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Towards the first direct detection of gravitational waves

• Theory The existence of  gravitational waves 
(GWs) is a well-established prediction of  GR. 
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(quadrupole formula)

[Weisberg et al (2010)]
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36 years of radio observations of the binary pulsar PSR 
B1913+16 (Hulse-Taylor binary) ➞ Decay of the orbital 
period agrees precisely with GR prediction, due to GW 
emission.
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Progression of the sensitivity of LIGO detectors 
over the last decade. 
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ΔL ~ proton size 

ΔL ~ 10−19 m 



Towards the first direct detection of gravitational waves

• Theory The existence of  gravitational waves 
(GWs) is a well-established prediction of  GR. 

• Observational evidence Radio observations of  
several binary pulsars provide unequivocal 
evidence supporting the existence of  GWs. 

• Detection techniques KM scale interferometric 
GW detectors have achieved design sensitivity & 
conducted several data-taking runs. 

• GW event rates No direct detection so far! 
Almost all uncertainty resides in the astrophysics.

Considerable reduction of  uncertainty on various 
fronts by recent astronomical observations & 
theoretical work. 
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Expected sources of gravitational waves 

• Burst sources Collapse of  massive stellar cores 
can produce a burst of  GWs.

may also produce a 
supernova/long GRB

leaves behind 
a compact object

(black hole or neutron star)

[Ott et al (2012)]

EGW = 10�12 � 10�4 M� c2
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Figure 13. Left panel: Gravitational wave polarizations h+D and h⇥D (rescaled by distance D) of model s27 fheat1.05 as a function of postbounce time seen
by and observer on the pole (✓ = 0,' = 0; top panel) and on the equator (✓ = ⇡/2,' = 0; bottom panel). Right panel: The same for model s27 fheat1.15. Both
models show a burst of gravitational waves associated with large-scale prompt convection developing shortly after bounce. Subsequently, gravitational wave
emission comes from aspherical flow in the gain layer, in the outer protoneutron star, and from descending plumes of material that are decelerated at the edge of
the protoneutron star. The gravitational wave signals are trending towards higher frequencies with time.

Figure 14. Characteristic spectral strain spectra hchar( f ) f -1/2 of all four
models at a distance of 10kpc compared with the design noise levels

p
S( f ) of

Advanced LIGO in the broadband zero-detuning high-power mode (aLIGO
ZD-HP), KAGRA, and Advanced Virgo in wideband mode (AdV WB).

org/gwcatalog .
In Fig. 13, we plot the h+ and h⇥ polarizations of the GW

signal (rescaled by distance D) for model s27 fheat1.05 (left
panel) and model s27 fheat1.15 (right panel) as seen by ob-
servers on the north pole (✓ = 0,' = 0; top panels) and on
the equator (✓ = ⇡/2,' = 0; bottom panels). The GW signals
emitted by the other models are very similar and not shown.
The early emission sets in ⇠10ms after bounce and is due to
prompt convection that dominates the aspherical dynamics in
the early postbounce phase, but has decayed by ⇠40ms af-
ter bounce. The GW signal from convection and other fluid
instabilities is of stochastic nature (cf. Kotake et al. 2009; Ott
2009) and its time series cannot be predicted exactly. The GW
signal of prompt convection, since it is emitted within mil-
liseconds of bounce by the strongest first few overturn cycles,
is particular sensitive to the perturbations seeding prompt con-
vection. Note that the time series of h+ and h⇥ from prompt

convection in the two models are quite different, but the over-
all amplitudes agree well, but peak in different viewing direc-
tions. The subsequent evolution of the GW signals is similar
in both models, both polarizations, and both observer posi-
tions. After an intermittent quiescent phase, GW emission
picks up again at times &80ms after bounce when aspherical
dynamics becomes strong throughout the entire postshock re-
gion (cf. Fig. 8). In this phase, the GW emission transitions
to higher frequencies, indicating that emission from deceler-
ation of downflows at the steep density gradient at the edge
of the protoneutron star (as first pointed out by Murphy et al.
2009) and convection in the protoneutron star play an increas-
ing role. While both models have expanding shocks at the end
of their simulations, the shock acceleration has not become
sufficiently strong to lead to an offset in the GW signal (GW
memory) seen in other work that followed exploding models
to later times (e.g., Murphy et al. 2009; Yakunin et al. 2010;
E. Müller et al. 2012; Kotake et al. 2009, 2011).

The peak GW strain amplitudes reached in our models are
from prompt convection and go up to |h|D ⇠20cm (⇠6.5 ⇥
1022 at 10kpc). Scheidegger et al. (2010) found |h|D ⇠10cm
and Fryer et al. (2004) found |h|D ⇠12cm, but we note that
the GW signal will depend on the strength of prompt convec-
tion, which is different from model to model. The approaches
of E. Müller et al. (2012) and Kotake et al. (2009, 2011) do
not allow them to study prompt convection. The typical am-
plitudes reached in the preexplosion phase are ⇠3cm (⇠10-22

at 10kpc). This is comparable to, but somewhat larger than
what E. Müller et al. (2012) found in the preexplosion phase
of their models. This may be due the different progenitor
models used and/or to the rather large inner boundary radius
of their models in the preexplosion phase. Our typical |h| are
also quantitatively consistent with the findings of the simpler
3D simulations of Scheidegger et al. (2010) and Kotake et al.
(2009, 2011), but are a factor of a few smaller than predictions
from 2D simulations (e.g., Marek et al. 2009; Yakunin et al.
2010; Murphy et al. 2009).

Figure 14 contrasts the angle-averaged characteristic GW
strain spectra hchar( f ) (Flanagan & Hughes 1998) of our



Expected sources of gravitational waves 

• Burst sources Collapse of  massive stellar cores 
can produce a burst of  GWs

• Continuous sources Spinning neutron stars with 
non-axisymmetric deformations. 

h(t)
will get Doppler modulated by the motion and 

spin or the earth. 

some of the NSs 
are observed as 
pulsars (e.g. Crab) 
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can produce a burst of  GWs
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NS) might also 
produce a short GRB
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Expected sources of gravitational waves 

• Burst sources Collapse of  massive stellar cores 
can produce a burst of  GWs

• Continuous sources Spinning neutron stars with 
non-axisymmetric deformations.

• Compact binary coalescences driven by GW 
emission.

• Stochastic GW background Produced by 
superposition of  a number of  astrophysical sources 
or by energetic processes in the Early Universe. 

analogous 
to CMBR
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Detection prospects of compact binaries By 2G detectors
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DETECTORS SOURCES MEAN DETECTION 
RATE

Initial 
detectors 

NS-NS Binaries
NS-BH Binaries 
BH-BH Binaries 

0.02 / yr
0.004 / yr
0.007 / yr

Advanced 
detectors

NS-NS Binaries
NS-BH Binaries
BH-BH Binaries

40 / yr
10 / yr
20 / yr

[Abadie et al (2010)]

Note: Large uncertainties (three orders of magnitude) 



Detection prospects of other sources By 2G detectors

• Core-collapse supernovae According to the 
current simulations, GW signals are detectable only 
from SNe in near Universe (< 1 Mpc). Rate: ~ 
1/100 to 1/20 years. 
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ELLIPTICITY ϵ:  (Ixx ⎯  Iyy )/ Izz 10⎯5 10⎯6 10⎯7 10⎯8

If GW power = spin-down 
power:

8 5 4 1

If GW power = 50% spin-
down power:

5 3 3 1

If GW power < 10% spin-
down power:

~0 ~0 ~0 ~0

[Pitkin (2011)]

Note: Distribution of ellipticity & GW 
power unknown. Current upper limit from 
LIGO on the GW emission from Crab 
pulsar: GW power < 2% spin-down power. 
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• Core-collapse supernovae According to the 
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from SNe in near Universe (< 1 Mpc). Rate: ~ 
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from the 2000 known pulsars. However, an 
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• Astrophysical GW background Astrophysical 
background from CBCs might be detectable if  the 
actual event rates are ~ predicted mean rates. 
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[Wu et al (2011)]
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FIG. 2: Accessibility of binary coalescence GWB to current and future gravitational wave detectors. The two columns corre-
spond to two estimates of the star formation rate: Hopkins & Beacom [27] (left) and Nagamine et al [30] (right). The three
rows correspond to BNS, BBH, and BHNS respectively, top to bottom. For each plot we show the ∏ °Mc plane: the region
of the parameter space excluded by the S5 LIGO result [22], and the expected sensitivities of the Advanced LIGO collocated
detector pair (assuming 1 year of exposure [4]), and of the Einstein Telescope (assuming two collocated detectors with ET-D
sensitivity and one year of exposure [8]). These regions are to be compared with the expected local coalescence rates shown as
horizontal dashed lines: top-to-bottom they correspond to maximal, optimistic, realistic, and pessimistic estimates presented
in [33].
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Detection prospects of other sources By 2G detectors

• Core-collapse supernovae According to the 
current simulations, GW signals are detectable only 
from SNe in near Universe (< 1 Mpc). Rate: ~ 
1/100 to 1/20 years. 

