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Science with GW
Was Einstein right?

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

Unsolved problems in 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 phase transitions took place in the early Universe?

Fundamental questions
What were the physical conditions at the big bang?
What is dark energy?
Are there really  ten spatial dimensions?
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Expected Future Sensitivities
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ET’s Distance Reach Vs Observed  Mass
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From Observed Mass to Physical Mass
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Expected Annual Coalescence Rates

BNS NS-BH BBH

Initial LIGO
(2002-06)

0.02 0.006 0.009

Advanced LIGO 
x12 sensitivity (2014+)

40 10 20

Einstein Telescope Millions 100,000 Millions

Rates quoted are mean of the distribution; In a 95% 
confidence interval, rates uncertain by 3 orders of magnitude
Rates are quoted for

Binary Neutron Stars (BNS) 
Binary Black Boles (BBH)
Neutron Star-Black Hole binaries (NS-BH) 
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Astrophysics
Unveiling progenitors of short-hard GRBs

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

Understanding Supernovae
Astrophysics of gravitational collapse and accompanying supernova?

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

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

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

Could reveal the composition and structure of neutron star cores

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

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

Onset/evolution of relativistic instabilities
CFS instability and r-modes
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FIG. 2: The merger rate dR/dz on our past light cone versus redshift. A thin dotted blue line
extrapolates the Milky Way double neutron star merger rate to the universe using Eq. 2.7, which
assumes assuming their merger rates trace the star formation history [126] and that the Milky
Way forms stars at a rate dM/dtMW ! ρ̇MW /nmw = 3M! yr−1. More detailed calculations that
account for the finite delay between binary birth and merger are shown in the two sold lines for
NS-NS (blue) and BH-NS (green) binaries. These delays insure ET will probe the redshift region
where most binaries merge.

6. Expected coalescence rates

Black holes or neutron stars are expected to form after Type II supernovae, which occur
roughly once a century in galaxies like our own. Most stars seem to form in binaries binaries;
a fraction of compact binary progenitors will survive the kicks that supernovae impart; and
roughly half of the remaining low-mass binaries (BH-NS; NS-NS) will inspiral and eventually
merge through the gradual emission of radiation. With roughly nmw = 0.01 Milky Way-like
galaxy per Mpc3, we anticipate a rate per comoving volume ρc large enough to permit many
detections even for advanced-LIGO scale detectors (Table I). For example, the binary pulsar

population in the Milky Way implies a local NS-NS merger rate ρ(NS−NS)
c ! 0.2− 6 Myr−1

Mpc−3 [69, 137, 138].
With its vastly greater sensitivity, the Einstein Telescope will reach deep back into the

universe. Due to an enhanced the star formation rate between z ! 1−3 [126], ET will probe
a regime of possibly significantly enhanced compact object merger rates [171, 172, 198]. By
way of illustration, because double neutron stars have a relatively short delay time, their
formation rate roughly traces the star formation rate of the universe [198]. For example,
assuming all gas forms stars similar to the present day Milky Way, the current Milky Way
compact object merger rate (RMW = ρcnMW ) and star formation rate per volume (ρ̇MW )
allow us rescale the total star formation rate of the universe (ρ̇SFR) into an instantaneous
merger rate per unit volume (RmwnMW ρ̇SFR/ρ̇MW ). The total merger rate follows by adding
up all contributions on the past light cone out to ET’s sensitivity limit, via an estimate for
the star formation rate ρ̇SFR [126, 171] (cf. Figure 2, which adopts a more realistic model):

dR

dz
=

dVc

dz

R(t)

1 + z
! dVc

dz
ρ(NS−NS)

c

ρ̇SFR/ρ̇MW

1 + z
. (2.7)

Depending on the target sensitivity and beampattern of the ET network, the expected
detection rate is roughly proportional to the integral of this rate up to some peak redshift.
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Probing Star Formation Rate
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extrapolates the Milky Way double neutron star merger rate to the universe using Eq. 2.7, which
assumes assuming their merger rates trace the star formation history [126] and that the Milky
Way forms stars at a rate dM/dtMW ! ρ̇MW /nmw = 3M! yr−1. More detailed calculations that
account for the finite delay between binary birth and merger are shown in the two sold lines for
NS-NS (blue) and BH-NS (green) binaries. These delays insure ET will probe the redshift region
where most binaries merge.

