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Post detection	era

• We	need	to	plan	asap	for	the	future	of	ground-based	GW		
detectors

• What	(astro)physical	questions	have	we	answered	in	O1	?

• What	are	the	open	questions?	
–What	questions	require	a	significant	upgrade?
–What	questions	require	new	facilities?
–How	many	detectors	should	we	have	online,	and	under	which	
conditions?	
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What	did	we	learn	in	O1	– BH	masses

• We	measured	BH	masses	
directly
• BHs	can	have	masses	much	
larger	than	what	found	with	
EM	(<~	15M)
• Implications	for	metallicity	
and	winds	strength	in	the	
progenitors
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FIG. 4. Posterior probability densities of the masses, spins and distance to the three events GW150914, LVT151012 and GW151226. For the
two dimensional distributions, the contours show 50% and 90% credible regions. Top left: component masses msource

1 and msource
2 for the three

events. We use the convention that msource
1 � msource

2 , which produces the sharp cut in the two-dimensional distribution. For GW151226 and
LVT151012, the contours follow lines of constant chirp mass (M source = 8.9+0.3

�0.3 M� and M source = 15.1+1.4
�1.1 M� respectively). In all three

cases, both masses are consistent with being black holes. Top right: The mass and dimensionless spin magnitude of the final black holes.
Bottom left: The effective spin and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-
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What	did	we	learn	in	O1	– BH	spins

• We	measured	BH	spins	
directly
• Spins	for	BBH	hard	to	
measure	due	to	mass	ratio	
close	to	1
• GW151226	had	a	least	a	BH	
with	non-zero	spin
• No	much	can	be	said	about	
spin	orientation
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FIG. 4. Posterior probability densities of the masses, spins and distance to the three events GW150914, LVT151012 and GW151226. For the
two dimensional distributions, the contours show 50% and 90% credible regions. Top left: component masses msource

1 and msource
2 for the three

events. We use the convention that msource
1 � msource

2 , which produces the sharp cut in the two-dimensional distribution. For GW151226 and
LVT151012, the contours follow lines of constant chirp mass (M source = 8.9+0.3

�0.3 M� and M source = 15.1+1.4
�1.1 M� respectively). In all three

cases, both masses are consistent with being black holes. Top right: The mass and dimensionless spin magnitude of the final black holes.
Bottom left: The effective spin and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-
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What	did	we	learn	in	O1	- general	relativity

• The	two	events	allowed	for	the	firsts	tests	of	GR	in	a	strong	
field	dynamical	regime
• Still	not	a	precise	test.	Will	require	more	events
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FIG. 6. Posterior density distributions and 90% credible intervals for relative deviations d p̂i in the PN parameters pi, as well as intermediate
parameters bi and merger-ringdown parameters ai. The top panel is for GW150914 by itself and the middle one for GW151226 by itself,
while the bottom panel shows combined posteriors from GW150914 and GW151226. While the posteriors for deviations in PN coefficients
from GW150914 show large offsets, the ones from GW151226 are well-centered on zero as well as being more tight, causing the combined
posteriors to similarly improve over those of GW150914 alone. For deviations in the bi, the combined posteriors improve over those of either
event individually. For the ai, the joint posteriors are mostly set by the posteriors from GW150914, whose merger-ringdown occurred at
frequencies where the detectors are the most sensitive.

up to 3.5PN. Since the source of GW151226 merged at
⇠ 450 Hz, the signal provides the opportunity to probe the
PN inspiral with many more waveform cycles, albeit at rel-
atively low SNR. Especially in this regime, it allows us to
tighten further our bounds on violations of general relativity.

As in [41], to analyze GW151226 we start from the IMR-
Phenom waveform model of [35–37] which is capable of de-
scribing inspiral, merger, and ringdown, and partly accounts
for spin precession. The phase of this waveform is charac-
terized by phenomenological coefficients {pi}, which include
PN coefficients as well as coefficients describing merger and
ringdown. The latter were obtained by calibrating against nu-

merical waveforms and tend to multiply specific powers of
f , and they characterize the gravitational-wave amplitude and
phase in different stages of the coalescence process. We then
allow for possible departures from general relativity, param-
eterized by a set of testing coefficients d p̂i, which take the
form of fractional deviations in the pi [135, 136]. Thus, we
replace pi ! (1+d p̂i) pi and let one or more of the d p̂i vary
freely in addition to the source parameters that also appear
in pure general relativity waveforms, using the general rel-
ativity expressions in terms of masses and spins for the pi
themselves. Our testing coefficients are those in Table I of
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What	did	we	not learn	about	BHs	