• Spinning neutron stars Unlikely to detect GWs 
from the 2000 known pulsars. However, an 
estimated 109 neutron stars exist in our galaxy! 

• Astrophysical GW background Astrophysical 
background from CBCs might be detectable if  the 
actual event rates are ~ predicted mean rates. 

• Cosmological GW background GW spectrum 
predicted by std inflation is too weak. Upper limits 
can constrain a number of  (more exotic) models. 
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This filter optimizes the signal-to-noise ratio, enhancing the fre-
quencies at which the signal of the template gravitational-wave spec-
trum VGW(f) is strong, while suppressing the frequencies at which the
detector noise (P1(f ) and P2(f )) is large. In equation (2), and
throughout this Letter, we assume the present value of the Hubble
parameter H0 5 72 km s21 Mpc21 (ref. 21), and use c(f ) to denote
the overlap reduction function8, arising from the overlap of antenna
patterns of interferometers at different locations and with different
orientations. For the H1–L1 and H2–L1 pairs, the sensitivity above
roughly 50 Hz is attenuated due to the overlap reduction. As most
theoretical models in the LIGO frequency band are characterized by a
power-law spectrum, we assume a power-law template gravitational-
wave spectrum with index a: VGW(f ) 5 Va(f/100 Hz)a. The normal-
ization constant N in equation (2) is chosen such that the expected
value of the optimally filtered cross-correlation is Va.

We apply the above search technique to the data acquired by LIGO
during the science run S5. We include two interferometer pairs: H1–
L1 and H2–L1. Summing up the contributions to the cross-correla-
tion in the frequency band 41.5–169.25 Hz, which contains 99% of
the sensitivity, leads to the final point estimate for the frequency
independent gravitational-wave spectrum (a 5 0): V0 5 (2.1 6 2.7) 3
1026, where the quoted error is statistical. We calculate the Bayesian
95% confidence upper limit for V0, using the previous LIGO result
(S4 run22) as a prior for V0 and averaging over the interferometer
calibration uncertainty. This procedure yields the 95% confidence
upper limit V0 , 6.9 3 1026. For other values of the power index a
in the range between 23 and 3, the 95% upper limit varies between
1.9 3 1026 and 7.1 3 1026. These results constitute more than an

order of magnitude improvement over the previous LIGO result in
this frequency region22. Figure 2 shows this result in comparison with
other observational constraints and some of the cosmological SGWB
models.

Before the result described here, the most constraining bounds on
the SGWB in the frequency band around 100 Hz came from the Big
Bang nucleosynthesis (BBN) and from cosmic microwave back-
ground (CMB) measurements. The BBN bound is derived from
the fact that a large gravitational-wave energy density at the time of
BBN would alter the abundances of the light nuclei produced in the
process. Hence, the BBN model and observations constrain the total
gravitational-wave energy density at the time of nucleosynthesis1,6:

VBBN~

ð
VGW fð Þ d ln fð Þv1:1|10{5 Nn{3ð Þ ð3Þ

where Nn (the effective number of neutrino species at the time of
BBN) captures the uncertainty in the radiation content during
BBN. Measurements of the light-element abundances, combined
with the Wilkinson Microwave Anisotropy Probe (WMAP) data
give the upper bound Nn – 3 , 1.4 (ref. 23). Similarly, a large
gravitational-wave background at the time of decoupling of CMB
would alter the observed CMB and matter power spectra. Assu-
ming homogeneous initial conditions, the total gravitational-wave
energy density at the time of CMB decoupling is constrained toÐ

VGW(f ) d(ln f ) , 1.3 3 1025 (ref. 7). In the LIGO frequency band
and for a 5 0, these bounds become: VBBN

0 v1:1|10{5 and
VCMB

0 v9:5|10{6. Our result has now surpassed these bounds,

CMB large
angle

Pulsar
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AdvLIGO
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spectra
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Figure 2 | Comparison of different SGWB measurements and models. The
95% upper limit presented here, V0v6:9|10{6 (LIGO S5), applies in the
frequency band 41.5–169.25 Hz, and is compared to the previous LIGO S4
result22 and to the projected Advanced LIGO sensitivity25. Note that the
corresponding S5 95% upper bound on the total gravitational-wave energy
density in this band, assuming frequency independent spectrum, is
9.7 3 1026. The indirect bound due to BBN1,6 applies to
VBBN~

Ð
VGW( f )d( ln f ) (and not to the density VGW(f )) over the frequency

band denoted by the corresponding horizontal line, as defined in equation 3.
A similar integral bound (over the range 10215–1010 Hz) can be placed using
CMB and matter power spectra7. Projected sensitivities of the satellite-based
Planck CMB experiment7 and LISA gravitational-wave detector26 are also
shown. The pulsar bound27 is based on the fluctuations in the pulse arrival
times of millisecond pulsars and applies at frequencies around 1028 Hz.
Measurements of the CMB at large angular scales constrain the possible
redshift of CMB photons due to the SGWB, and therefore limit the
amplitude of the SGWB at largest wavelengths (smallest frequencies)6.
Examples of inflationary9,10, cosmic strings4,5,15,16, and pre-Big-Bang11–13

models are also shown (the amplitude and the spectral shape in these models
can vary significantly as a function of model parameters).
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Figure 3 | Constraining early Universe evolution. The gravitational-wave
spectrum VGW fð Þ is related to the parameters that govern the evolution of

the Universe3: VGW fð Þ~A f âa fð Þ f n̂nt fð Þ r, where âa fð Þ~2
3ŵw fð Þ{1

3ŵw fð Þz1
, r is the

ratio of tensor and scalar perturbation amplitudes (measured by the CMB
experiments), n̂nt fð Þ and ŵw fð Þ are effective (average) tensor tilt and equation
of state parameters respectively, and A is a constant depending on various
cosmological parameters. Hence, the measurements of VGW and r can be
used to place constraints in the ŵw{n̂nt plane, independently of the
cosmological model. The figure shows the ŵw{n̂nt plane for r 5 0.1. The
regions excluded by the BBN23, LIGO and pulsar27 bounds are above the
corresponding curves (the inset shows a zoom-in on the central part of the
figure). The BBN curve was calculated in ref. 3. We note that the CMB
bound7 almost exactly overlaps with the BBN bound. Also shown is the
expected reach of Advanced LIGO25. Note that these bounds apply to
different frequency bands, so their direct comparison is meaningful only if
n̂nt fð Þ and ŵw fð Þ are frequency independent. We note that for the simplest
single-field inflationary model that still agrees with the cosmological data,
with potential V(w) 5 m2w2/2 (where w is a scalar field of mass m), r 5 0.14
and nt(100 Hz) 5 20.035 (ref. 28), implying a LIGO bound on the equation-
of-state parameter of ŵw (100 Hz) , 0.59.
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[LIGO & Virgo 2009]
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Status of the experimental effort

• Initial LIGO detectors achieved design 
sensitivity in 2007. Conducted two (~year-
long) science runs with sensitivity ≥ design 
sensitivity. 

Non-detection of  GWs is consistent with the 
astrophysical understanding of  the event 
rates. 

• Detectors are being upgraded now. 2G 
detectors will be operational in a few years, 
and are expected to reach their design 
sensitivity within this decade.

Exciting possibility of  LIGO India!
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binaries (equal-mass) can be observed with an SNR 
of 8.



Status of the theoretical work  

• Binary black holes Dramatic progress in 
analytical- & numerical relativity in recent years.

Binary black-hole problem is essentially 
“solved”. Current work on computing high-
accurate waveforms, extending the parameter 
space, developing semi-analytical descriptions of 
the coalescence by combining NR & AR, applying 
these in GW searches... 
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Status of the theoretical work  

• Binary black holes Dramatic progress in 
analytical- & numerical relativity in recent years.