6. Expected coalescence rates

Black holes or neutron stars are expected to form after Type II supernovae, which occur
roughly once a century in galaxies like our own. Most stars seem to form in binaries binaries;
a fraction of compact binary progenitors will survive the kicks that supernovae impart; and
roughly half of the remaining low-mass binaries (BH-NS; NS-NS) will inspiral and eventually
merge through the gradual emission of radiation. With roughly nmw = 0.01 Milky Way-like
galaxy per Mpc3, we anticipate a rate per comoving volume ρc large enough to permit many
detections even for advanced-LIGO scale detectors (Table I). For example, the binary pulsar

population in the Milky Way implies a local NS-NS merger rate ρ(NS−NS)
c ! 0.2− 6 Myr−1

Mpc−3 [69, 137, 138].
With its vastly greater sensitivity, the Einstein Telescope will reach deep back into the

universe. Due to an enhanced the star formation rate between z ! 1−3 [126], ET will probe
a regime of possibly significantly enhanced compact object merger rates [171, 172, 198]. By
way of illustration, because double neutron stars have a relatively short delay time, their
formation rate roughly traces the star formation rate of the universe [198]. For example,
assuming all gas forms stars similar to the present day Milky Way, the current Milky Way
compact object merger rate (RMW = ρcnMW ) and star formation rate per volume (ρ̇MW )
allow us rescale the total star formation rate of the universe (ρ̇SFR) into an instantaneous
merger rate per unit volume (RmwnMW ρ̇SFR/ρ̇MW ). The total merger rate follows by adding
up all contributions on the past light cone out to ET’s sensitivity limit, via an estimate for
the star formation rate ρ̇SFR [126, 171] (cf. Figure 2, which adopts a more realistic model):
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Depending on the target sensitivity and beampattern of the ET network, the expected
detection rate is roughly proportional to the integral of this rate up to some peak redshift.

Galactic rate extended to 
cosmological distances

BNS with delay

NS-BH with delay

Regimbau and Hughes (2009)
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Supernovae
Standard candles of astronomy

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

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

They are precursors to formation of neutron stars and 
black holes

The most compact objects in the Universe

SNe cores are laboratories of complex physical 
phenomena

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

Unsolved problem: what is the mechanism of shock revival?
13
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Core Collapse SNe

Energy reservoir
few x 1053 erg

Explosion energy
1051 erg

Time frame for explosion
300 - 1500 ms after bounce

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

Collapse of accreting, probably 
rotating White Dwarfs

Neutrino-driven or magneto-
rotational explosion

Explosion probably weak, sub-
luminous

Might not be seen in optical

Potential birth site of 
magnetars - highly (1015- 1016

G) magnetized neutron stars
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SNe Rate in ET
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Could observe one SN once in few years 

Coincident observation with 
neutrino detectors 

Might be allow measurement neutrino 
masses

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

However, observe the secular 
increase in pulse period

Glitches are sudden dips in the 
rotation period

Vela shows glitches once every few 
years

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

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

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

Pulsar glitches
- Observe sudden step increase in rotation rate

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

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

3

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

- Various oscillatory modes exist (f-modes, p-modes, w-modes)

- Gravitational wave emission damps non-axisymmetric 
oscillations

- Mode frequencies determined by equation of state
t
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h
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h
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A glitch in Vela
McCulloch et al, Aust. J. Phys. 1987
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NS Normal Mode Oscillations
Sudden jolt due to a glitch, and superfluid vortex unpinning, 
could cause oscillations of the core, emitting gravitational waves

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

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

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

Neutron Star QNM Parameter space

• f-mode frequencies and damping 

times

• symbol shape = EOS

• Colour = NS mass

•Figure created from data in Benhar et al 

(2005) - recent EOS calculations and 

representative but not exhaustive

4

- Adopt flat priors on 

signal frequency f0 and 

decay time !:

f0
(upp) = 3 kHz,  f0

(low) = 1 kHz

!(upp) = 0.5 s, !(low) = 0.05 s

Friday, 19 June 2009
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Accreting Neutron Stars
Spin frequencies of 
accreting NS seems to be 
stalled below 700 Hz

Well below the break-up 
speed

What could be the reason 
for this stall?

