5 37

2022+ (India) (per year) 200 130 0.4 - 400 11 19 73

Table 1: Summary of observing schedule, expected sensitivities, and source localization with the

advanced LIGO and Virgo detectors. Detection rates are computed assuming a false alarm rate of

10−2 y−1.
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Advanced Detectors: Schedule and Sensitivity
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Figure 1: aLIGO (left) and AdV (right) target strain sensitivity as a function of frequency. The
average distance to which binary neutron star (BNS) signals could be seen is given in Mpc. Current
notions of the progression of sensitivity are given for early, middle, and late commissioning phases,
as well as the final sensitivity target. While both dates and sensitivity curves are subject to change,
the overall progression represents our best current estimates.

the detector sensitivity for a specific class of astrophysical signals, such as BNSs. The BNS range
may then become 215Mpc. The sensitivity for each of these stages is shown in Fig. 1.

If the LIGO-India concept is pursued, the installation of the H2 detector in India will be delayed
until construction of the LIGO-India Observatory is complete. The site development would start in
2014, with installation of the detector beginning in 2018. Assuming no unexpected problems, first
runs are anticipated circa 2020 and design sensitivity at the same level as the H1 and L1 detectors
is anticipated for no earlier than 2022.
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the range to increase approximately 100Mpc in 2018-20. The final design sensitivity, corresponding
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designed to have a BNS range greater than 100Mpc at final sensitivity. While we do not consider
KAGRA in this document, we note that the addition of KAGRA to the worldwide GW detector
network will improve both sky coverage and localisation capabilities beyond those envisioned here.
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Gravity Gradient Limits Detectors on Ground
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Binary Inspiral Sources of Gravitational Waves
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16 !e Gravitational Universe – Scienti"c Landscape of 2028

!e science capabilities of the eLISA mission have been de-
scribed in earlier sections. eLISA will pioneer gravitation-
al wave observations in the rich frequency band around 
1 mHz. In this section we examine this science return in 
the likely context of the L2 launch date of 2028. Given the 
predicted state of knowledge in 2028, we ask what unique 
contributions eLISA will make to our likely understanding 
of fundamental physics and astronomy at that time.
Naturally, science is not predictable, and the most interest-
ing discoveries between now and 2028 will be the ones we 
cannot predict! But planned projects already hint at where 
the frontiers of science will be when eLISA operates. For 
example, massive progress can be expected in transient 
astronomy. Telescopes like LSST and the Square Kilome-
tre Array (SKA) [153] are likely to identify new systems 
that "are up irregularly or only once, and there is a good 
chance that some of these will be associated with gravita-
tional wave signals. As another example, extremely large 
telescopes (EELT, TMT, GMT) and large space telescopes 
(JWST) will be observing (proto-)galaxies at unprecedent-
edly high redshi#s, at which eLISA will simultaneously 
observe individual merging black hole systems. As well as 
providing a wealth of information that will make it easier 
to identify the gravitational wave sources, the expected 
progress in all kinds of electromagnetic astronomy will 
sharpen the need for complementary gravitational wave 
observations of the unseen Universe.

By 2028, gravitational wave astronomy will be well-estab-
lished through ground-based observations operating at 10 
Hz and above, and pulsar timing arrays (PTAs) at nHz fre-
quencies. !e huge frequency gap between them will be 
completely unexplored until eLISA is launched (see Fig-
ure 15).
!e ground-based network of advanced interferometric 
detectors (three LIGO detectors, VIRGO [154], and the 
Kamioka Gravitational wave Detector, KAGRA [155]) will 
have observed inspiralling binaries up to around 100 M9 
and measured the population statistics. Some, or all, of 
these detectors will have been further enhanced in sensi-
tivity. It is possible that the third-generation Einstein Tel-
escope (ET) will have come into operation by 2028 [156], 
further extending the volume of space in which these sig-
nals can be detected. At the other end of the mass spectrum, 
PTAs [157] will have detected a stochastic background due 
to many overlapping signals from supermassive black hole 
binaries with masses over 109 M9, and they may have iden-
ti$ed a few individual merger events. !e background will 
help determine the mass function of supermassive black 
holes at the high-mass end, but it will not constrain the 
mass function for the much more common 106 M9 black 
holes that inhabit the centres of typical galaxies and are ac-

cessible to eLISA. Ground-based gravitational wave obser-
vations are unlikely to constrain the existence and popula-
tion statistics of the so-far elusive intermediate-mass black 
holes, although optical and X-ray observations might have 
done so by 2028. Besides making high-sensitivity obser-
vations of individual systems, eLISA will characterise the 
population statistics of black holes in the centres of galax-
ies, of intermediate mass black holes, and of the early black 
holes that eventually grew into the supermassive holes we 
see today.
By 2028, theoretical advances and predictable improve-
ments in computer power will have made it possible to 
compute the complex waveforms expected from EMRIs 
and supermassive black hole binaries with high precision. 
!is will allow searches in eLISA data to approach the opti-
mum sensitivity of matched $ltering, and it will make tests 
of General Relativity using these signals optimally sensi-
tive.

One of the signature goals of eLISA is to test gravitation 
theory, and it seems unlikely that any other method will 
achieve the sensitivity of eLISA to deviations of strong-$eld 
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Binary black hole dynamics
The signal from a binary black hole is characterized by
slow adiabatic inspiral - the two bodies slowly spiral in towards each 
other; dynamics well described by post-Newtonian approximation
fast and luminous merger phase; requires numerical solutions to 
Einstein equations
rapid ringdown phase; newly black hole emits quasi-normal 
radiation  - can be computed using perturbation theory
The shape of the signal contains information about the binary
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Spins cause frame dragging and orbital plane precession
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Inferring Distance from GW Observations

The shape of the signal is 
determined by masses, 
spins and eccentricity
The amplitude and arrival 
times in different 
detectors are determined 
by the distance, 
direction, polarization 
and inclination
To infer the distance we 
need to be able to 
measure all the 
parameters and the 
source’s redshift

Increasing Spin
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A combination of the 
two polarizations called 
antenna response:

So a net work of 3 or 
more detectors would be 
needed to measure the 
source direction; but we 
can also measure binary 
masses, their spins and 
orientation of the binary

What do gravitational wave detectors measure?

41

h(t) = F+(θ,ϕ,ψ)h+(t)

+F×(θ,ϕ,ψ)h×(t)

detector

de
te

cto
r

BSS and Schutz 2009
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Why are inspirals Standard Sirens
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Why are inspirals standard sirens?

Luminosity distance D can be inferred if one can measure:

the flux of radiation F and
absolute luminosity L:

Flux of gravitational waves depends on the amplitude of 
gravitational waves measured by our detectors
Absolute luminosity can be inferred from the rate     at which 
the frequency of a source changes
Not unlike Cephied variables except that     is completely 
determined by general relativity

Therefore compact binaries are self-calibrating standard 
sirens

ḟ

ḟ

D =

�
L

4πF

43Schutz Nature1986
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What do we actually measure?