• Binaries involving neutron stars In addition 
to GR, effect of  nuclear matter, magnetic fields 
etc. have to be considered. 

First simulations including realistic EoS, 
magnetic fields etc. Some exploration of  the EoS 
parameter space. Preliminary evidence that 
magnetized BNS mergers able to launch jets →  
sGRB central engine. 

18

Numerical simulation of the merger of NS-NS 
binary. Magnetic fields can support GRB jets. 

[Rezzolla et al (2011)]



Status of the theoretical work  

• Binary black holes Dramatic progress in 
analytical- & numerical relativity in recent years.

• Binaries involving neutron stars In addition 
to GR, effect of  nuclear matter, magnetic fields 
etc. have to be considered. 

Modelling & observation of EM 
counterparts Systematic exploration of  the EM 
counterparts of  CBC, towards better 
understanding of  the false-association rates, 
preparation for low-latency followup of  GW 
candidates. 
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2 Metzger & Berger

of the event (Phinney 2009; Mandel & O’Shaughnessy
2010), for example an association with specific stellar
populations (e.g., Fong et al. 2010).
Motivated by the importance of EM detections, in this

paper we address the critical question: What is the most
promising EM counterpart of a compact object binary
merger? The answer of course depends on the definition
of “most promising”. In our view, a promising coun-
terpart should exhibit four Cardinal Virtues, namely it
should:

1. Be detectable with present or upcoming telescope
facilities, provided a reasonable allocation of re-
sources.

2. Accompany a high fraction of GW events.

3. Be unambiguously identifiable (a “smoking gun”),
such that it can be distinguished from other astro-
physical transients.

4. Allow for a determination of ∼ arcsecond sky posi-
tions.

Virtue #1 is necessary to ensure that effective EM
searches indeed take place for a substantial number of
GW triggers. Virtue #2 is important because a large
number of events may be necessary to build up statis-
tical samples, particularly if GW detections are rare; in
this context, ALIGO/Virgo is predicted to detect NS-
NS mergers at a rate ranging from ∼ 0.4 to ∼ 400 yr−1,
with a “best-bet” rate of ∼ 40 yr−1 (Abadie et al. 2010b;
cf. Kopparapu et al. 2008), while the best-bet rate for
detection of NS-BH mergers is ∼ 10 yr−1. Virtue #3 is
necessary to make the association with high confidence
and hence to avoid contamination from more common
transient sources (e.g., supernovae). Finally, Virtue #4
is essential to identifying the host galaxy and hence the
redshift, as well as other relevant properties (e.g., asso-
ciation with specific stellar populations).
It is important to distinguish two general strategies

for connecting EM and GW events. One approach is to
search for a GW signal following an EM trigger, either in
real time or at a post-processing stage (e.g., Finn et al.
1999; Mohanty et al. 2004). This is particularly promis-
ing for counterparts predicted to occur in temporal co-
incidence with the GW chirp, such as short-duration
gamma-ray bursts (SGRBs). Unfortunately, most other
promising counterparts (none of which have yet been in-
dependently identified) occur hours to months after co-
alescence6. Thus, the predicted arrival time of the GW
signal will remain uncertain, in which case the additional
sensitivity gained from this information is significantly
reduced. For instance, if the time of merger is known
only to within an uncertainty of ∼ hours(weeks), as we
will show is the case for optical(radio) counterparts, then
the number of trial GW templates that must be searched
is larger by a factor ∼ 104 − 106 than if the merger time
is known to within seconds, as in the case of SGRBs.

6 Predicted EM counterparts that may instead precede the
GW signal include emission powered by the magnetosphere of the
NS (e.g. Hansen & Lyutikov 2001; McWilliams & Levin 2011), or
cracking of the NS crust due to tidal interactions (e.g. Troja et al.
2010), during the final inspiral. However, given the current uncer-
tainties in these models, we do not discuss them further.

BH

θobs

θj
Tidal Tail & Disk Wind

Ejecta−ISM Shock

Merger Ejecta 

v ~ 0.1−0.3 c

Optical (hours−days)

Kilonova
Optical (t ~ 1 day)

Jet−ISM Shock (Afterglow)

GRB
(t ~ 0.1−1 s)

Radio (weeks−years)

Radio (years)

Fig. 1.— Summary of potential electromagnetic counterparts
of NS-NS/NS-BH mergers discussed in this paper, as a function
of the observer angle, θobs. Following the merger a centrifugally
supported disk (blue) remains around the central compact object
(usually a BH). Rapid accretion lasting ! 1 s powers a collimated
relativistic jet, which produces a short-duration gamma-ray burst
(§2). Due to relativistic beaming, the gamma-ray emission is re-
stricted to observers with θobs ! θj , the half-opening angle of the
jet. Non-thermal afterglow emission results from the interaction of
the jet with the surrounding circumburst medium (red). Optical af-
terglow emission is observable on timescales up to∼ days−weeks by
observers with viewing angles of θobs ! 2θj (§3.1). Radio afterglow
emission is observable from all viewing angles (isotropic) once the
jet decelerates to mildly relativistic speeds on a timescale of weeks-
months, and can also be produced on timescales of years from sub-
relativistic ejecta (§3.2). Short-lived isotropic optical emission last-
ing ∼ few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in
the ejecta (§4).

A second approach, which is the primary focus of
this paper, is EM follow-up of GW triggers. A poten-
tial advantage in this case is that counterpart searches
are restricted to the nearby universe, as determined by
the ALIGO/Virgo sensitivity range (redshift z ! 0.05−
0.1). On the other hand, a significant challenge are the
large error regions, which are estimated to be tens of
square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009;
Wen & Chen 2010; Nissanke et al. 2011). Although it
has been argued that this difficulty may be alleviated
if the search is restricted to galaxies within 200 Mpc
(Nuttall & Sutton 2010), we stress that the number of
galaxies with L " 0.1L∗ (typical of SGRB host galax-
ies; Berger 2009, 2011b) within an expected GW error
region is ∼ 400, large enough to negate this advantage
for most search strategies. In principle the number of
candidate galaxies could be reduced if the distance can
be constrained from the GW signal; however, distance
estimates for individual events are rather uncertain, es-
pecially at that low SNRs that will characterize most de-
tections (Nissanke et al. 2010). Moreover, current galaxy
catalogs are incomplete within the ALIGO/Virgo volume
(e.g. Kulkarni & Kasliwal 2009), especially at lower lu-
minosities. Finally, some mergers may also occur outside
of their host galaxies (Berger 2010a; Kelley et al. 2010).
At the present there are no optical or radio facilities

that can provide all-sky coverage at a cadence and depth
matched to the expected light curves of EM counter-

[Metzger & Berger (2011)]



Status of the theoretical work  

• Binary black holes Dramatic progress in 
analytical- & numerical relativity in recent years.

• Binaries involving neutron stars In addition 
to GR, effect of  nuclear matter, magnetic fields 
etc. have to be considered. 

• Core-collapse SNe First 3D GR simulations 
with sophisticated treatment of  the neutrino 
physics. Debate is still ongoing as to the exact 
nature of  the SN explosion mechanism. 
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[Janka et al (2012)]



Physics, Astrophysics and Cosmology from GW observations
What can we expect in the next 5-10 years?



Astrophysics using GW observations 

• Constrain models of compact binary 
formation & evolution Even with no 
detections!
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FIG. 4: The marginalized upper limits as a function of mass.
The top plot shows the limit as a function of total mass M ,
using a distribution uniform in m

1

for a given M . The lower
plot shows the limit as a function of the black hole mass, with
the neutron star mass restricted to the range 1� 3M�. The
light bars indicate upper limits from previous searches. The
dark bars indicate the combined upper limits including the
results of this search.

spinning. Signals from spinning systems are recovered
with a worse match to our templates since we use a non-
spinning template bank.

