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In Newton’s law of gravity the gravitational field satisfies the Poisson 
equation:

Gravitational field is described by a scalar field, the interaction is 
instantaneous and no gravitational waves.

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

in Lorentz gauge, i.e.                         Einstein’s equations reduce to wave 
equations in the metric perturbation:

Here                                                                 is the trace-reverse tensor.

What are Gravitational Waves? 
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Mathematics of linearized theory

• In linearized theory metric is nearly that of flat spacetime:

ds2 = (ηαβ + hαβ) dxαdxβ, |hαβ| ! 1.

• Define trace-reversed metric perturbation h̄αβ = hαβ − 1
2ηαβηµνhµν and

adopt Lorentz gauge:
h̄αβ

,β = 0,

where a subscripted comma denotes the partial derivative with respect
to the coordinate associated with the index that follows the comma.
Lorentz gauge is just a gauge (coordinate) choice: four equations use up
4 degrees of freedom to specify spacetime coordinates. Initial data for
these equations is still free.

• In Lorentz gauge, the Einstein field equations are just a set of decoupled
wave equations



−
∂2

∂t2
+ ∇2



 h̄αβ = −16πT αβ.

• To understand propagation, it is easiest to look at plane waves:

h̄αβ = Aαβ exp(2πıkµx
µ),

for constant amplitudes Aαβ and wave vector kµ. Then the Einstein
equations imply that the wave vector is null kαkα = 0 (propagation at
the speed of light), and the gauge condition implies that the amplitude
and wave vector are orthogonal, Aαβkβ = 0.

• Further gauge conditions (adjustments of the initial data for the Lorentz
gauge equations) are possible. Just state them here: we will explicitly
construct them in Chapter 4. We can demand that

1. A0β = 0 ⇒ Aijkj = 0: Transverse wave; and

2. Aj
j = 0: Traceless wave amplitude.

These conditions can only be applied outside a sphere surrounding the
source. Together, they put the metric into the transverse-traceless (TT)
gauge. In TT gauge, h̄αβ = hαβ .
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Luminosity  = Asymmetry factor x (v/c)10 

                        = Asymmetry factor x (M/R)5

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

Amplitude from a source of size R at a distance D is
h = (Asymmetry factor) (M/D) (M/R)

Gravitational wave detectors are essentially detectors of neutron 
stars and black holes

Frequency of the waves is the dynamical frequency  f ~ √Gρ
For binaries dominant gravitational-wave frequency is twice the orbital 
frequency: A binary of 20 solar masses merges at a frequency of 200 Hz

Polarization is determined from a network of detectors
A single detector is sensitive only to a linear combination of the two polarizations 

Gravitational Wave Observables
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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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Frequency-Mass Diagram For Compact Binaries
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Overview of the Talk
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Ultra Low Frequency
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Planck Satellite
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Planck Temperature Fluctuations
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Primordial Background and New Physics

Horizon scale stochastic 
radiation
Gravitational waves can 
cause

Temperature anisotropies as 
well as specific polarization 
modes in CMB photons

Detection can determine the 
energy scale of inflation

Larger the energy scale greater 
is the strength of the 
background

New physics
Need to have extra dimensions 
required by string theory
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Very Low Frequency
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Pulsar timing arrays:
Use millisecond pulsars (MSPs) to detect 

gravitational waves

12

Wednesday, 26 June 2013



13
! !

!"#$%&'()*)+,'-&&%./''%',%#%01)02$0%#3',&%4)1%1)5+%#'6%43'
7313015&8

93+$)1)43'15'43&.'#56':&3;"3+0.'<=+>?@',&%4'6%43$8

Wednesday, 26 June 2013



! !

!"#$%&'()*)+,'-&&%.$'%&/"+0'123'4/&#05

!%&63$'!"#$%&'()*)+,'-&&%.'7!!(-8

9"&/:3%+'!"#$%&'()*)+,'-&&%.'79!(-8

;/&12'-*3&)<%+';%+/23&1='
>?$3&@%1/&.'A/&'B&%@)1%1)/+%#'C%@3$'
7;-;>B&%@8

D+'</*?)+%1)/+E'D+13&+%1)/+%#'!"#$%&'
()*)+,'-&&%.'7D!(-8F

14

Wednesday, 26 June 2013



Black Holes Undergo Frequent Merger

15

Wednesday, 26 June 2013



Upper Limits on GW Stochastic Background
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Low Frequency
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LISA: Laser 
Interferometer 
Space Antenna 
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eLISA

!e Gravitational Universe – !e eLISA Space Gravitational Wave Observatory 13

!"#$%&'()$(*)+#$,-).'!)!'/0)&$

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].