We really only measure
the redshifted distance =  luminosity distance

blueshifted chirp mass

This means we cannot measure the source’s redshift without 
EM identification

(at least that is what we thought until recently ...)
If we measure the source redshift we can deduce the intrinsic 
mass of the source and resolve redshift-mass degeneracy
Distance is strongly correlated with the unknown orbital 
inclination of the source with respect to line-of-sight

M(1 + z)

DL = D(1 + z)
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!  25 events: 

!  H0= 69 ± 3 km s!1 Mpc!1 (~4% at 95% confidence) 

!  50 events: 

!  H0= 69 ± 2 km s!1 Mpc!1 (~3% at 95% confidence) 

!  WMAP7+BAO+SnIa (Komatsu et al.,2011): 

!  H0= 70.2 ± 1.4 km s!1 Mpc!1 (~2% at 68% 
confidence) 

!"#$"##% &'()*+%,%-%./0&1%2(3*+41%56)7%#89#:%;8##%% #<%

Hubble Constant from Advanced Detectors
without EM counterparts

Del Pozzo, arXiv1108.1317
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Error in H0 with Catalogue Size 9

FIG. 5: Confidence interval evolution for H0 as a function
of the number of events considered in the analysis. The dots
correspond to the posterior median value obtained from 20
realisations of 50 GW sources. The error bars correspond to
the mean 95% confidence interval.
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Appendix A: Advanced LIGO Zero Detuning High
Power noise curve

The noise curve used to calculate the S/N ratio is the
Zero Detuning High Power design sensitivity. The ana-
lytic fit is given by:
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with S0 = 1.35× 10−50. The curve is shown in Fig. 6.
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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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2001, Phys. Rev. D, 63, 042003

Berger, E., Fox, D. B., Price, P. A., Nakar, E., Gal-Yam, A., Holz,
D. E., Schmidt, B. P., Cucchiara, A., Cenko, S. B., Kulkarni,
S. R., Soderberg, A. M., Frail, D. A., Penprase, B. E., Rau, A.,
Ofek, E., Burnell, S. J. B., Cameron, P. B., Cowie, L. L., Dopita,
M. A., Hook, I., Peterson, B. A., Podsiadlowski, P., Roth, K. C.,
Rutledge, R. E., Sheppard, S. S., & Songaila, A. 2007, ApJ, 664,
1000

Blair, D. G., Barriga, P., Brooks, A. F., Charlton, P., Coward, D.,
Dumas, J.-C., Fan, Y., Galloway, D., Gras, S., Hosken, D. J.,
Howell, E., Hughes, S., Ju, L., McClelland, D. E., Melatos, A.,
Miao, H., Munch, J., Scott, S. M., Slagmolen, B. J. J., Veitch,
P. J., Wen, L., Webb, J. K., Wolley, A., Yan, Z., & Zhao, C.
2008, Journal of Physics Conference Series, 122, 012001

Blanchet, L. 2006, Living Reviews in Relativity, 9, 4

Blanchet, L., Damour, T., Esposito-Farèse, G., & Iyer, B. R. 2004,
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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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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
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Measuring a cosmological distance–redshift relationship using only gravitational wave observations
of binary neutron star coalescences
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Detection of gravitational waves from the inspiral phase of binary neutron star coalescence will allow us to
measure the effects of the tidal coupling in such systems. These effects will be measurable using 3rd generation
gravitational wave detectors, e.g. the Einstein Telescope, which will be capable of detecting inspiralling binary
neutron star systems out to redshift z ≈ 4. Tidal effects provide additional contributions to the phase evolution
of the gravitational wave signal that break a degeneracy between the system’s mass parameters and redshift
and thereby allow the simultaneous measurement of both the effective distance and the redshift for individual
sources. Using the population of O(103–107) detectable binary neutron star systems predicted for the Einstein
Telescope the luminosity distance–redshift relation can be probed independently of the cosmological distance
ladder and independently of electromagnetic observations. We present the results of a Fisher information anal-
ysis applied to waveforms assuming a subset of possible neutron star equations of state. We conclude that for
our range of representative neutron star equations of state the redshift of such systems can be determined to an
accuracy of 8–40% for z < 1 and 9–65% for 1 < z < 4.

PACS numbers: 26.60.Kp, 95.85.Sz, 98.80.-k, 98.62.Py
Keywords: neutron stars, gravitational waves, cosmology

Introduction— Making use of gravitational-wave (GW)
sources as standard sirens (the GW analogue of
electromagnetic (EM) standard candles) was first pro-
posed in [1]. It was noted that the amplitude of a GW signal
from the coalescence of a compact binary such as a binary
neutron star (BNS) is a function of the redshifted component
masses and the luminosity distance. Since the former can
be estimated separately from the signal phase evolution, the
luminosity distance can be extracted and such systems can
be treated as self-calibrating standard sirens. This indicated
that GW observations do not require the cosmological
distance ladder to measure distances but concluded that EM
observations would be needed to measure the redshift of GW
sources. Upon detection of a GW signal from a compact
binary coalescence, one could localize the source on the
sky using a network of GW detectors. The host galaxy
of the source could then be identified and used to obtain
accurate redshift information whilst inferring the luminosity
distance from the GW amplitude. This idea that GW and EM
observations could complement each other in this way was
subsequently extended to include the fact that BNS events
are now thought to be the progenitors of most “short-hard”
Gamma-Ray bursts (GRBs) [2]. The expected temporal
coincidence of these events would allow the more accurately
measured sky position of the GRB to be used to identify the
host galaxy. Recent work [3–6] has explored the technical
details regarding the data analysis of BNS standard sirens
with respect to the advanced, 3rd generation ground-based
GW detectors with the aim of investigating the potential
of GW observations as tools for performing precision cos-
mology. The possibility of cosmological measurements

with space-based detectors events is also promising [7, 8].
In addition we note that statistical arguments based on the
assumed neutron star (NS) mass distribution can also be used
to infer redshift information from BNS events [9]. This novel
approach is similar to the work we present here in that it is
independent of EM counterparts.

The operation of the initial generation of interferomet-
ric GW detectors has been successfully completed. This
comprised a network of four widely-separated Michelson in-
terferometers: the Laser Interferometer Gravitational-wave
Observatory (LIGO) detectors [10] in Washington and
Louisiana, USA, GEO600 [11] in Hannover, Germany and
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of the advanced detectors [13] which will recommence opera-
tions in ∼2015 and promise to provide the first direct detection
of GWs. It is expected that in this advanced detector era the
most likely first detections will be from compact binary coa-
lescences of BNS systems for which detector configurations
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of detection of at least a few, and possibly a few dozen, per
year [15] with typical signal-to-noise-ratio (SNR) ∼ 10. Al-
ready much effort has been spent on the design of a 3rd gen-
eration GW detector the Einstein Telescope (ET) [16] which
is anticipated to be operational by ∼2025. It is designed to
be ∼10 times more sensitive in GW strain than the advanced
detectors and as such we would expect to detect O(103–107)
BNS events per year [4, 15] with SNRs ranging up to ∼ 100.