While the rates presented here represent an improve-
ment over the previously published results from ear-
lier LIGO and Virgo science runs, they are still above
the astrophysically predicted rates of binary coalescence.
There are numerous uncertainties involved in estimat-
ing astrophysical rates, including limited numbers of
observations and unknown model parameters; conse-
quently the rate estimates are rather uncertain. For
BNS systems the estimated rates vary between 1 ⇥ 10�8

and 1 ⇥ 10�5 Mpc�3yr�1, with a “realistic” estimate
of 1 ⇥ 10�6 Mpc�3yr�1. For BBH and NSBH, realis-
tic estimates of the rate are 5 ⇥ 10�9 Mpc�3yr�1 and
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FIG. 5: Comparison of CBC upper limit rates for BNS, NSBH
and BBH systems. The light gray regions display the upper
limits obtained in the S5-VSR1 analysis; dark gray regions
show the upper limits obtained in this analysis, using the S5-
VSR1 limits as priors. The new limits are up to a factor of
1.4 improvement over the previous results. The lower (blue)
regions show the spread in the astrophysically predicted rates,
with the dashed-black lines showing the “realistic” estimates
[5]. Note: In [5], NSBH and BBH rates were quoted using a
black-hole mass of 10M�. We have therefore rescaled the S5
and S6 NSBH and BBH upper limits in this plot by a factor
of (M

5

/M
10

)5/2, where M
10

is the chirp mass of a binary in
which the black hole mass is 10M� and M

5

is the chirp mass
of a binary in which the black hole mass is 5M�.

3 ⇥ 10�8 Mpc�3yr�1 with at least an order of magnitude
uncertainty in either direction [5]. In all cases, the upper
limits derived here are two to three orders of magnitude
above the “realistic” estimated rates, and about a fac-
tor of ten above the most optimistic predictions. These
results are summarized in Figure 5.

VII. DISCUSSION

We performed a search for gravitational waves from
compact binary coalescences with total mass between 2
and 25 M� with the LIGO and Virgo detectors using
data taken between July 7, 2009 and October 20, 2010.
No gravitational waves candidates were detected, and we
placed new upper limits on CBC rates. These new limits
are up to a factor of 1.4 improvement over those achieved
using previous LIGO and Virgo observational runs up to
S5/VSR1 [4], but remain two to three orders of magni-
tude above the astrophysically predicted rates.

The installation of the advanced LIGO and Virgo de-
tectors has begun. When operational, these detectors will
provide a factor of ten increase in sensitivity over the ini-
tial detectors, providing a factor of ⇠ 1000 increase in
the sensitive volume. At that time, we expect to observe
tens of binary coalescences per year [5].

In order to detect this population of gravitational wave

Current upper limits from LIGO/Virgo

Predicted rates

[Abadie et al (2012)]
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using a distribution uniform in m
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for a given M . The lower
plot shows the limit as a function of the black hole mass, with
the neutron star mass restricted to the range 1� 3M�. The
light bars indicate upper limits from previous searches. The
dark bars indicate the combined upper limits including the
results of this search.

spinning. Signals from spinning systems are recovered
with a worse match to our templates since we use a non-
spinning template bank.

While the rates presented here represent an improve-
ment over the previously published results from ear-
lier LIGO and Virgo science runs, they are still above
the astrophysically predicted rates of binary coalescence.
There are numerous uncertainties involved in estimat-
ing astrophysical rates, including limited numbers of
observations and unknown model parameters; conse-
quently the rate estimates are rather uncertain. For
BNS systems the estimated rates vary between 1 ⇥ 10�8

and 1 ⇥ 10�5 Mpc�3yr�1, with a “realistic” estimate
of 1 ⇥ 10�6 Mpc�3yr�1. For BBH and NSBH, realis-
tic estimates of the rate are 5 ⇥ 10�9 Mpc�3yr�1 and
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FIG. 5: Comparison of CBC upper limit rates for BNS, NSBH
and BBH systems. The light gray regions display the upper
limits obtained in the S5-VSR1 analysis; dark gray regions
show the upper limits obtained in this analysis, using the S5-
VSR1 limits as priors. The new limits are up to a factor of
1.4 improvement over the previous results. The lower (blue)
regions show the spread in the astrophysically predicted rates,
with the dashed-black lines showing the “realistic” estimates
[5]. Note: In [5], NSBH and BBH rates were quoted using a
black-hole mass of 10M�. We have therefore rescaled the S5
and S6 NSBH and BBH upper limits in this plot by a factor
of (M
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)5/2, where M
10

is the chirp mass of a binary in
which the black hole mass is 10M� and M

5

is the chirp mass
of a binary in which the black hole mass is 5M�.

3 ⇥ 10�8 Mpc�3yr�1 with at least an order of magnitude
uncertainty in either direction [5]. In all cases, the upper
limits derived here are two to three orders of magnitude
above the “realistic” estimated rates, and about a fac-
tor of ten above the most optimistic predictions. These
results are summarized in Figure 5.

VII. DISCUSSION

We performed a search for gravitational waves from
compact binary coalescences with total mass between 2
and 25 M� with the LIGO and Virgo detectors using
data taken between July 7, 2009 and October 20, 2010.
No gravitational waves candidates were detected, and we
placed new upper limits on CBC rates. These new limits
are up to a factor of 1.4 improvement over those achieved
using previous LIGO and Virgo observational runs up to
S5/VSR1 [4], but remain two to three orders of magni-
tude above the astrophysically predicted rates.

The installation of the advanced LIGO and Virgo de-
tectors has begun. When operational, these detectors will
provide a factor of ten increase in sensitivity over the ini-
tial detectors, providing a factor of ⇠ 1000 increase in
the sensitive volume. At that time, we expect to observe
tens of binary coalescences per year [5].

In order to detect this population of gravitational wave
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Astrophysics using GW observations 

• Constrain models of compact binary 
formation & evolution Even with no 
detections!

• First detection of BH-BH and NS-BH 
binaries A new population of  
astronomical sources. Great potential for 
tests of  GR, astrophysics & cosmology.  

• First direct measurements of BH 
masses and spins Sources are very well 
understood (unlike in EM astronomy), GW 
signal encodes direct information of  the 
masses & spins.  
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[Ajith & Bose (2009)]

1-σ error in measuring the total mass of 
BBHs located at 1 Gpc (Adv LIGO)

where!#a denotes the rms error in estimating#a obtained
from "ab, and Cab is the correlation coefficient between
parameters #a and #b.

Errors in the estimates of the parameters M, !, Mc, t0,
and deff in the case of the AdvLIGO detector are plotted
against the total mass M in Fig. 2. These errors are com-
puted assuming that the binary is placed at an effective
distance of 1 Gpc. Also plotted in the figures are the same
error bounds computed from the 3.5 PN accurate restricted
PN waveforms in the stationary phase approximation
(SPA), truncated at the Schwarzschild innermost stable
circular orbit (ISCO). It can be seen that, over a significant
range of the total mass, the error bounds in the complete
templates are largely better than those in the PN inspiral
waveforms. For binaries with M ¼ 100M" and ! ¼ 0:25,
the error bounds in various parameters using the complete
[PN] templates are !M=M ’ 0:34 [5.38]%, !!=! ’ 0:84
[12.98]%, !Mc=Mc ’ 0:35 [2.47]%, !t0 ’ 0:46
[15.51] ms, and !deff=deff ’ 1:36 [5.24]%. The errors in
estimating the same parameters using Initial LIGO and
Enhanced LIGO detectors are plotted in Figs. 3 and 4.

The rate of variation in the errors in different regions of
the parameter space can be understood by studying the

overlap function, which is the ambiguity function maxi-
mized over t0 and ’0 [76]. Figure 5 plots the contours of
the overlap between waveforms generated at different
points in the ðM;!Þ space. Notice the change in the shape
and orientation of the ambiguity ellipses, especially, as the
total mass of the binary is varied. While, to a very good
approximation, the chirp mass continues to remain as one
of the eigencoordinates [77] in the case of the low-mass
(with M % 20M"Þ binary inspiral (PN) waveforms, this is
no longer true for the complete waveforms of higher mass
systems. This is because the latter waveforms have more
information about the component masses than just the
chirp mass. The eigendirections change dramatically with
increasing total mass. It can be seen that the error trends
reported in Fig. 2 closely follow the shape of these ambi-
guity ellipses. This also means that while placing templates
in the inspiral-merger-ring-down searches, we will have to
consider these changes in the orientation of the ambiguity
ellipses. This will be studied in a future work.
One common problem encountered in the estimation of

errors using the Fisher information matrix is the following:
In some cases (especially in the case of large number of
parameters), the Fisher matrix becomes badly conditioned,
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where!#a denotes the rms error in estimating#a obtained
from "ab, and Cab is the correlation coefficient between
parameters #a and #b.