1233245$6%3275
#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.

*78879:$;087<:
#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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Growth of Supermassive Black holes

Mayer et al,  Science 2007, 316, 1874
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Visibility of SMBBH in eLISA

Plot shows SNR 
contours as a 
function of 
intrinsic total 
mass and redshift
Cosmological 
redshift makes 
binaries appear 
more massive than 
they actually are
Even at z=20 SNRs 
can be pretty large
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Understanding Black Hole Populations

34 Scientific Objectives
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Figure 2.17.: The figure shows constant-contour levels of the sky and polarisation angle averaged signal-to-noise ratio

(SNR) for non-spinning binaries, at cosmological redshift z = 1 (left panel) and z = 4, (right panel) in the M–q plane,

where M is the total mass of the binary in the source rest frame, and q is the mass ratio. The SNR is computed from the full

non spinning PhenomC waveform including inspiral, merger and ring-down, as in figure 2.16.

waveforms constructed in frequency domain as described in S��������� �� ��. (����). Self consistent waveforms
of this type are available for non spinning binaries and for binaries with aligned spins (the so called PhenomC
waveforms). In the case of binaries with misaligned spins, we use hybrid waveforms stitching together precessing
PN waveforms for inspiral to PhenomC waveforms for the merger and ring-down by projecting the orbital angular
momentum and individual spins onto the final momentum of the distorted black hole after merger. Given a
waveform model we can probe NGO performances by computing the SNR generated in the detector by a GW
source with any given set of parameters, in the relevant astrophysical range.

Detector performance

Figure 2.16 shows NGO SNR contour plots of equal mass coalescing binaries, in the rest-frame-total mass M and
redshift z plane. Here we use PhenomC waveforms for non spinning binaries, and the SNR is averaged over all
possible source sky locations and wave polarisation, for one-year observation. The plot highlights the capabilities
of NGO in covering almost all the mass-redshift parameter space relevant to massive black hole astrophysics. It
is of importance to emphasise that current electromagnetic observations are probing only the tip of the massive
black hole distribution in the universe. Our current knowledge of massive black holes is bound to instrument flux
limits, probing only the mass range 107 M⊙ – 109 M⊙ at 0 � z � 7. Conversely, NGO will be able to detect the
gravitational waves emitted by sources with total mass (in the source rest frame) as small as 104 M⊙, inaccessible
to any other astrophysical probe, except in the near neighbourhoods. A binary with total mass in the interval
104 M⊙ – 107 M⊙ can be detected out to a redshift as remote as z ∼ 20 with a SNR � 10. By contrast, a binary
as massive as a few 108 M⊙ can be detected with high SNR in our local universe (z � 1). Binaries with total
mass between 105 M⊙ – 107 M⊙ can be detected with a SNR � 100, between 0 � z � 5. These intervals in mass
and redshift can be considered as optimal for the census of the black hole population in the universe.

Figure 2.17 shows constant-contour levels of the SNR expected from binaries with different mass ratios q
(defined as q = m2/m1 where m2 is the mass of the less massive black hole in the binary) located at redshift z = 1
and z = 4. The plots show first the fading of the signal that occurs with decreasing q, as unequal mass binaries
have lower strain amplitudes than equal mass binaries. Plots show also the fading of the signal with increasing
redshift, and thus with increasing luminosity distance. Notice however that even at z = 4, binaries in the mass
range 105 M⊙ – 107 M⊙ with mass ratio q � 10−1 can be detected with SNR � 20.

z=1                                                             z=4

BBH Mergers in NGO are Loud: 
Enables accurate measurement of masses and spins

Masses can be measured to an accuracy of 0.1% to 1%
Absolute errors in dimensionless spin in the range 0.01 to 0.1
For sources within z=1 distance could be measured to within 1-10%