In this letter we highlight an important feature associated
with the information that we will be able to extract from BNS
waveforms using 3rd generation GW interferometers, in par-
ticular ET [16]. We show that the addition of the tidal cou-
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We investigate a novel approach to measuring the Hubble constant using gravitational-wave (GW)
signals from compact binaries by exploiting the narrowness of the distribution of masses of the
underlying neutron-star population. Gravitational-wave observations with a network of detectors
will permit a direct, independent measurement of the distance to the source systems. If the redshift
of the source is known, these inspiraling double-neutron-star binary systems can be used as standard
sirens to extract cosmological information. Unfortunately, the redshift and the system chirp mass
are degenerate in GW observations. Thus, most previous work has assumed that the source redshift
is obtained from electromagnetic counterparts. However, we investigate a novel method of using
these systems as standard sirens with GW observations alone. In this paper, we explore what we
can learn about the background cosmology and the mass distribution of neutron stars from the
set of neutron-star (NS) mergers detected by such a network. We use a Bayesian formalism to
analyze catalogs of NS-NS inspiral detections. We find that it is possible to constrain the Hubble
constant, H0, and the parameters of the NS mass function using gravitational-wave data alone,
without relying on electromagnetic counterparts. Under reasonable assumptions, we will be able to
determine H0 to ±10% using ∼100 observations, provided the Gaussian half-width of the underlying
double NS mass distribution is less than 0.04M!. The expected precision depends linearly on the
intrinsic width of the NS mass function, but has only a weak dependence on H0 near the default
parameter values. Finally, we consider what happens if, for some fraction of our data catalog, we have
an electromagnetically measured redshift. The detection, and cataloging, of these compact-object
mergers will allow precision astronomy, and provide a determination of H0 which is independent of
the local distance scale.

PACS numbers: 98.80.Es, 04.30.Tv, 04.80.Nn, 95.85.Sz

I. INTRODUCTION

The previous decade has seen several ground-based
gravitational-wave (GW) interferometers built, and
brought to their design sensitivity. The construction
of Initial LIGO, the Laser Interferometer Gravitational-
wave Observatory [1, 2], was a key step in the quest for a
direct detection of gravitational waves, which are a fun-
damental prediction of Einstein’s theory of gravity [3, 4].
The three LIGO detectors are located in the USA, with
two sited in Hanford, Washington within a common vac-
uum envelope (H1, H2 of arm-lengths 4 km and 2 km re-
spectively) and one in Livingston, Louisiana (L1 of arm-
length 4 km) [1, 2]. The 600 m arm-length GEO-600 de-
tector [5] is located near Hannover, Germany. LIGO and

∗email: staylor@ast.cam.ac.uk
†email: jgair@ast.cam.ac.uk
‡email: imandel@star.sr.bham.ac.uk

GEO-600 began science runs in 2002, and LIGO reached
its initial design sensitivity in 2005. The 3 km Virgo
interferometer [6], located at Cascina, Italy, began com-
missioning runs in 2005, and has participated in joint
searches with LIGO and GEO-600 since 2007. The 300
m arm-length TAMA-300 detector [7], located in Tokyo,
Japan had undertaken nine observation runs by 2004
to develop technologies for the proposed underground,
cryogenically-cooled, 3 km arm-length LCGT project [8].

Gravitational waves from the coalescences of compact-
object binaries [9] consisting of neutron stars (NSs) and
black holes (BHs) are among the most promising sources
for LIGO [10]. The first joint search for compact binary
coalescence signals using the LIGO S5 science run and
the Virgo VSR1 data has not resulted in direct detec-
tions, and the upper limits placed on the local NS-NS
merger rate are higher than existing astrophysical upper
limits [2]. However, construction has already begun on
the Advanced LIGO detectors [11], which are expected
to increase the horizon distance for NS-NS inspirals from
∼33 to ∼445 Mpc. This thousandfold increase in de-
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pling contribution to the GW waveform breaks the degener-
acy present in post-Newtonian (PN) waveforms between the
mass parameters and the redshift. This will then allow the
measurement of the binary rest-frame masses, the luminos-
ity distance and redshift simultaneously for individual BNS
events. We base our work on the assumption that the de-
tections of BNS and black-hole—neutron star (BHNS) co-
alescences made using both the advanced detectors and ET
(specifically the nearby high SNR signals) would tightly con-
strain the universal NS core equation of state (EOS) [17–20].
Once the EOS is known, the tidal effects are completely deter-
mined by the component rest-frame masses of the system. Ex-
ploitation of these effects would then remove the requirement
for coincident EM observations (so-called “multi-messenger”
astronomy) to obtain redshift information. In using GRB
counterparts for example, host galaxy identification [21] can
sometimes be unreliable, and we also require that the emis-
sion cone from the GRB is coincident with our line of sight.
Current estimates of the half-opening angles of GRBs lie in
the range 8–30◦ [22, 23], which coupled with the fact that
only some short-hard GRBs have measured redshifts imply
that only a small fraction (∼10−3) of BNS events will be use-
ful as standard sirens. Removing the necessity for coincident
EM observations will allow all of the O(103–107) BNS events
seen with ET to be assigned a redshift measure independent
of sky position. Each of these detected events provides a mea-
sure of the luminosity distance–redshift relation ranging out
to redshift z ≈ 4. With so many potential sources the ob-
served distribution of effective distance (the actual luminosity
distance multiplied by a geometric factor accounting for the
orientation of the binary relative to the detector) within given
redshift intervals will allow the accurate determination of ac-
tual luminosity distance and consequently of cosmological pa-
rameters including those governing the dark energy equation
of state. Such a scenario significantly increases the potential
for 3rd generation GW detectors to perform precision cosmol-
ogy with GW observations alone.

In our analysis we use a Fisher matrix approach applied to
a PN frequency domain waveform to estimate the accuracy
to which the redshift can be measured. We also assume non-
spinning component masses and treat the waveform as valid
up to the innermost-stable-circular orbit (ISCO) frequency,
the implications of which are discussed later in the text.

The signal model—We follow the approach of [24, 25] in
our determination of the uncertainties in our inspiral wave-
form parameters. We use as our signal model the frequency
domain stationary phase approximation [26] to the waveform
of a non-spinning BNS inspiral,

h̃( f ) =

�
5

24
π−2/3Q(ϕ)

M5/6

r
f −7/6e−iΨ( f ), (1)

where we are using the convention c = G = 1. We define
the total rest mass M = m1 + m2 and the symmetric mass ra-
tio η = m1m2/M2 where m1 and m2 are the component rest
masses. The chirp mass M is defined as M = Mη3/5, r is
the proper distance to the GW source and Ψ( f ) is the GW

phase. The quantity Q(ϕ) is a factor that is determined by
the amplitude response of the GW detector and is a function
of the nuisance parameters ϕ = (θ, φ, ι,ψ) where θ and φ are
the sky position coordinates and ι and ψ are the orbital incli-
nation and GW polarization angles respectively. The standard
post-Newtonian point-particle frequency domain phase can be
written as [25, 27]

ΨPP( f ) = 2π f tc − φc −
π

4
+

3
128ηx5/2

N�

k=0

αk xk/2 (2)

where we use the post-Newtonian dimensionless parameter
x = (πM f )2/3 and the corresponding coefficients αk given
in [25]. Throughout this work we use N = 7 corresponding
to a 3.5 PN phase expansion (the highest known at the time
of publication). The parameters tc and φc are the time of co-
alescence and phase at coalescence and we use f to represent
the GW frequency in the rest frame of the source. Note that
if the signal is modeled using the point-particle phase such
that Ψ( f ) = ΨPP( f ) then the detected signal h̃( f ) is invari-
ant under the transformation ( f ,M, r, t) → ( f /ξ,Mξ, rξ, tξ)
where ξ is a Doppler-shift parameter. For BNS systems at
cosmological distances the frequency is redshifted such that
f → f /(1 + z) where z is the source’s cosmological red-
shift. Therefore, using the point-particle approximation to the
waveform one is only able to determine the “redshifted” chirp
mass Mz = (1 + z)M and the so-called luminosity distance
dL = (1 + z)r. This implies that it is not possible to disentan-
gle the mass parameters and the redshift from the waveform
alone if the proper distance is unknown.