Balance of accretion torque 
with GW back reaction torque

Could be explained if 
ellipticity is ~ 10-8

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

I.  OVERVIEW:  ACCRETING NS
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Sensitivity to Accreting NS
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GRB Progenitors
Intense flashes of gamma-
rays: 

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

Bimodal distribution of 
durations

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

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

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

Could emit burst of GW

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

BNS, NS-BH

GRBs in ET
Short-hard GRBs might be 
detectable at redshift z=2
An ET network could 
measure the binary 
orientation, masses, spins, 
and help build better 
models
Should be possible to shed 
light on GRB progenitors
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Cosmology
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Cosmology
Cosmography

Hubble parameter, dark matter and dark energy densities, dark energy EoS w, 
variation of w with z

Black hole seeds
Black hole seeds could be intermediate mass BH
Hierarchical growth of central engines of BH

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

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

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

Production of GW during early Universe phase transitions
Phase transitions, pre-heating, re-heating, etc., could produce detectable 
stochastic GW

24
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Luminosity Distance Vs Redshift
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Cosmological parameters
Luminosity distance Vs. red shift depends on a 
number of cosmological parameters H0, ΩM, Ωb, ΩΛ, 
w, etc.

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

26
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To measure the luminosity distance to a source we 
need its apparent and absolute luminosities
Gravitational wave observations of compact binary 
inspirals can measure both 

Apparent luminosity this is GW strain in our detector 
Absolute luminosity this rate at which frequency changes 

Therefore, binary black hole inspirals are self-
calibrating standard sirens
However, GW observations alone cannot determine 
the red-shift to a source
Joint gravitational-wave and optical observations can 
facilitate a new cosmological tool

Schutz 86
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Cosmography with the Einstein Telescope 8

!0.1 0 0.1 0.2 0.3 0.4

!1.4

!1.2

!1

!0.8

!0.6

!0.4

!
M

w

Figure 3. Scatter plot of the retrieved values for (ΩΛ, w), with 1-σ, 2-σ, and 3-σ
contours, in the case where weak lensing is not corrected.

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

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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Hierarchical Growth of Black Holes  
in Galactic Nuclei

Diagram from A SesanaInitially small black holes may grow by hierarchical merger
ET could observe seed black holes if they are of order 1000 solar mass
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Probing Demography of Black 
Hole Seeds 

Class. Quantum Grav. 26 (2009) 094027 K G Arun et al
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IMBH Event Rates in ET
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Stochastic Backgrounds

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

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

Astrophysical background
A population of Galactic white-dwarf binaries produces 
a background above instrumental noise in LISA

33
Sunday, 16 May 2010



Gravity's Standard Sirens 

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

Slide from Shellard
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Landscape of Stochastic 
GW in ET
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Fundamental Physics
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Fundamental Physics
Properties of gravitational waves

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

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

Do gravitational waves travel at the speed of light?
There are strong motivations from string theory to consider massive gravitons

EoS of dark energy
GW from inspiralling binaries are standard sirens

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

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

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

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

38
Sunday, 16 May 2010



Gravity's Standard Sirens 

Bound on λg as a function of total mass

Will (1998); Berti, Buonanno and Will (2006);  Arun and Will (2009)

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

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

39

10
0

10
2

10
4

10
6

Mass of MBH binary (M
O. )

10
11

10
13

10
15

10
17

B
o
u
n
d
 o

n
 !

g
 (

k
m

)

AdvLIGO, FWF

ET,FWF

LISA, FWF

LISA

ET

AdvLIGO

10
1

10
2

10
3

10
4

Binary Mass (M
O. )

10
12

10
13

10
14

10
15

!
g
 (

k
m

)