Errors in the estimates of the parameters M, !, Mc, t0,
and deff in the case of the AdvLIGO detector are plotted
against the total mass M in Fig. 2. These errors are com-
puted assuming that the binary is placed at an effective
distance of 1 Gpc. Also plotted in the figures are the same
error bounds computed from the 3.5 PN accurate restricted
PN waveforms in the stationary phase approximation
(SPA), truncated at the Schwarzschild innermost stable
circular orbit (ISCO). It can be seen that, over a significant
range of the total mass, the error bounds in the complete
templates are largely better than those in the PN inspiral
waveforms. For binaries with M ¼ 100M" and ! ¼ 0:25,
the error bounds in various parameters using the complete
[PN] templates are !M=M ’ 0:34 [5.38]%, !!=! ’ 0:84
[12.98]%, !Mc=Mc ’ 0:35 [2.47]%, !t0 ’ 0:46
[15.51] ms, and !deff=deff ’ 1:36 [5.24]%. The errors in
estimating the same parameters using Initial LIGO and
Enhanced LIGO detectors are plotted in Figs. 3 and 4.

The rate of variation in the errors in different regions of
the parameter space can be understood by studying the

overlap function, which is the ambiguity function maxi-
mized over t0 and ’0 [76]. Figure 5 plots the contours of
the overlap between waveforms generated at different
points in the ðM;!Þ space. Notice the change in the shape
and orientation of the ambiguity ellipses, especially, as the
total mass of the binary is varied. While, to a very good
approximation, the chirp mass continues to remain as one
of the eigencoordinates [77] in the case of the low-mass
(with M % 20M"Þ binary inspiral (PN) waveforms, this is
no longer true for the complete waveforms of higher mass
systems. This is because the latter waveforms have more
information about the component masses than just the
chirp mass. The eigendirections change dramatically with
increasing total mass. It can be seen that the error trends
reported in Fig. 2 closely follow the shape of these ambi-
guity ellipses. This also means that while placing templates
in the inspiral-merger-ring-down searches, we will have to
consider these changes in the orientation of the ambiguity
ellipses. This will be studied in a future work.
One common problem encountered in the estimation of

errors using the Fisher information matrix is the following:
In some cases (especially in the case of large number of
parameters), the Fisher matrix becomes badly conditioned,
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where!#a denotes the rms error in estimating#a obtained
from "ab, and Cab is the correlation coefficient between
parameters #a and #b.

Errors in the estimates of the parameters M, !, Mc, t0,
and deff in the case of the AdvLIGO detector are plotted
against the total mass M in Fig. 2. These errors are com-
puted assuming that the binary is placed at an effective
distance of 1 Gpc. Also plotted in the figures are the same
error bounds computed from the 3.5 PN accurate restricted
PN waveforms in the stationary phase approximation
(SPA), truncated at the Schwarzschild innermost stable
circular orbit (ISCO). It can be seen that, over a significant
range of the total mass, the error bounds in the complete
templates are largely better than those in the PN inspiral
waveforms. For binaries with M ¼ 100M" and ! ¼ 0:25,
the error bounds in various parameters using the complete
[PN] templates are !M=M ’ 0:34 [5.38]%, !!=! ’ 0:84
[12.98]%, !Mc=Mc ’ 0:35 [2.47]%, !t0 ’ 0:46
[15.51] ms, and !deff=deff ’ 1:36 [5.24]%. The errors in
estimating the same parameters using Initial LIGO and
Enhanced LIGO detectors are plotted in Figs. 3 and 4.

The rate of variation in the errors in different regions of
the parameter space can be understood by studying the

overlap function, which is the ambiguity function maxi-
mized over t0 and ’0 [76]. Figure 5 plots the contours of
the overlap between waveforms generated at different
points in the ðM;!Þ space. Notice the change in the shape
and orientation of the ambiguity ellipses, especially, as the
total mass of the binary is varied. While, to a very good
approximation, the chirp mass continues to remain as one
of the eigencoordinates [77] in the case of the low-mass
(with M % 20M"Þ binary inspiral (PN) waveforms, this is
no longer true for the complete waveforms of higher mass
systems. This is because the latter waveforms have more
information about the component masses than just the
chirp mass. The eigendirections change dramatically with
increasing total mass. It can be seen that the error trends
reported in Fig. 2 closely follow the shape of these ambi-
guity ellipses. This also means that while placing templates
in the inspiral-merger-ring-down searches, we will have to
consider these changes in the orientation of the ambiguity
ellipses. This will be studied in a future work.
One common problem encountered in the estimation of

errors using the Fisher information matrix is the following:
In some cases (especially in the case of large number of
parameters), the Fisher matrix becomes badly conditioned,
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value of the symmetric mass ratio ! is shown in the legends. The solid lines correspond to a search using complete BBH templates and
the dashed lines correspond to a search using 3.5 PN-accurate post-Newtonian templates in the SPA, truncated at the Schwarzschild
ISCO. The binary is placed optimally oriented at an effective distance of 1 Gpc.
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Observed & expected distribution of SGRBs (Swift)

Electromagnetic Counterparts of Neutron Star Mergers 3

parts. As we show in this paper, even the Large Syn-
optic Survey Telescope (LSST), with a planned all-sky
cadence of 4 d and a depth of r ≈ 24.7 mag, is unlikely
to effectively capture the range of expected EM coun-
terparts. Thus, targeted follow-up of GW error regions
is required, whether the aim is to detect optical or radio
counterparts. Even with this approach, the follow-up ob-
servations will still require large field-of-view telescopes
to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large
amount of time to scan the full error region.
Our investigation of EM counterparts is organized as

follows. We begin by comparing various types of EM
counterparts, each illustrated by the schematic diagram
in Figure 1. The first is an SGRB, powered by accretion
following the merger (§2). Even if no SGRB is produced
or detected, the merger may still be accompanied by rel-
ativistic ejecta, which will power non-thermal afterglow
emission as it interacts with the surrounding medium. In
§3 we explore the properties of such “orphan afterglows”
from bursts with jets nearly aligned towards Earth (op-
tical afterglows; §3.1) and for larger viewing angles (late
radio afterglows; §3.2). We constrain our models using
the existing observations of SGRB afterglows, coupled
with off-axis afterglowmodels. We also provide a realistic
assessment of the required observing time and achievable
depths in the optical and radio bands. In §4 we consider
isotropic optical transients powered by the radioactive
decay of heavy elements synthesized in the ejecta (“kilo-
novae”). In §5 we compare and contrast the potential
counterparts in the context of our four Cardinal Virtues.
Although some of these counterparts have been discussed
previously in the literature, we examine them together to
better highlight their relative strengths and weaknesses.
Drawing on the properties of the various counterparts,
in §6 we make specific recommendations for optimizing
the follow-up with γ-ray satellites, wide-field optical tele-
scopes (PTF, Pan-STARRS, LSST), and radio telescopes
(EVLA, ASKAP). We summarize our conclusions in §7.

2. SHORT-DURATION GAMMA-RAY BURSTS

The most commonly discussed EM counterpart of NS-
NS/NS-BH mergers is an SGRB, powered by accretion
onto the central compact object (e.g., Paczynski 1986;
Eichler et al. 1989; Narayan et al. 1992; Rezzolla et al.
2011). The Swift satellite, and rapid follow-up observa-
tions with ground-based telescopes, have revolutionized
our understanding of SGRBs by detecting and localizing
a significant number of their afterglows for the first time
(e.g., Berger et al. 2005; Fox et al. 2005; Hjorth et al.
2005; Bloom et al. 2006). This has enabled the dis-
covery that SGRBs originate from more evolved stel-
lar populations than those of long-duration GRBs, con-
sistent with an origin associated with NS-NS mergers
(Berger et al. 2005; Bloom et al. 2006; Leibler & Berger
2010; Berger 2011b; Fong et al. 2011a). The study of
SGRB afterglows has also established a scale for the en-
ergy release and circumburst density that are lower than
for long GRBs, with E ! 1051 erg and n ! 0.1 cm−3

(Berger et al. 2005; Soderberg et al. 2006; Berger 2007a).
These observations have also provided evidence for col-
limation in at least one case (GRB 051221A), with a jet
half-opening angle of θj ≈ 0.12 (Burrows et al. 2006;
Soderberg et al. 2006), and upper or lower limits in ad-