The leading-order effects of the quadrupole tidal response
of a neutron star on post-Newtonian binary dynamics have
been determined [17, 28] using Newtonian and 1PN approxi-
mations to the tidal field. The additional phase contribution to
a GW signal from a BNS system is given by

Ψtidal( f ) =
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3λa
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where we sum over the contributions from each NS (indexed
by a). The parameter λ = (2/3)R5

nsk2 characterizes the
strength of the induced quadrupole given an external tidal
field, and is a function of the l = 2 tidal Love number (ap-
sidal constant) k2 for each NS [19, 29]. We have also defined
χa = ma/M. Note that the tidal contributions to the GW phase
in Eq. 3 have the frequency dependences of x5 and x6, and are
5PN and 6PN since when viewed in the context of the point-
particle post-Newtonian phase expansion (Eq. 2). However,
for NSs, their coefficients are O(Rns/M)5∼105, making them
comparable in magnitude with the 3PN and 3.5PN phasing
terms.

For a chosen universal NS EOS, the perturbation of a spher-
ically symmetric NS solution for a given NS mass determines
the NS radius Rns, Love number k2 and therefore also the
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surements to be made independently of the cosmological dis-
tance ladder.
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Creighton, and J. L. Friedman, Phys. Rev. D, 79, 124033
(2009), arXiv:0901.3258 [gr-qc].

[21] J. S. Bloom, S. R. Kulkarni, and S. G. Djorgovski, Astron. J.,
123, 1111 (2002), arXiv:astro-ph/0010176.

[22] E. Nakar, Physics Reports, 442, 166 (2007), arXiv:astro-
ph/0701748.

[23] L. Rezzolla, B. Giacomazzo, L. Baiotti, J. Granot, C. Kouve-
liotou, and M. A. Aloy, Astrophys. J. Lett., 732, L6+ (2011),
arXiv:1101.4298 [astro-ph.HE].
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pling contribution to the GW waveform breaks the degener-
acy present in post-Newtonian (PN) waveforms between the
mass parameters and the redshift. This will then allow the
measurement of the binary rest-frame masses, the luminos-
ity distance and redshift simultaneously for individual BNS
events. We base our work on the assumption that the de-
tections of BNS and black-hole—neutron star (BHNS) co-
alescences made using both the advanced detectors and ET
(specifically the nearby high SNR signals) would tightly con-
strain the universal NS core equation of state (EOS) [17–20].
Once the EOS is known, the tidal effects are completely deter-
mined by the component rest-frame masses of the system. Ex-
ploitation of these effects would then remove the requirement
for coincident EM observations (so-called “multi-messenger”
astronomy) to obtain redshift information. In using GRB
counterparts for example, host galaxy identification [21] can
sometimes be unreliable, and we also require that the emis-
sion cone from the GRB is coincident with our line of sight.
Current estimates of the half-opening angles of GRBs lie in
the range 8–30◦ [22, 23], which coupled with the fact that
only some short-hard GRBs have measured redshifts imply
that only a small fraction (∼10−3) of BNS events will be use-
ful as standard sirens. Removing the necessity for coincident
EM observations will allow all of the O(103–107) BNS events
seen with ET to be assigned a redshift measure independent
of sky position. Each of these detected events provides a mea-
sure of the luminosity distance–redshift relation ranging out
to redshift z ≈ 4. With so many potential sources the ob-
served distribution of effective distance (the actual luminosity
distance multiplied by a geometric factor accounting for the
orientation of the binary relative to the detector) within given
redshift intervals will allow the accurate determination of ac-
tual luminosity distance and consequently of cosmological pa-
rameters including those governing the dark energy equation
of state. Such a scenario significantly increases the potential
for 3rd generation GW detectors to perform precision cosmol-
ogy with GW observations alone.

In our analysis we use a Fisher matrix approach applied to
a PN frequency domain waveform to estimate the accuracy
to which the redshift can be measured. We also assume non-
spinning component masses and treat the waveform as valid
up to the innermost-stable-circular orbit (ISCO) frequency,
the implications of which are discussed later in the text.

The signal model—We follow the approach of [24, 25] in
our determination of the uncertainties in our inspiral wave-
form parameters. We use as our signal model the frequency
domain stationary phase approximation [26] to the waveform
of a non-spinning BNS inspiral,

h̃( f ) =

�
5

24
π−2/3Q(ϕ)

M5/6

r
f −7/6e−iΨ( f ), (1)

where we are using the convention c = G = 1. We define
the total rest mass M = m1 + m2 and the symmetric mass ra-
tio η = m1m2/M2 where m1 and m2 are the component rest
masses. The chirp mass M is defined as M = Mη3/5, r is
the proper distance to the GW source and Ψ( f ) is the GW

phase. The quantity Q(ϕ) is a factor that is determined by
the amplitude response of the GW detector and is a function
of the nuisance parameters ϕ = (θ, φ, ι,ψ) where θ and φ are
the sky position coordinates and ι and ψ are the orbital incli-
nation and GW polarization angles respectively. The standard
post-Newtonian point-particle frequency domain phase can be
written as [25, 27]

ΨPP( f ) = 2π f tc − φc −
π

4
+

3
128ηx5/2

N�

k=0

αk xk/2 (2)

where we use the post-Newtonian dimensionless parameter
x = (πM f )2/3 and the corresponding coefficients αk given
in [25]. Throughout this work we use N = 7 corresponding
to a 3.5 PN phase expansion (the highest known at the time
of publication). The parameters tc and φc are the time of co-
alescence and phase at coalescence and we use f to represent
the GW frequency in the rest frame of the source. Note that
if the signal is modeled using the point-particle phase such
that Ψ( f ) = ΨPP( f ) then the detected signal h̃( f ) is invari-
ant under the transformation ( f ,M, r, t) → ( f /ξ,Mξ, rξ, tξ)
where ξ is a Doppler-shift parameter. For BNS systems at
cosmological distances the frequency is redshifted such that
f → f /(1 + z) where z is the source’s cosmological red-
shift. Therefore, using the point-particle approximation to the
waveform one is only able to determine the “redshifted” chirp
mass Mz = (1 + z)M and the so-called luminosity distance
dL = (1 + z)r. This implies that it is not possible to disentan-
gle the mass parameters and the redshift from the waveform
alone if the proper distance is unknown.