10 Hz cut-off, FWF

1 Hz cut-off, FWF

Mass ratio = 2

FIG. 12: Left panel: Bounds on the graviton Compton wavelength that can be deduced from
AdvLIGO, Einstein Telescope and LISA. The mass ratio is 2. The distance to the source is
assumed to be 100 Mpc for AdvLIGO and ET, and 3 Gpc for LISA. Right panel: Possible bounds
from ET when 1 Hz and 10 Hz are used as seismic cut-offs.

the form vg ≈ 1− (λ/λg)2, where λg is the Compton wavelength of the graviton, in the limit
where λ # λg. Irrespective of the nature of the alternative theory that predicts a massive
graviton , it is reasonable to expect the differences between such a hypothetical theory and
general relativity in the predictions for the evolution of massive compact binaries to be of
order (λ/λg)2, and therefore to be very small, given that λ ∼ 103 km for stellar mass inspirals
and ∼ 108 km for massive black hole inspirals.

As a result, the gravitational waveform seen by an observer close to the source will be very
close to that predicted by general relativity. However, as seen by a detector at a distance
D, hundreds to thousands of Mpc away, the phasing of the signal will be distorted because
of the shifted times of arrival, ∆t ∼ D(λ/λg)2 of waves emitted with different wavelengths
during the inspiral. In addition to measuring the astrophysical parameters of the system,
such as masses and spins, the matched filtering technique permits one to estimate or bound
such effects.

Here we examine the bounds possible from the observations of binary black holes by
ET [21]. As our waveform model we begin with amplitude-corrected, general relativistic
waveforms which are 3PN accurate in amplitude [20, 54, 55, 233] and 3.5PN accurate in
phasing [49–51, 53, 82, 87]. We ignore the spins of the bodies in the binary system. Previous
calculations used waveforms which are of Newtonian order in amplitude and 2PN order in
phase. As opposed to the Newtonian waveforms, the 3PN amplitude-corrected waveforms
contain all harmonics from Ψ up to 8 Ψ, where Ψ is the orbital phase (the leading quadrupole
component is at 2Ψ).

The effect of a massive graviton is included in the expression for the orbital phase following
Ref. [243]. The wavelength-dependent propagation speed changes the arrival time ta of a
wave of a given emitted frequency fe relative to that for a signal that propagates at the
speed of light; that time is given, modulo constants,by

ta = (1 + Z)

[
te +

D

2λ2
gf

2
e

]
, (3.2)
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FIG. 13: Bounds on Brans-Dicke parameter (ωBD) from ET as a function of seismic cut-off fre-
quency of ET. The existing bound from the Cassini experiment and the possible bounds from
AdvLIGO are also shown.

These bounds are likely to be the best possible by GW observations because estimates
for LISA (a proposed space mission sensitive to low frequency GWs) for NS-BH binaries of
total mass ∼ 103 can beat the solar system bounds only if it observes a binary within 20-50
Mpc during its mission lifetime [43, 208, 242].

D. Measuring the dark energy equation of state and its variation with z

Over the past decade, evidence has emerged suggesting that the expansion of the Uni-
verse is accelerating. Possible explanations include a failure of general relativity at large
length scales, a cosmological constant in the Einstein equations, or a new contributor to the
mass/energy content of the Universe called dark energy (see [183] for a review). Assuming
a homogeneous and isotropic Universe, dark energy can be characterized by an equation of
state of the form pDE = w(z)ρDE, where pDE < 0 and ρDE > 0 are the pressure and density,
respectively. If the equation of state parameter w(z) is constant and equal to −1 then this
corresponds to having a positive cosmological constant in the gravitational field equations.
Current constraints allow for this possibility, but other possibilities are not ruled out. The
five year WMAP data combined with supernovae measurements and baryon acoustic oscil-
lations in the galaxy distribution lead to the constraint −1.11 < w < −0.86 at the 95%
confidence level [123].