Fig. 2.— Cumulative detection rate of SGRBs with measured
redshifts > z (thick solid line), calculated using 19 (mostly Swift)
SGRBs (e.g., Berger 2011b). Dashed vertical lines mark the esti-
mated sensitivity range of ALIGO/Virgo to NS-NS and NS-BH
mergers, respectively, including a boost due to the face-on bi-
nary orientation. The thin solid line shows an approximate fit
to ṄGRB,obs(> z) at low redshift. The dot-dashed line shows an
estimate of the total SGRB detection rate (with or without redshift
information) by an all-sky γ-ray telescope with a sensitivity similar
to Fermi/GBM.

ditional cases (Fox et al. 2005; Grupe et al. 2006; Berger
2007b), overall suggestive of wider opening angles than
for long GRBs.
Despite this progress, it is not yet established that

all SGRBs are uniquely associated with NS-NS/NS-BH
mergers (e.g., Hurley et al. 2005; Metzger et al. 2008b),
nor that all mergers lead to an energetic GRB. The
energy of the GRB jet, for instance, may depend sen-
sitively on the mass of the remnant accretion disk,
which from numerical simulations appears to vary by or-
ders of magnitude (∼ 10−3 − 0.1 M"), depending on
the properties of the binary and the high-density equa-
tion of state (Ruffert et al. 1997; Janka et al. 1999; Lee
2001; Rosswog et al. 2003; Shibata & Taniguchi 2008;
Duez et al. 2010; Chawla et al. 2010).
Although SGRBs are bright, they occur relatively

rarely within the range of ALIGO/Virgo. To illustrate
this point, in Figure 2 we plot the cumulative rate
at which SGRBs are currently detected above a red-
shift z, ṄGRB,obs(> z). This distribution includes 19
SGRBs with well-determined redshifts, obtained from
host galaxy associations (e.g., Berger 2009). Since its
launch in late 2004 Swift has detected SGRBs at a
rate of ∼ 10 yr−1, of which ∼ 1/3 have measured red-
shifts. Shown for comparison are the sensitivity ranges
Dr ≈ 1.5 × 196[410] ≈ 295[615] Mpc for detection of
NS-NS[NS-BH] mergers by ALIGO/Virgo7, where the
factor of ≈ 1.5 (included only in this section and §3.1)
accounts for the stronger GW signal from face-on merg-
ers, which characterize the geometry of GRB jets (e.g.,

7 Throughout this paper we adopt the fiducial values for Dr ≈
200 Mpc from Abadie et al. (2010b), who define detections as
events with signal-to-noise ratio (SNR) of 8 in a single detector,
assuming NS/BH masses of 1.4/10M!. This choice is conservative
because for a network of N detectors, the sensitivity range at fixed
SNR increases Dr ∝ N1/2. On the other hand, the real detection
range of a network depends on the data quality (e.g., Gaussianity
and stationarity) and detection pipeline. Once a value for Dr is
chosen, all of the results presented in this paper may be rescaled
accordingly.
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Astrophysics using GW observations 

• Test sGRB-GW association Short-hard 
GRBs are hypothesized to be powered by 
compact-binary mergers. One unique 
coincident GRB-GW observation will shed 
light on this.

• EoS of neutron stars BNS/NSBH inspiral 
signals contain information of  the NS EoS 
(through tidal deformation). 

Need “fairly loud events” (SNR ≃ 16) in 
Adv LIGO (expectation: ~6 per year). 

Merger/ring-down part expected to have 
clearer signature. NR simulations are 
getting mature to explore this. E.g. 
[Lackey et al (2011)]
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In the unshaded region, the tidal deformation 
can be measured in Adv LIGO.  
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FIG. 4. Measurability of the tidal polarizability parameter
Gµ2 (in units of km5) as a function of the neutron star mass
for a sample of realistic EOS from Table I. This plot refers to
the observation (at the SNR level ρ = 16) of the gravitational
wave signal from an equal-mass BNS merger as seen by a sin-
gle advanced LIGO detector. The solid lines represent the
values of Gµ2 as a function of the NS mass, while the dashed
lines represent the 1 σ (68% confidence level) expected sta-
tistical errors. The vertical line marks the canonical NS mass
1.4M!. Note that over a wide range of masses each solid
line lies comfortably above the corresponding measurability
threshold, therefore indicating that the advanced LIGO-Virgo
detector network can significantly measure Gµ2.

either to the conservative prior |β| < 8.5 (second row) or
the lack of any prior (first row) are close to each other
but differ from the strongly β-constrained results by very
significant factors. To be precise, the measurability of the
chirp mass is worsened by a factor larger than seven; that
of the symmetric mass ratio is worsened by a factor of
order 30!; finally, that of Gµ2 is only worsened by about
20%. These results are linked to the different origins of
the effective signals contributing to the measurability of
the various parameters displayed in Fig. 3.
We can roughly summarize the results for the measur-

ability of the nontidal parameters (in the strongly con-
strained β cases) in the following way:

σM
M

≈
4.3× 10−4

ρ
, (67)

and

σν
ν

≈
0.11

ρ
. (68)

For instance, when ρ = 10 this means that the chirp mass
is measured to a fractional precision of 4 × 10−5, while
the symmetric mass ratio is measured at a fractional pre-
cision of 0.01. As usual, the fractional precision on M is

excellent (and has not been very significantly worsened
by the inclusion of the tidal term, as shown by compar-
ing to the results of Refs. [31, 32]). By contrast, the
fractional precision on ν has been significantly worsened
(by a factor of order 1.7) compared to Refs. [31, 32] when
fitting for an extra tidal parameter6. This worsening in
the measurability of ν might make it difficult to distin-
guish stars with a mass ratio between 0.75 and 1. For
instance, if we considered a BNS with MA = 1.2M",
MB = 1.6M" (i.e., MA/MB = 0.75) its symmetric mass
ratio is ν ≈ 0.2449, so that 1− 4ν = 0.0204, correspond-
ing to a fractional δν/ν ≈ 0.02. Comparing this with the
measurement error in ν for ρ = 8, Eq. (68), this is only a
2σ-level deviation. Actually, this problem may be cured
by doing two separate analyses of the GW data, one using
inspiral data only up to a cut-off frequency small enough
to be able to neglect tidal effects (without trying to fit
for tidal parameters), which will probably give a better
estimate of the mass ratio. And a separate analysis of
the data up to (and possibly beyond) the merger aimed
at extracting EOS–dependent information.
The last two columns of the table exhibit the SNR-

normalized absolute and relative errors on Gµ2 in the
case where one uses as upper frequency cut-off fmax =
450 Hz as done in Ref. [5, 9]. The use of such a lower
cut-off leads to a dramatic worsening (by a factor ∼ 7)
of the measurability of Gµ2 (the origin of this worsening
is illustrated in Fig. 2, which includes a line at 450 Hz).
On the other hand, Hinderer et al. [9] computed a

SNR-normalized uncertainty on Gµ2 for the 1.4M" +
1.4M" system equal to σ̂Hinderer

Gµ2
= 35 × 19.3 ×

0.66743104 km5 = 450.84 × 104 km5 (see second row of
their Table II which corresponds7 to a SNR ρ = 35).
Considering for example the SLy EOS, this is a factor
38 larger than the corresponding result in Table II for
our preferred 5-parameter analysis. This large factor
can be viewed as originating from the product of sev-
eral subfactors: (i) a factor of order (f c/450 Hz)2.2 =
(1704/450)2.2 ≈ 18.7 due (according to Eq. (23) of
Ref. [9]) to their use of a cut-off at 450 Hz; (ii) a fac-
tor ∼ 1.24 due their use of a conservative prior (8.5) on
β; iii) a supplementary factor coming from the fact they
also fit for the 2PN spin-spin parameter σ (with a con-
servative prior), thereby working with seven correlated
parameters.

6 Note that when one is fitting for the spin parameter β, the frac-
tional precision of ν becomes dramatically worsened, down to
the level σ̂ln ν ∼ 2.8. In the case of EOSs GNH3 and BSK21 this
renders the fractional accuracy on ν comparable to the fractional
accuracy on Gµ2. In such a case there can be a large difference
in the measurability of λT , Eq. (59) versus λ′

T , Eq. (61), espe-
cially in view of the correspondingly large correlation between
Gµ2 and ν.

7 We could not reconcile the statement in Ref. [9] that they con-
sider a source at a distance of 100 Mpc, with an amplitude av-
eraged over sky position and relative inclination, with the SNR
35 quoted in their Table II, which, according to Abadie et al. [1]
seems to correspond to an optimally oriented source at 100 Mpc.