The leading-order effects of the quadrupole tidal response
of a neutron star on post-Newtonian binary dynamics have
been determined [17, 28] using Newtonian and 1PN approxi-
mations to the tidal field. The additional phase contribution to
a GW signal from a BNS system is given by

Ψtidal( f ) =
�

a=1,2

3λa

128η

�
−24
χa

�
1 +

11η
χa

�
x5/2

M5 (3)

− 5
28χa

�
3179 − 919χa − 2286χ2

a + 260χ3
a

� x7/2

M5

�

where we sum over the contributions from each NS (indexed
by a). The parameter λ = (2/3)R5

nsk2 characterizes the
strength of the induced quadrupole given an external tidal
field, and is a function of the l = 2 tidal Love number (ap-
sidal constant) k2 for each NS [19, 29]. We have also defined
χa = ma/M. Note that the tidal contributions to the GW phase
in Eq. 3 have the frequency dependences of x5 and x6, and are
5PN and 6PN since when viewed in the context of the point-
particle post-Newtonian phase expansion (Eq. 2). However,
for NSs, their coefficients are O(Rns/M)5∼105, making them
comparable in magnitude with the 3PN and 3.5PN phasing
terms.

For a chosen universal NS EOS, the perturbation of a spher-
ically symmetric NS solution for a given NS mass determines
the NS radius Rns, Love number k2 and therefore also the
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FIG. 1. The fractional uncertainties in the redshift as a function of
redshift obtained from the Fisher matrix analysis for BNS systems
using 3 representative EOSs, APR [40], SLY [41] and MS1 [42]. In
all cases the component NSs have rest masses of 1.4M⊙ and wave-
forms have a cut-off frequency equal to the ISCO frequency (as de-
fined in the BNS rest-frame). We have used a cosmological param-
eter set H0 = 70.5 kms−1Mpc−1, Ωm = 0.2736, Ωk = 0,w0 = −1
to compute the luminosity distance for given redshifts and have as-
sumed detector noise corresponding to the ET-D [16, 39] design (a
frequency domain analytic fit to the noise floor can be found in [43]).

incide with z∼10 but this effect is diluted at higher redshifts
due to a reduction in SNR as the lower frequency part of the
signal moves out of band.

Discussion—The analysis presented here is a proof of prin-
ciple and is based on a number of assumptions and simplifi-
cations which we would like to briefly discuss and in some
cases reiterate. It is likely that by the 3rd generation GW de-
tector era our knowledge of the tidal response in BNS systems
will have significantly advanced through improved NR simu-
lations [44]. Current NR simulations have already shown that
modelling these tidal phase corrections using a PN formal-
ism, while qualitatively accurate, significantly underestimate

the tidal phase contribution [34–36]. In addition these same
studies suggest that it is possible to accurately model tidal ef-
fects up to the merger phase. Therefore we feel that our use
of the ISCO as the upper cut-off frequency of the PN wave-
forms is a well justified choice for this first estimate. We have
also neglected the effects of spin in our investigation which
we expect to contribute to the PN phase approximation at the
level of ∼0.3% [17]. This does not preclude the possibility
that marginalizing over uncertainties in spin parameters may
weaken our ability to determine the redshift. This seems un-
likely given the small expected spins in these systems, as well
as the difference inscalings between the spin terms and the

tidal terms, x
−1/2 and x

5/2 respectively, causing the tidal ef-
fects to dominate over spin in the final stage of the inspiral.
We also note that the Fisher information estimate of parame-
ter uncertainty is valid in the limit of SNR � 10 [38] and under
the assumption of Gaussian noise. As such, the results at low
SNR, and therefore those at high z, should be treated as lower
limits via the Cramer-Rao bound, on the redshift uncertainty.
We also mention here that since the tidal phase corrections
are, at leading order, formally of 5th PN order we have uncer-
tainty in the effect of the missing PN expansion terms in the
BNS waveform between the 3.5PN and 5PN terms. It is com-
forting to note that as the PN order is increased our results
on the redshift uncertainty do converge to the point of <1%
difference in accuracy between the 3 and 3.5PN terms imply-
ing (through extrapolation) that the missing PN terms (as yet
not calculated) would not effect our results. Future detailed
analysis following this work will complement Fisher based
estimates with Monte-Carlo simulations and/or Bayesian pos-
terior based parameter estimation techniques. Similarly, the
signal parameter space should be more extensively explored
beyond the canonical 1.4M⊙, equal mass case. In addition,
future work will also include BHNS systems which will also
contain, encoded within their waveforms, extractable redshift
information. Such systems are observable out to potentially
higher redshift although tidal effects will become less impor-
tant as the mass ratio increases [18? ]. Finally, we briefly
mention that GW detector calibration uncertainties in strain
amplitude (which for 1st generation detectors were typically
<10%) will only effect the determination of the luminosity
distance. Calibration uncertainties in timing typically amount
to phase errors of <1◦ and would be negligible in the determi-
nation of the redshift. Similarly, the effects of weak lensing
that would only affect the luminosity distance measurement
have been shown to be negligible for ET sources [4].

Conclusions—Current estimates on the formation rate of
BNS systems imply that in the 3rd generation GW detector
era there is the potential for up to ∼107 observed events per
year out to redshift z ≈ 4 [16]. The results presented here
suggest that redshift measurements at the level of ∼10% ac-
curacy can be achieved for each BNS event solely from the
GW observation. Such systems have long been known as GW
standard sirens [1], meaning that the luminosity distance can
be extracted from the waveform with accuracy determined by
the SNR coupled with the ability with which one is able to
infer the geometric orientation of the source. Using a large
number of sources all sharing the same redshift, the luminos-
ity distance (free of the orientation parameters) can be de-
termined statistically from the distribution of observed am-
plitudes. With the ability to extract both the luminosity dis-
tance and the redshift out to such cosmological distances and
from so many sources the precision with which one could then
determine the luminosity distance–redshift relation is signifi-
cantly enhanced. Current proposed methods for making cos-
mological inferences using GW standard sirens [3, 5, 45] rely
on coincident EM counterpart signals from their progenitors
in order to obtain the redshift. Our method would allow mea-
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TABLE II: A reproduction of the GW-interferometer geographical-locations, and arm-bisector orientations from Schutz [43]. We
include updated IndIGO information [44].