The gravitational wave signal from inspiraling compact binaries (neutron stars and black
holes) is particularly “clean” and well-understood. Consequently, as suggested by Schutz,
one can think of using inspiral events as “standard sirens”, much in the way Type Ia super-
novae have been used as standard candles [210]. From the gravitational wave signal itself
the luminosity distance DL can be inferred, but not the redshift. However, if a particular

Gravity's Standard Sirens 
40

Bounds on Brans-Dickie Theory from ET

The results are shown in Figure 12. On the left panel, the bounds on the compton
wavelength of the graviton achievable with the second generation detector AdvLIGO and
the space based LISA are compared against those possible from ET. The typical bounds
from ET could be an order of magnitude better than from AdvLIGO, but worse than LISA.
The observable mass range is also much larger for ET in comparison with AdvLIGO and
extends up to about 104M!. In the right panel, we compare the effect of the seismic cut-off
on the massive graviton bounds by considering 1 Hz and 10 Hz cut-offs. As one might
expect, there is improvement in the accessible mass range by almost an order of magnitude
when 1 Hz cut-off is used as cut-off as opposed to 10 Hz.

Note that though we have considered the sources for ET to be at 100 Mpc, the bounds in
principle are more or less independent of the distance because in the definition of λg, there is
a distance scale present. However, for very large distances the SNR may not be high enough
and Fisher matrix estimate may not be reliable.

C. Bounds on Brans-Dicke parameter using ET

The Brans-Dicke (BD) theory of gravity [62] is an alternative theory of gravity which has
an additional scalar field, which couples to matter, apart from the tensor field of general
relativity. The coupling of the scalar field is described by a constant parameter ωBD; in
the limit of GR, ωBD → ∞. Since scalar-tensor field theories predict dipolar gravitational
radation, this parameter is also a measure of the dipolar GW content.

The best bound on this parameter so far has come from the solar system experiment
Cassini, by measuring the frequency shift of radio signas to and from the spacecraft as it
orbited near the sun [44]. The resulting lower limit on ωBD is about 4× 104.

Gravitational wave observations can also put interesting bounds on ωBD [144, 241]. This
is possible because the GW phasing formula for the BD case is same as that of GR except
for an additional dipolar term proportional to ω−1

BD. Hence it is possible to measure or bound
this quantity from GW observations.

The dipolar GW content also depends on the internal structure of the compact body via
a quantity called “sensitivity” sA (see Sec. 3.3 of [240]).

(
dE

dt

)

dipole

∝ S2

ωBD
, S = s1 − s2 (3.5)

where s1 and s2 are the sensitivities of the binary constituents. For binary neutron stars
S ∼ 0.05 − 0.1, for NS-BH binaries S ∼ 0.3 and for a binary BH S = 0. Therefore, for
bounding BD theories one of the components of the binary should be a NS. The bound is
also very sensitive to the asymmetry of the binary: the more asymmetric the binary, the
worse is the bound. Due to these factors, GW bounds on the ωBD are very weak (∼ 5000
at best [241]). However, we point out that if ET has very good low frequency sensitivity
(seismic cut-off frequency between 1−10 Hz), the bounds from ET can beat the solar system
bounds. Figure 13 shows the bound on ωBD for different types of sources as a function of
the seismic cut-off frequency of ET. The NS mass is assumed to be 1.4M! and that of the
BH to be either 5M! or 10M!. The factor S of NS is assumed to be 0.1 and that of the BH
is assumed to be 0.3. The best bounds would come from the observations of NS-BH binaries
with the BH mass between 4− 10M! at 300 Mpc. If ET has a low frequency cut-off of 1Hz,
then the bounds on ωBD could be as high as ∼ 105.

Arun and Will (2009)
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Testing GR by observing non-linear effects

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

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

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

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

41

Gravitational wave tails

Blanchet and Schaefer (1994)
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What will we see if GR is not the correct theory?
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How well can ET measure non-linear effects?
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FIG. 2: Plots showing the regions in the m1-m2 plane that corresponds to 1-σ uncertainties in ψ0, ψ2 and ψ5l (left panel) and those in ψ0, ψ2
and ψ5lmod (right panel) for a (2, 20)M! BBH at a luminosity distance of DL = 300 Mpc observed by ET. The low frequency cutoff is 1 Hz and