[Damour et al (2012)]
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Tests of GR using GW observations 

• Speed of GWs Time-delay between GW 
and EM (γ-ray) signals from SGRBs can 
constrain the speed of  GWs [Will 1998]. 
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The sensitivity of searches scales as square root of the timebase for a coherent search down to
fourth root of timebase for semi-coherent searches. Thus, if one could make a change to the
instrument that improved sensitivity at frequencies above 1 kHz by a factor of 3 and keep this
running for 3 months it would be equivalent to running for more than 2 years for a coherent search
(which is not practical for blind searches at all) and more than 10 years for a semi-coherent search.

There are two main methods of discovery of new continuous wave sources – a search for unknown
sources and a followup of millisecond pulsars discovered by radio/X-ray/�-ray surveys. Since the
gravitational-wave strain at fixed ellipticity increases with the square of the spin frequency, we
expect most gravitational-wave emitting pulsars to be discovered at high frequencies.

For evaluating variations on the LIGO 3 baseline design, we adopt two figures of merit: (1) The
integrated search volume of a PowerFlux-like blind search, where we consider the frequency space
up to 1500 Hz. (2) A targeted search for a pulsar with parameters similar to J1023+0038 (frequency
2 ⇥ 592 Hz, distance 900 pc).

The results for these FOMs under variations of the baseline design are summarized in Table 1. For
both FOMs we find the strongest improvement with increased squeezing.

4.5 Dense Matter Equation of State

In addition to the information gained through observations of GWs from pulsars, the inspiral and
merger of BH/NS or NS/NS binaries can provide a wealth of information about the NS Equation
of State (EoS). This may come about through observing tidal disruption of the NS in a BH/NS
inspiral, observing the phase evolution of the inspiral, and/or the pulsations of the newly born NS
after the merger.

4.6 Testing General Relativity

4.6.1 Testing properties of freely-propagating gravitational waves

We should be able to test the following properties of freely-propagating gravitational waves (GWs):
(i) whether they propagate at the speed of light, or is there any non-trivial dispersion relations, e.g.,
due to mass of the graviton, (ii) does the GW have a scalar component; is the tensor component a
transverse wave, (iii) whether the GWs decay during their propagation, (iv) whether the polariza-
tion tensor simply parallel transports during the propagation, or does it get distorted.

Speed of propagation of GWs: According to General Relativity (GR), GWs travel with the
speed c of light. In other theories, the speed vg of propagation of GWs could be di↵erent [146].
Coincident observation of electromagnetic (EM) and GW signals from astrophysical sources such
as GRBs or core-collapse supernovae will enable us to measure the time-delay �ta between the
EM and GW signals, and thus to constrain the speed of GWs. For the case of a source located at a
distance D,

c
c � vg =

D
c�t

; �t = �ta � [(1 + z)�ts + �tm] (4)

where �ts is the time-delay between the GW and EM emissions at the source, z the cosmological
red shift, and �tm is the error in measuring the time-delay between the GW and EM signals at the
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Tests of GR using GW observations 

• Speed of GWs Time-delay between GW 
and EM (γ-ray) signals from SGRBs can 
constrain the speed of  GWs [Will 1998]. 

• Mass of the graviton A bound on vg 
implies a bound on the graviton-mass [Will 
1998]. 
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From the coincident GW+EM observation (Δt = 
1sec) of one SGRB, powered by NSBH merger 
(located at the horizon distance). 

LIGO-T1200099–v2

detector.

The most promising astrophysical sources for this test are short-hard GRBs (assuming that they
are powered by compact-binary inspirals). The time-delay �ts between the GW and EM emissions
at the source is currently uncertain by a few seconds, and the measurement error �tm (few millisec-
onds [147]) is negligible compared to this. It can be seen from Eq.(4) that the sensitivity of this
test is proportional to the distance to the source, and the best bound is provided by sources located
at the horizon distance of the detector (see left panel of Figure 8).

Mass of the graviton: One particular scenario in which the speed of GWs could di↵er from c is
in the case of graviton having a non-zero rest mass. This is characterized by the dispersion relation
v2g/c

2 = 1 � m2
g c4/E2

g, where mg is the rest mass and Eg ⌘ h fGW the energy of the graviton with
frequency fGW, h being the Planck constant. If a velocity vg , c is determined from the time-delay
between GW and EM signals, this provides the following bound on the graviton mass:

mg .
h fGW

c2

q
1 � v2g/c2 (5)

If the GW signal contains multiple frequencies, the bound on mg is limited by the maximum fre-
quency content. In the case of CBCs, the largest frequency (say, the ISCO frequency) is inversely
proportional to the total mass of the binary. Thus, the more massive the binary is the better is
the bound. Figure 8 (middle panel) shows the expected bounds on the Compton wavelength
(�g ⌘ h/mgc) of the graviton from observations of di↵erent equal-mass binaries (larger bounds
are more sensitive).

CBC observations also enable to estimate the mass of the graviton even in the absence of an EM
counterpart. In the case of CBCs, the GW frequency sweeps from lower to higher frequencies.
If the graviton is massive, di↵erent frequency components travel with di↵erent speeds, causing
a distortion in the observed waveform [148]. In particular, the observed GW phase  ( f ) in the
frequency domain will be deviated from the phase  GR( f ) predicted by GR:

 ( f ) =  GR( f ) � ⇡D
�2
g(1 + z)

f �1, (6)

where �g ⌘ h/mgc is the Compton wavelength of the graviton. The right panel of Figure 8 shows
the expected bounds on �g assuming 3.5PN non-spinning inspiral waveforms for  GR( f ).

Decay of GWs during propagation: If GWs decay during propagation (apart from the expected
1/r fallo↵; e.g. due to dissipation), distant sources would appear to be systematically weaker.
The detection of this requires a population of coincident GW+EM observations with red shift z
estimation (say, from the merger binary neutron stars). Then we look for a systematic suppression
of GW amplitude for higher-z sources. The sensitivity of this test would be proportional to the
distance traveled by the GWs. Assuming that the red shift can be accurately estimated for sources
located at arbitrary distances, the relevant figure of merit for GW detectors is simply the horizon
distance.

Detecting transverse scalar polarizations: At leading order in ⌦L/c, where ⌦ is the GW fre-
quency and L is arm length, a transverse scalar component of GW, which produces light phase
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detector.

The most promising astrophysical sources for this test are short-hard GRBs (assuming that they
are powered by compact-binary inspirals). The time-delay �ts between the GW and EM emissions
at the source is currently uncertain by a few seconds, and the measurement error �tm (few millisec-
onds [147]) is negligible compared to this. It can be seen from Eq.(4) that the sensitivity of this
test is proportional to the distance to the source, and the best bound is provided by sources located
at the horizon distance of the detector (see left panel of Figure 8).

Mass of the graviton: One particular scenario in which the speed of GWs could di↵er from c is
in the case of graviton having a non-zero rest mass. This is characterized by the dispersion relation
v2g/c

2 = 1 � m2
g c4/E2

g, where mg is the rest mass and Eg ⌘ h fGW the energy of the graviton with
frequency fGW, h being the Planck constant. If a velocity vg , c is determined from the time-delay
between GW and EM signals, this provides the following bound on the graviton mass:

mg .
h fGW

c2

q
1 � v2g/c2 (5)

If the GW signal contains multiple frequencies, the bound on mg is limited by the maximum fre-
quency content. In the case of CBCs, the largest frequency (say, the ISCO frequency) is inversely
proportional to the total mass of the binary. Thus, the more massive the binary is the better is
the bound. Figure 8 (middle panel) shows the expected bounds on the Compton wavelength
(�g ⌘ h/mgc) of the graviton from observations of di↵erent equal-mass binaries (larger bounds
are more sensitive).

CBC observations also enable to estimate the mass of the graviton even in the absence of an EM
counterpart. In the case of CBCs, the GW frequency sweeps from lower to higher frequencies.
If the graviton is massive, di↵erent frequency components travel with di↵erent speeds, causing
a distortion in the observed waveform [148]. In particular, the observed GW phase  ( f ) in the
frequency domain will be deviated from the phase  GR( f ) predicted by GR:

 ( f ) =  GR( f ) � ⇡D
�2
g(1 + z)

f �1, (6)

where �g ⌘ h/mgc is the Compton wavelength of the graviton. The right panel of Figure 8 shows
the expected bounds on �g assuming 3.5PN non-spinning inspiral waveforms for  GR( f ).