Detector Label Longitude Latitude Orientation

LIGO Livingston, LA, USA L 90◦46′27.3′′ W 30◦33′46.4′′ N 208.0◦(WSW)

LIGO Hanford, WA, USA H 119◦24′27.6′′ W 46◦27′18.5′′ N 279.0◦(NW)

Virgo, Italy V 10◦30′16′′ E 43◦37′53′′ N 333.5◦(NNW)

KAGRA (formerly LCGT), Japan J 137◦10′48′′ E 36◦15′00′′ N 20.0◦(WNW)

LIGO-India, India I 76◦26′ E 14◦14′ N 45.0◦(NE)

where,

a =
1

16
sin (2χ)[3− cos (2β)][3− cos (2θ)] cos [2(φ+ λ)]

+
1

4
cos (2χ) sinβ[3 − cos (2θ)] sin [2(φ+ λ)]

+
1

4
sin (2χ) sin (2β) sin (2θ) cos (φ + λ)

+
1

2
cos (2χ) cosβ sin (2θ) sin (φ + λ)

+
3

4
sin (2χ) cos2 β sin2 θ,

b =cos (2χ) sinβ cos θ cos [2(φ+ λ)]

−1

4
sin (2χ)[3− cos (2β)] cos θ sin [2(φ+ λ)]

+ cos (2χ) cosβ sin θ cos (φ + λ)

−1

2
sin (2χ) sin (2β) sin θ sin (φ+ λ). (10)

As a reference, we use a network comprising three 60◦

ET-D sensitivity interferometers at the Virgo location (a
single ET), plus right-angled interferometers at the
LIGO-Livingston and LIGO-India locations. The charac-
teristic distance reach of all of the interferometers in the
network is taken as 1591 Mpc, corresponding to ET-D
sensitivity [29]. This is the sensitivity of a 10 km right-
angle interferometer. We account for the different detec-
tor arm-opening angles in the antenna pattern functions.
The network SNR given by Eq. (8) also depends on

ζ(fmax), which describes the overlap of the signal power
with the detector bandwidth [25]. The frequency at the
end of the inspiral (taken to correspond to the ISCO)
is at

fmax =
785 Hz

1 + z

(

2.8M"

M

)

, (11)

where M is the total mass of the binary system [37].
The maximum binary system mass could conceivably
be ∼ 4.2M".2 The ET horizon distance for a system

2 Both neutron stars in the binary system would need to have
masses 2σ above the distribution mean at the maximum consid-
ered µ and σ, where µNS ∈ [1.0, 1.5]M#, σNS ∈ [0, 0.3]M#.

with a total mass of ∼ 4M" is ∼ 25 Gpc [16]. In the
ΛCDM cosmology this corresponds to a redshift of ∼ 2.9,
and from Eq. (11) this gives fmax ∼ 134 Hz. Given
the ET-D noise curve [29],

√

ζ(fmax = 134Hz) ! 0.98.
Extending the redshift reach out to z ∼ 5 still gives
√

ζ(fmax= 87Hz) ! 0.96. Thus, we feel justified in
adopting ζ(fmax) # 1 for all interferometers in the en-
suing analysis.
Using these expressions we were able to numerically

estimate the probability distribution for the effective Θ,

Θeff =

√

∑

k

Θ2
k, (12)

where the sum is over all detectors in the network. We
use this Θeff distrbution to choose SNRs for each source
in the catalogue via Eq. (5) and then impose a detection
criterion. As a reference, we adopt the detection criterion
that the network SNR must be greater than 8.

III. DNS SYSTEMS

A. Neutron-star mass distribution

For a full discussion of our assumptions and model-
ing details of the NS mass distribution in DNS systems,
see our previous work [22, and references therein]. We
provide here a brief summary of the main assumptions
pertinent to the present study.
To lowest order, the GW signal depends on the two

neutron star masses through the chirp mass, M. We
assume that the distribution of individual neutron star
masses is normal, as suggested by analysis of Galactic
DNS systems [45, 46], and population synthesis studies
(see, e.g., [38, 47, 48]). For σNS $ µNS, this should
also lead to an approximately normal distribution for the
chirp mass.
We use a simple ansatz for the relationship between

the chirp mass distribution parameters and the under-
lying neutron star mass distribution. The chirp mass
distribution is modeled as normal,

M ∼ N(µc,σ
2
c ),

with mean and standard deviation

µc ≈ 2(0.25)3/5µNS, σc ≈
√
2(0.25)3/5σNS, (13)

5

TABLE II: A reproduction of the GW-interferometer geographical-locations, and arm-bisector orientations from Schutz [43]. We
include updated IndIGO information [44].

Detector Label Longitude Latitude Orientation

LIGO Livingston, LA, USA L 90◦46′27.3′′ W 30◦33′46.4′′ N 208.0◦(WSW)

LIGO Hanford, WA, USA H 119◦24′27.6′′ W 46◦27′18.5′′ N 279.0◦(NW)

Virgo, Italy V 10◦30′16′′ E 43◦37′53′′ N 333.5◦(NNW)

KAGRA (formerly LCGT), Japan J 137◦10′48′′ E 36◦15′00′′ N 20.0◦(WNW)

LIGO-India, India I 76◦26′ E 14◦14′ N 45.0◦(NE)

where,

a =
1

16
sin (2χ)[3− cos (2β)][3− cos (2θ)] cos [2(φ+ λ)]

+
1

4
cos (2χ) sinβ[3 − cos (2θ)] sin [2(φ+ λ)]

+
1

4
sin (2χ) sin (2β) sin (2θ) cos (φ + λ)

+
1

2
cos (2χ) cosβ sin (2θ) sin (φ + λ)

+
3

4
sin (2χ) cos2 β sin2 θ,

b =cos (2χ) sinβ cos θ cos [2(φ+ λ)]

−1

4
sin (2χ)[3− cos (2β)] cos θ sin [2(φ+ λ)]

+ cos (2χ) cosβ sin θ cos (φ + λ)

−1

2
sin (2χ) sin (2β) sin θ sin (φ+ λ). (10)

As a reference, we use a network comprising three 60◦

ET-D sensitivity interferometers at the Virgo location (a
single ET), plus right-angled interferometers at the
LIGO-Livingston and LIGO-India locations. The charac-
teristic distance reach of all of the interferometers in the
network is taken as 1591 Mpc, corresponding to ET-D
sensitivity [29]. This is the sensitivity of a 10 km right-
angle interferometer. We account for the different detec-
tor arm-opening angles in the antenna pattern functions.
The network SNR given by Eq. (8) also depends on

ζ(fmax), which describes the overlap of the signal power
with the detector bandwidth [25]. The frequency at the
end of the inspiral (taken to correspond to the ISCO)
is at

fmax =
785 Hz

1 + z

(

2.8M"

M

)

, (11)

where M is the total mass of the binary system [37].
The maximum binary system mass could conceivably
be ∼ 4.2M".2 The ET horizon distance for a system

2 Both neutron stars in the binary system would need to have
masses 2σ above the distribution mean at the maximum consid-
ered µ and σ, where µNS ∈ [1.0, 1.5]M#, σNS ∈ [0, 0.3]M#.

with a total mass of ∼ 4M" is ∼ 25 Gpc [16]. In the
ΛCDM cosmology this corresponds to a redshift of ∼ 2.9,
and from Eq. (11) this gives fmax ∼ 134 Hz. Given
the ET-D noise curve [29],

√

ζ(fmax = 134Hz) ! 0.98.
Extending the redshift reach out to z ∼ 5 still gives
√

ζ(fmax= 87Hz) ! 0.96. Thus, we feel justified in
adopting ζ(fmax) # 1 for all interferometers in the en-
suing analysis.
Using these expressions we were able to numerically

estimate the probability distribution for the effective Θ,

Θeff =

√

∑

k

Θ2
k, (12)

where the sum is over all detectors in the network. We
use this Θeff distrbution to choose SNRs for each source
in the catalogue via Eq. (5) and then impose a detection
criterion. As a reference, we adopt the detection criterion
that the network SNR must be greater than 8.