Slide from E. Berti
Tuesday, 15 January 2013

Masses can be measured to an accuracy of 0.1% to 1%
Absolute errors in dimensionless spin in the range 0.01 to 0.1
For sources within z=1 distance could be measured to within 1 to 10%
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Milky Way’s black hole - a 4 million solar mass monster
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Measuring the Kerr Geometry
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High Frequency
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World Network of Gravitational Wave Detectors
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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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Advanced Detectors: 
Ca 2015-2025
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Detector Beam Pattern Function

Gives the sensitivity 
of a detector to 
sources at different 
parts of the sky
For a single 
detector the beam 
is a quadrupole
For a network of 5 
or more globally 
distributed 
detectors the 
pattern can 
essentially become 
isotropic
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Challenge of Gravitational Wave Searches
A network of 
gravitational wave 
detectors is always on 
and sensitive to most of 
the sky
Signals can be 
milliseconds long or 
last for years
Multiple signals could 
be in band but with 
different amplitudes
We can integrate and 
build SNR by coherently 
tracking signals in 
phase
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Advanced Detectors: Schedule and Sensitivity
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Early (2016−17, 40 ± 20 Mpc)

Mid (2017−18, 70 ± 15 Mpc)

Late (2018−20, 100 ± 15 Mpc)
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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.

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

Epoch Duration LIGO Virgo Detections Area (deg
2
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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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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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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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Beyond Advanced Detectors:
Einstein Telescope
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Gravity Gradient Limits Detectors on Ground
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Gravity Gradient Limits Detectors on Ground

100 101 102 103 104

Frequency (Hz)

10-25

10-24

10-23

10-22

10-21
N

oi
se

 a
m

pl
itu

de
 sp

ec
tru

m
 (p

er
 !

H
z)

Early (2015, 40-80 Mpc)
Mid (2016-17, 80-120 Mpc)
Late (2017-2018, 120-170 Mpc)
Design (2019, 200 Mpc)
BNS-optimized (215 Mpc)

40

Wednesday, 26 June 2013



Gravity Gradient Limits Detectors on Ground
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2008-2011 
European 
Conceptual 
Design Study

2013-2016 
ET R&D

Underground 
detectors 
should have 
Significant 
reduction in 
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ET Topology
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ET’s Null Stream
Given a network of (two collocated and three or more 
non-collocated) detectors it is possible to construct a 
linear combination of the responses that is completely 
devoid of any gravitational waves
For detectors that are not collocated different linear 
combinations are required for different directions on the sky

For ET the linear combination is the same for all 
directions on the sky
It is just the sum of the responses from the three triangular 
detectors
This is called the null stream and contains no gravitational wave 
signals
Extremely useful for understanding detector noise

43

Wednesday, 26 June 2013



100 101 102 103 104

Frequency (Hz)

10-25

10-24

10-23

10-22

10-21

Si
gn

al
 s

tre
ng

ht
s 

an
d 

se
ns

iti
vi

tie
s 

(H
z-1

/2
)

NS
 ε=
10

−6  10
 kp

c

iLIGO

aLIGO

Sco-X1

f-m
od

e

BBH 250 Mpc

Ω
=10 −9

BNS 450 Mpc

LM
XB

s

1 kpc

Ω
=10 −7

Crab

ε=10
−6

E~
10

-1
2 M

O.

10 kpc

NS
 ε=
10

−8  10
 kp

c

Sources in advanced detectors

44

Wednesday, 26 June 2013



Sources in ET
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Fundamental Physics, Astrophysics and Cosmology with
Ground Based Detectors
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Cosmology
Cosmography
Strengthen existing distance calibrations at high z
Calibration-free measurements of distance and cosmological 
parameters 

Black hole seeds
Black hole seeds could be stellar mass or intermediate mass black holes
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 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 47
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Probing black hole mergers at z ~ 10-20
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ABSTRACT

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

waves

1. INTRODUCTION

1.1. Overview

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

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

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

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

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

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

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

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

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

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

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

Perhaps the most important follow-up would be to in-
clude the impact of spin. Although the impact of neutron
star spin is likely to be small, it may not be negligible;
and, for NS-BH systems, the impact of the black hole’s
spin could be significant. Spin induces precessions in
the binary which can make the orientation of the orbit,
L̂, dynamical. That in turn makes the observed incli-
nation dynamical, which can break the DL–cos ι degen-
eracy. Van der Sluys et al. (2008) have already shown
that spin precession physics vastly improves the ability
of ground-based detectors to determine a source’s posi-
tion on the sky; we are confident that a similar analysis
which assumes sky position will find that measurements
of source distance and inclination can likewise be im-
proved.
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ET: Measuring Dark Energy and Dark Matter
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Figure 3. Scatter plot of the retrieved values for (!", w), with 1-σ , 2-σ and 3-σ contours, in the
case where weak lensing is not corrected.