Decay of GWs during propagation: If GWs decay during propagation (apart from the expected
1/r fallo↵; e.g. due to dissipation), distant sources would appear to be systematically weaker.
The detection of this requires a population of coincident GW+EM observations with red shift z
estimation (say, from the merger binary neutron stars). Then we look for a systematic suppression
of GW amplitude for higher-z sources. The sensitivity of this test would be proportional to the
distance traveled by the GWs. Assuming that the red shift can be accurately estimated for sources
located at arbitrary distances, the relevant figure of merit for GW detectors is simply the horizon
distance.

Detecting transverse scalar polarizations: At leading order in ⌦L/c, where ⌦ is the GW fre-
quency and L is arm length, a transverse scalar component of GW, which produces light phase
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Tests of GR using GW observations 

• Speed of GWs Time-delay between GW 
and EM (γ-ray) signals from SGRBs can 
constrain the speed of  GWs [Will 1998]. 

• Mass of the graviton A bound on vg 
implies a bound on the graviton-mass [Will 
1998].

GW observations of  CBCs can constrain the 
mass of  graviton without relying on an EM 
counterpart. 
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Tests of GR using GW observations 

• Speed of GWs Time-delay between GW 
and EM (γ-ray) signals from SGRBs can 
constrain the speed of  GWs [Will 1998]. 

• Mass of the graviton A bound on vg 
implies a bound on the graviton-mass [Will 
1998].

GW observations of  CBCs can constrain 
the mass of  graviton without relying on an 
EM counterpart. 
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32 pc
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0.3 pc

0.03 pc
solar system bound

[Keppel & Ajith (2010)]

Expected bounds on the Compton wavelength of the 
graviton from BBH observations by future detectors. 
(dL = 1 Gpc)



Tests of GR using GW observations 

• Speed of GWs Time-delay between GW 
and EM (γ-ray) signals from SGRBs can 
constrain the speed of  GWs [Will 1998]. 

• Mass of the graviton A bound on vg 
implies a bound on the graviton-mass [Will 
1998].

• Testing PN theory by independently 
estimating the PN parameters  [Arun et al 
2006].

Two parameters constrain the masses; 
estimation of  more parameters provide 
consistency tests (analogous to binary 
pulsar tests). 
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performed effectively with all  k’s, especially in the case
of LISA. This is another reason why LISA is such an
important mission. All the test parameters, including the
log-terms at 2.5PN and 3PN order, can be estimated with
fractional accuracies better than 10!2 in the case of LISA
for massive BBH binaries with the total mass in the range
104–107 M", and with fractional accuracies better than
100% in the case of EGO for stellar mass BBH binaries
with the total mass range 2–10M". This demonstrates the
exciting possibility of testing the nonlinear structure of
general relativity using the GW observations by EGO and
LISA. A similar analysis in the case of Advanced LIGO for
sources with the total mass #10M", shows that all the
parameters, except  4 and  6l, can be measured to a
relative accuracy of 100%. Thus, though the 3PN log-
term cannot be probed with Advanced LIGO, the 2.5PN
log-term can be tested leading to an interesting possibility
in the more immediate future.

With reference to Fig. 2, one may wonder why the error
in  4 is the largest relative to the other, higher order,  ’s.
We believe that there are several reasons for this odd
behavior: recall that the PN terms in the Fourier phase
are given by  kf$k!5%=3. When k & 5, there is no depen-
dence on frequency and when k & 4 the term varies very
slowly as f!1=3. Therefore, terms close to k & 5 are likely
to suffer from large variances since the frequency depen-
dence of the corresponding term is weak. Although one
might expect  6 also to suffer from large relative errors, the
fact that in this case the term increases with frequency as
f1=3 contributes to making it a more important term than
 4. We also observe that  4 has significantly larger cova-
riances with  0 and  2 which adds to its poor
determination.

In Fig. 3, we have depicted the power of the proposed
test in the m1–m2 plane. We present the uncertainty con-
tours, with 1-! error bars, associated with the different test
parameters in them1–m2 plane, when  0 and  2 are used to
parametrize the waveform and in the case of LISA. The
parameter  6l is much better determined by LISA than
EGO, as one would expect. This figure is an explicit
demonstration of the efficacy of the proposed test and the

accuracy with which the future GW observations of BH
binaries by EGO and LISA can test GR in its strong field
regime.

As mentioned earlier, the spin and angular parameters
add a lot of structure to the waveform which contain addi-
tional information that can be extracted and more tests
conducted. Covariance between the old and new parame-
ters is likely to increase the error boxes but the tests
become more demanding as a result of seeking consistency
amongst a greater number of parameters. Future studies
should look into the more general case incorporating the
effects of spin and systematic effects of orbital eccentricity
that could affect the tests, and more interestingly, go be-
yond the restricted waveform approximation by incorpo-
rating the amplitude corrections [22] to the GW phasing.

We conclude by discussing the extent to which we can
extend the current proposal to discriminate between differ-
ent theories of gravity such as massive graviton theories
and scalar-tensor theories [6,23]. The limitations of GW

0 0.5 1 1.5 2
106(m1/MO).

0

0.5

1

1.5

2

10
6 (m

2/M
O
) .

ψ4ψ3

ψ6

ψ7

ψ6l

ψ5l

FIG. 3 (color online). Plot showing the regions in the m1–m2

plane that correspond to 1-! uncertainties in the test parameters
 T &  3,  4,  5l,  6,  6l,  7 for a $106; 106%M" supermassive
black hole binary at a redshift of z & 1 as observed for a year by
LISA. (Note that the 1-! uncertainty in  3 is smaller than the
thickness of the line.)
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FIG. 2 (color online). Plot showing the relative errors ! T= T , in the test parameters  T &  3,  4,  5l,  6,  6l,  7 as a function of
the total massM of a supermassive BBH at a redshift of z & 1 observed by LISA (right panel) and of a stellar mass compact binary at a
distance of DL & 200 Mpc observed by EGO (left panel). The rest of the details as in Fig. 1.
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Shaded regions show the values of m1 & m2 that give 
the observed values of the PN parameters. If the theory 
is correct, all curves should intersect in a single point. 



Tests of GR using GW observations 

• Speed of GWs Time-delay between GW 
and EM (γ-ray) signals from SGRBs can 
constrain the speed of  GWs [Will 1998]. 

• Mass of the graviton A bound on vg 
implies a bound on the graviton-mass [Will 
1998].

• Testing PN theory by independently 
estimating the PN parameters  [Arun et al 
2006].

• More general tests: PPE framework  
Generalize the (GR) GW signal by 
introducing extra parameters that are 
motivated by alternative theories; estimate 
them  [Yunes &  Pretorius 2009].
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Cosmology using GW observations 

• CBCs are standard sirens Self  calibrating 
sources → cosmic expansion rate. [Schutz 
(1986)] 
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absolute determination 
of the luminosity 

distance 

GWs

e.g. GRB afterglow → red-shift 
information

EM counterpart

Numerical simulation of the merger of NS-NS binary. 
Magnetic fields can support GRB jets. 

[Rezzolla et al (2011)]



Cosmology using GW observations 

• CBCs are standard sirens Self  calibrating 
sources → cosmic expansion rate. [Schutz 
(1986)] 

2G network Modest measurement of  H0. 
[Nissanke et al (2010)]

3G network more interesting 
measurements (comparable to other dark 
energy missions). [Zhao et al (2011)]
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Note: very different systematics!
H0 (km/s/Mpc)
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[Nissanke et al. (2010)]
Threshold signals: % H0 errors.

42/43

 [S. Nissanke]

from 30 
binaries 

Expected errors on H0 : 13% (4 detections), 5%(15 
detections),  3.4% (30 detections). Using LIGO-Virgo-
KAGRA-India network. 



Summary

• Significant progress in the experimental efforts for the first direct detection of  GWs, as well as in the 
theoretical work in the modeling of  relativistic astrophysical phenomena producing GW signals & their 
multi-messenger counterparts. 

• First detections very likely happen over the next few years with the advent of  2G detectors. 

• Once detected, GWs will open up a new observational window to the Universe. Can expect similar 
explosion in the astrophysics knowledge with the advent of  radio, x-ray or gamma-ray astronomies.

36

Radio X-ray

Gamma-rayMicrowave GWs?



The gravitational-wave spectrum
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