III. DNS SYSTEMS

A. Neutron-star mass distribution

For a full discussion of our assumptions and model-
ing details of the NS mass distribution in DNS systems,
see our previous work [22, and references therein]. We
provide here a brief summary of the main assumptions
pertinent to the present study.
To lowest order, the GW signal depends on the two

neutron star masses through the chirp mass, M. We
assume that the distribution of individual neutron star
masses is normal, as suggested by analysis of Galactic
DNS systems [45, 46], and population synthesis studies
(see, e.g., [38, 47, 48]). For σNS $ µNS, this should
also lead to an approximately normal distribution for the
chirp mass.
We use a simple ansatz for the relationship between

the chirp mass distribution parameters and the under-
lying neutron star mass distribution. The chirp mass
distribution is modeled as normal,

M ∼ N(µc,σ
2
c ),

with mean and standard deviation

µc ≈ 2(0.25)3/5µNS, σc ≈
√
2(0.25)3/5σNS, (13)

5

TABLE II: A reproduction of the GW-interferometer geographical-locations, and arm-bisector orientations from Schutz [43]. We
include updated IndIGO information [44].
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KAGRA (formerly LCGT), Japan J 137◦10′48′′ E 36◦15′00′′ N 20.0◦(WNW)

LIGO-India, India I 76◦26′ E 14◦14′ N 45.0◦(NE)
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teristic distance reach of all of the interferometers in the
network is taken as 1591 Mpc, corresponding to ET-D
sensitivity [29]. This is the sensitivity of a 10 km right-
angle interferometer. We account for the different detec-
tor arm-opening angles in the antenna pattern functions.
The network SNR given by Eq. (8) also depends on

ζ(fmax), which describes the overlap of the signal power
with the detector bandwidth [25]. The frequency at the
end of the inspiral (taken to correspond to the ISCO)
is at

fmax =
785 Hz
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2.8M"

M

)

, (11)

where M is the total mass of the binary system [37].
The maximum binary system mass could conceivably
be ∼ 4.2M".2 The ET horizon distance for a system

2 Both neutron stars in the binary system would need to have
masses 2σ above the distribution mean at the maximum consid-
ered µ and σ, where µNS ∈ [1.0, 1.5]M#, σNS ∈ [0, 0.3]M#.

with a total mass of ∼ 4M" is ∼ 25 Gpc [16]. In the
ΛCDM cosmology this corresponds to a redshift of ∼ 2.9,
and from Eq. (11) this gives fmax ∼ 134 Hz. Given
the ET-D noise curve [29],
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ζ(fmax = 134Hz) ! 0.98.
Extending the redshift reach out to z ∼ 5 still gives
√

ζ(fmax= 87Hz) ! 0.96. Thus, we feel justified in
adopting ζ(fmax) # 1 for all interferometers in the en-
suing analysis.
Using these expressions we were able to numerically

estimate the probability distribution for the effective Θ,

Θeff =

√

∑

k

Θ2
k, (12)

where the sum is over all detectors in the network. We
use this Θeff distrbution to choose SNRs for each source
in the catalogue via Eq. (5) and then impose a detection
criterion. As a reference, we adopt the detection criterion
that the network SNR must be greater than 8.

III. DNS SYSTEMS

A. Neutron-star mass distribution

For a full discussion of our assumptions and model-
ing details of the NS mass distribution in DNS systems,
see our previous work [22, and references therein]. We
provide here a brief summary of the main assumptions
pertinent to the present study.
To lowest order, the GW signal depends on the two

neutron star masses through the chirp mass, M. We
assume that the distribution of individual neutron star
masses is normal, as suggested by analysis of Galactic
DNS systems [45, 46], and population synthesis studies
(see, e.g., [38, 47, 48]). For σNS $ µNS, this should
also lead to an approximately normal distribution for the
chirp mass.
We use a simple ansatz for the relationship between

the chirp mass distribution parameters and the under-
lying neutron star mass distribution. The chirp mass
distribution is modeled as normal,

M ∼ N(µc,σ
2
c ),

with mean and standard deviation

µc ≈ 2(0.25)3/5µNS, σc ≈
√
2(0.25)3/5σNS, (13)
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for local studies due to the divergence at high redshift.
The Shafieloo-Sahni-Starobinsky ansatz [69] models the
EOS evolution as a “tanh” form that ensures w = −1
at early times and w → 0 at low z. This ansatz pre-
vents the crossing of the “phantom divide” at w = −1,
desirable since phantom fluids can not be explained by a
minimally coupled scalar field [68]. The ansatz we adopt
in this work is the CPL ansatz [68, 70]

w(a) = w0 + wa(1 − a),

w(z) = w0 + wa

(

z

1 + z

)

. (22)

This ansatz was adopted by the Dark Energy Task Force
[71], and has several desirable features. It depends on
only two free parameters, it reduces to the linear model
at low z, and it is well behaved at high redshift, tending
to w0 + wa. Using this EOS

ΩΛ(z) = ΩΛ,0 × (1 + z)3(1+w0+wa) × e−3wa( z
1+z ). (23)

For different global geometries of the Universe the lu-
minosity distance, DL, is given by,

DL(z|C) = (1 + z)× F(z|C),

where,

F(z|C) =



















DH√
Ωk,0

sinh
(

√

Ωk,0
Dc(z|C)

DH

)

, Ωk,0 > 0,

Dc(z|C), Ωk,0 = 0,
DH√
|Ωk,0|

sin
(

√

|Ωk,0|Dc(z|C)
DH

)

, Ωk,0 < 0,

(24)
in which DH is the Hubble scale (c/H0) and
C={H0,Ωm,0,ΩΛ,0,Ωk,0, w0, wa} is the set of cosmologi-
cal parameters describing the large scale characteristics
of the universe.
The comoving radial distance, Dc(z), is given by,

Dc(z) = DH

∫ z

0

dz′

E(z′)
, (25)

where E(z) is given by Eq. (17). The redshift derivative
of the comoving volume is given generally by

dVc

dz
= 4πDH

DL(z)2

(1 + z)2E(z)
. (26)

V. MAKING & ANALYSING DNS
CATALOGUES

We refer the reader to our previous study [22] for full
details of our calculation, but we summarise the main
details here.