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

3.3. Effect of unknown orientation and polarization

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

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

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

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

7

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

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

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

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

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

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

II. GRAVITATIONAL WAVE SOURCES AS A KIND OF STANDARD SIRENS

A. The expanding Universe and the dark energy

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

ds2 = −dt2 + a2(t)

{

dr2

1 − kr2
+ r2dθ2 + r2 sin2 θdφ2

}

, (1)

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

(

ȧ

a

)2

≡ H2 =
8πGρtot

3
−

k

a2
,

ä

a
= −

4πG

3
(ρtot + 3ptot), (2)

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

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

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

The evolution of dark energy is determined by the equation

ρ̇de + 3H(ρde + pde) = 0, (4)

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

ρde = ρde0 × E(z), (5)

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

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

2

Baskaran, Van Den Broeck, Zhao, Li, 2011 51
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Fundamental Physics
The two body problem in general relativity
Properties of gravitational waves
Testing GR beyond the quadrupole formula 
How many polarizations are there?
Do gravitational waves travel at the speed of light?

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

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

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

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

52
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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 

The shape of the signal contains information about the binary
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Binary black hole waveforms

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

Increasing Spin

54See SB’s talk on July 5
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Testing Black Hole No-Hair Theorem

Deformed black holes are unstable; they emit energy in 
their deformation as gravitational waves
Superposition of damped waves with many different frequencies 
and decay times
In Einstein’s theory, frequencies and decay times all depend only 
on the mass M and spin j of the black hole

Measuring two or modes would constrain Einstein’s 
theory or provide a smoking gun evidence of black holes
If modes depend on other parameters (e.g., the structure of the 
central object), then test of the consistency between different 
mode frequencies and damping times would fail

The amplitude of the modes cary additional information 
about what caused the deformity

Dreyer et al (2004), Berti, Cardoso, Will (2006), Berti Cardoso, Cardoso, Cavaglia (2007) 55
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Astrophysics
Unveiling progenitors of short-hard GRBs

Understand the demographics and different classes of short-hard GRBs

Understanding Supernovae
Astrophysics of gravitational collapse and accompanying supernova?

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

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

Ellipticity of neutron stars as small as 1 part in a billion (10μm)
Mountains of what size can be supported on neutron stars?

NS spin frequencies in LMXBs
Why are spin frequencies of neutron stars in low-mass X-ray binaries 
bounded?

Onset/evolution of relativistic instabilities
CFS instability and r-modes 56
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Binary Neutron Stars

These are systems we 
know exist and we should 
see them
Rates are highly uncertain

Advanced detectors could 
see events in the range 0.5 to 
400 per year

Observed event rates will 
constrain models of 
formation and evolution of 
compact binaries
Can measure masses and 
spins and possibly 
equation of state of supra-
nuclear matter

57See SB’s talk on July 5
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Progenitors of GRBs
What causes these 
giant explosions?
What are the 
different classes of 
GRBs?
Synergy between EM 
and GW Astronomy
Distances measured 
with GW
Redshift measured 
with EM
Could potentially be 
very useful for 
cosmography

58See SB’s talk on July 5
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Gravitational Astronomy
We expect gravitational waves to be detected before the end of this decade

Detections could come from either Pulsar Timing Arrays or interferometers

Scientific potential of future detectors, eLISA and ET, is huge
Fundamental Physics

Is the nature of gravitational radiation as predicted by Einstein?

Is Einstein theory the correct theory of gravity?
Are black holes in nature black holes of GR and are there naked singularities?

Astrophysics
What is the nature of gravitational collapse?
What is the origin of gamma ray bursts?

What is the structure of neutron stars and other compact objects?

Cosmology
How did massive black holes at galactic nuclei form and evolve?
What is dark energy?
What phase transitions took place in the early Universe?
What were the physical conditions at the big bang and what role did quantum gravity in 
the early evolution of the Universe 59

Wednesday, 26 June 2013