RWF has been used. The coefficient ψ5l takes its expression predicted by GR whereas for ψ5lmod we have assumed that its value differs from
the value of ψ5l by 1%.

neutron stars (BNS) are arguably the most promising ones

with expected rates of about 40 mergers per year in Advanced

LIGO and millions of them in ET. While very interesting for

other proposed tests of GR, BNS systems are not useful for

the tests proposed in this study. For our purposes a compact

binary in which one or both the components is a stellar-mass

(∼ 2-30M!) or intermediate-mass (∼ 50-1000M!) black hole
(the other being a neutron star) would be most interesting. For

our studies related to Advanced LIGO, we have chosen binary

black holes in the mass range 11-110M! and their distance
from the Earth to be 300 Mpc.

For the analysis using ET we have discussed separately

stellar-mass and intermediate-mass BBHs. For stellar mass

BBHs, we have again chosen their luminosity distance from

the Earth to be 300 Mpc and the range of the total mass to be

11-44M!. Coalescence rate of stellar mass BBHs is highly un-
certain. The predicted rate of coalescence within a distance of

300 Mpc varies between one event per ten years to several per

year [49]. However, it is with such rare high-SNR events that

one expects to perform precision tests of GR. For intermedi-

ate mass black holes, we have chosen the distance to be 3 Gpc

(z = 0.55), and their total mass to be in the range 55-1100M!.
The evolutionary history of intermediate mass BBHs and their

rate of coalescence is still not well-understood. The main mo-

tivation to study these systems comes from the models that in-

voke them as seeds of massive black holes at galactic nuclei.

In a recent study, it has been suggested that only few coales-

cence events of intermediate mass BBHs could be expected

within a redshift of z = 2. Also depending on what triggered

seed galaxies there may be a few events within a redshift of

z = 1 [35, 49–51].

F. Implementation of the test

As mentioned earlier, in Einstein’s theory (and thus in the-

ories ‘close’ to GR) each PN coefficient for a non-spinning

compact binary is a function of the two mass parameters, the

total mass M and the symmetric mass ratio ν. In other words,
we can say that each ψi is a function of the masses (m1, m2) of
the components constituting the binary, i.e. ψi ≡ ψi(m1,m2).
With high-SNR GW observations of stellar and intermediate

mass BBHs in Advanced LIGO and ET, it would be possible

to measure the individual masses constituting the binary with

good accuracies. Thus, once the (statistical) error in the pa-

rameter is estimated using the Fisher matrix, we can represent

the region it spans in the space of masses by inverting the re-

lation ψi ≡ ψi(m1,m2) to get say m2 ≡ m2(ψi,m1). Given the
measured value ψmeas

i
and the errors ∆ψi in the estimation of

ψi, the region in the mass-plane corresponding to m2 is given
by m2 ≡ m2(ψmeasi

± ∆ψi,m1). For each ψi, there would be an
allowed region in the m1-m2 plane and if Einstein’s theory of

gravity, or, more precisely, PN approximation to it, is a cor-

rect theory then the three parameters ψ0, ψ2 and ψT (the test
parameter) should have a common non-empty intersection in

the m1-m2 plane. Proceeding in this way, for six test param-

eters we shall have six different tests of the theory. In the

present work, we shall only discuss asymmetric binaries with

component mass ratio qm = 0.1. Since the different PN coef-
ficients are symmetric with respect to the exchange of m1 and

m2, we expect plots in them1-m2 plane to have two symmetric

branches. Fig. 2, Fig. 5 and Fig. 7 show one branch of the full

plot.

Fig. 2 schematically demonstrates how the test works by

using ψ0 and ψ2 as basic variables and ψ5l as a test parameter.

Mishra, et al arXiv:1005.0304
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Ongoing 3G Research
Trade studies

Optimization with respect to low frequency 
sensitivity, detector location and optical topology

How well can we localize the source, measure orientation and 
polarization, ...
What physics does the low frequency window enable?

ET mock data challenge
There will be far too many sources

How good are current algorithms in digging signals out of 
noise and extracting the science from ET observations?

A month’s worth of mock data to be released soon
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