A. Distribution of detectable DNS systems

The two system properties we will use in our analysis
are the redshifted chirp mass, Mz, and the luminosity
distance, DL. We assume that only systems with an SNR
greater than a given threshold will be detected. We can
write down the distribution of the number of events per
unit time in the observer’s frame with M, z and effective
Θ [25, 38],

d4N

dtdΘdzdM =
dVc

dz

ṅ(z)

(1 + z)
P(M)PΘ(Θ). (27)

The 1/(1 + z) factor accounts for the redshifting of the
merger rate [38].
Converting this to a distribution inMz, DL and ρ, and

integrating over ρ to find the distribution of detectable
systems (i.e., systems above SNR threshold) gives

d3N

dtdDLdMz

∣

∣

∣

∣

ρ>ρ0

=
dz

dDL

dVc

dz

ṅ(z)

(1 + z)2
× P

(

Mz

1 + z

∣

∣

∣

∣

DL

)

× CΘ

[

ρ0
8

DL

r0

(

1.2M#

Mz

)5/6
]

,

(28)

where the form of (dz/dDL) will depend on the curvature
of the Universe (see Eq. (24)).
To calculate the number of detected systems (given

a set of model parameters, −→µ ) we integrate over this
distribution, which is equivalent to integrating the dis-
tribution over redshift and chirp mass, i.e. Nµ = T ×
∫∞
0

∫∞
0

(

d3N
dtdzdM

)

dzdM, where T is the duration of the

observation run.4

B. Creating mock catalogues of DNS binary
inspiraling systems

The model parameter space we investigate is the 7D
space of [w0, wa, µNS,σNS,α,β1,β2]. To generate a cata-
logue of events, we choose a set of reference parameters,
motivated by previous analysis in the literature. For our
reference cosmology, we adopt H0 = 70.4 kms−1Mpc−1,
Ωm,0 = 0.2726, ΩΛ,0 = 0.728, w0 = −1.0 and wa = 0.0
[72]. The reference parameters of the neutron star mass
distribution are µNS = 1.35M# and σNS = 0.06M# [45].
We have previously discussed the delay-time distribution
and SFR density in Sec. III B. We adopt a power-law
merger-delay distribution with reference power-law index

4 We found that, for the purposes of the calculation, assuming the
NS mass distribution was a δ-function, centred at the mean given
by the trial parameters, allowed at least a ten-fold speed-up in
the calculation. See Appendix B for further details.
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Cosmology with the lights off: standard sirens in the Einstein Telescope era
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We explore the prospects for constraining cosmology using gravitational wave (GW) observations
of neutron star binaries by the proposed Einstein Telescope (ET), exploiting the narrowness of
the neutron star mass function. This builds on our previous work in the context of advanced era
gravitational-wave (GW) detectors. Double neutron star (DNS) binaries are expected to be one of
the first sources detected after “first-light” of Advanced LIGO. DNS systems are expected to be
detected at a rate of a few tens per year in the advanced era but the proposed Einstein Telescope
(ET) could catalogue tens, if not hundreds, of thousands per year. Combining the measured source
redshift distributions with GW-network distance determinations will permit not only the precision
measurement of background cosmological parameters, but will provide an insight into the astro-
physical properties of these DNS systems. Of particular interest will be to probe the distribution
of delay times between DNS-binary creation and subsequent merger, as well as the evolution of
the star-formation rate density within ET’s detection horizon. Keeping H0, Ωm,0 and ΩΛ,0 fixed
and investigating the precision with which the dark energy equation-of-state parameters could be
recovered, we found that with 105 detected DNS binaries we could constrain these parameters to an
accuracy similar to forecasted constraints from future CMB+BAO+SNIa measurements. Further-
more, modeling the merger delay-time distribution as a power-law (∝ tα) and the star-formation
rate (SFR) density as a parametrised version of the Porciani and Madau SF2 model, we find that
the associated astrophysical parameters are constrained to within ∼ 10%. All parameter precisions
scaled as 1/

√
N , where N is the number of catalogued detections. We also investigated how param-

eter precisions varied with the intrinsic underlying properties of the Universe and with the distance
reach of the network (which is affected, for instance, by the lower frequency cutoff of the detector).
We also consider various sources of distance measurement errors in the third-generation era, and
how these can be folded into the analysis.

PACS numbers:

I. INTRODUCTION

The era of advanced gravitational-wave (GW) detec-
tors is approaching quickly. The previous decade has
seen significant improvements in the sensitivity of GW-
interferometers, leading to the construction and opera-
tion of two LIGO (Laser Interferometer Gravitational-
wave Observatory [1]) detectors in the USA, GEO-600 in
Germany [2], Virgo in Italy [3] and TAMA-300 in Japan
[4]. The latter detector was designed as a testbed to
develop new technologies for the proposed underground,
cryogenically-cooledKAGRA (formerly LCGT [5]) detec-
tor [6]. The LIGO, Virgo and GEO-600 detectors have
conducted joint searches since 2007.

The most promising source for the first detection
of gravitational waves is the inspiral and merger of a
compact-object binary consisting of neutron stars (NSs)
and/or black holes (BHs) [7]. The first joint search
for compact binary coalescence signals during the LIGO
S5 science run and the Virgo VSR1 data did not re-

∗email: staylor@ast.cam.ac.uk
†email: jgair@ast.cam.ac.uk

sult in direct detections [8], nor did the “enhanced” de-
tector search during the LIGO S6 science run and the
Virgo VSR2+3 data [9]. Furthermore, the upper lim-
its placed on compact-binary coalescence rates from the
latter search remain two to three orders of magnitude
above existing astrophysically predicted rates. How-
ever, the LIGO detectors are currently being upgraded
to their “advanced” configuration [10], due for comple-
tion in ∼ 2015, for which the horizon distance for NS-NS
inspiral detection will be boosted to ∼ 450 Mpc, giving
an almost thousand-fold gain in volume sensitivity of the
detectors. The advanced detectors are expected to detect
double NS inspirals at a rate of ∼ 40 yr−1, although this
may vary by approximately two orders of magnitude in
either direction [11].

Complementing AdLIGO will be a global network of
advanced detectors, including AdVirgo [12], KAGRA [6]
and possibly a third LIGO detector in India, LIGO-
India [13]. There are currently no prospects for a South-
ern Hemisphere GW-interferometer operating in the ad-
vanced era. A global network comprising these detectors
will help turn the field from the search for the first de-
tection, into a precise astronomical tool.

The GWs emitted by a compact binary system directly
encode the redshifted masses and luminosity distance of
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FIG. 3: Marginalised 2D posterior distributions for the reference catalogue of 4500 detections. Only those 2D distributions showing
correlations between parameters are shown. The reference parameters are µNS = 1.35M!, σNS = 0.06M!, w0 = −1, wa = 0, α = −1
and β1 = β2 = 3.4.
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β1 = 3.4.

D. Including and accounting for errors

Distance measurements from a third-generation GW-
interferometer network will not be error-free. Whilst a
network consisting of a single ET plus one other right-
angle interferometer can place constraints on a source’s
sky-location and luminosity distance, the precisions of
these properties are improved to almost the 3-ET net-
work level by the inclusion of a second additional right-
angle interferometer [36]. The redshifted chirp mass is
expected to be very well constrained (! 0.5% error [40]),

and so we ignore measurement errors in this parameter.
We assume the error in the luminosity distance arising
from instrumental noise scales as ∼ 1/ρ, and include the
effects of weak-lensing as a further source of error. The
weak-lensing error on luminosity distance measurements
at z ∼ 1 is approximately 5%, and we linearly extrapo-
late this to all other redshifts [16, 17, 79, 80]. Whilst sev-
eral techniques have been proposed to reduce this weak-
lensing error [e.g. 81, 82, and references therein], we
assume no correction has been done, corresponding to a
worst-case.
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ET Distance Reach to Coalescing Binaries
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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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Gravitational Wave Backgrounds
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GW observations tell us about ...
Cosmography
Verify 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
Confirm the nature black hole seeds, their masses and demographics
Explore hierarchical growth of central engines of black holes

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 produces 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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