• Mass	and	spin	distribution
• Could	not	exclude	exotic	objects	(instead	of	BHs)
• Could	not	pinpoint	to	the	astrophysical	formation	channel	of	
the	systems
• Did	not	probe	cosmological	distances
• Did	not	see	effects	of	spin	precession
• Did	not	see	EM	counterpart	(if	any	was	present…)
• To	address	these	will	take	more	time,	or	more	detectors,	or	
new	detectors
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Further	ahead…	

• Cosmic	history
–When	did	seed	black	holes	form,	how	heavy	were	they	and	how	did	they	grow?
–What	is	the	geometry,	topology	and	dynamics	of	large	scale	structure	in	the	Universe?
– Did	CBC	produce	most	of	the	metals	in	the	Universe?	

• Extreme	matter
–What	are	the	equation	of	state	and	internal	structure	of	neutron	stars?
– How	fast	can	black	holes	spin	and	how	big	can	they	get?	
– How	do	supernovae	explode?	
– How	do	CBC	form,	and	are	they	progenitors	of	short	GRBs?

• Extreme	gravity
– Can	we	test	the	no	hair	theorem?
– Can	we	probe	the	space-time	around	the	horizon?
– Is	general	relativity	correct?	
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Further	ahead…	
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CBC	formation	channels

• The	two	most	likely	formation	
patterns	for	CBCs	are:
– Common	envelope.	The	two	objects	were	
in	a	binary	system	from	the	very	
beginning	->	 aligned	spins

– Dynamical	capture.	The	two	objects	were	
born	independently,	then	met	and	
formed	a	bound	system	->	isotropic	spins	

• If	both	 channels	happen,	 we	can	
estimate	the	relative	ratio	

• 10%	uncertainty	with	200	events
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NSBH and 7
p
3 ⇠ 12.1 for BBH. These correspond to

distances up to ⇠ 1.2 Gpc for NSBH and ⇠ 12 Gpc for
BBH. For both BBH and NSBH, the sky position and
orientation-polarization of the systems are uniform on
the unit sphere.

To verify that the test we propose is self-consistent
and does not rely on the exact definition of “aligned”,
we define it in a di↵erent way for NSBH and BBH.

For NSBH, the nearly aligned (henceforth just aligned)
catalog is made of signals with tilt angles (i.e. the an-
gles between spin vectors and orbital angular momen-
tum) isotropic in the interval [0, 10]�, i.e. close to the
positive direction of the orbital angular momentum. For
the BBH, the tilts in the aligned catalog are in the range
[0, 10]� [ [170 � 180]�, i.e. the spin vectors can be along
both the positive and negative direction of the orbital
angular momentum. For both BBH and NSBH, the non-
aligned model is the logical negation of the correspond-
ing aligned model. For example, for NSBH tilts were
isotropic in the range [10, 180]�. The priors on the tilt
angles for the Ha and Hā models, eq. 1, are isotropic
with cuts that match these intervals.

Each event is added into simulated Gaussian noise cor-
responding to the design sensitivity of the two Advanced
LIGO detectors and the Advanced Virgo detector [4].

We analyze all events in the catalogs twice, once with a
prior that matches the Ha model, and once with a prior
that matches Hā. These runs provide the evidences of
eq. 1 that we can use in eq. 4 to calculate posterior of the
mixture fraction.

RESULTS

To show how the method performs for some representa-
tive values of fa, we generate (for both BBH and NSBH)
5 catalogs with increasing fraction of aligned events.
From 0 (all events are not-aligned) to 1 (all events are
aligned), with steps of 0.25. These catalogs are trivially
created from our initial set of NSBH and BBH by ran-
domly drawing aligned and non-aligned signals with the
desired ratio until 100 sources for NSBH or 200 for BBH
are obtained. The evidences of these events are then used
in eq. 4 to obtain the posterior distribution of fa. The
main results are shown in Fig. 1, where for pedagogical
purposes we keep separated BBH and NSBH sources. We
see how the posterior distributions for fa peak at or very
close to the corresponding true values, given in the leg-
end, with 1 � uncertainties of the order of 10%. The small
o↵sets of some of the curves can be explained with the
limited number of events we consider (the o↵set would
be zero in the limit of an infinite number of sources). By
regenerating the catalogs a few times we saw that the
peaks can shift by a few percents on either side of the
true values. We have verified that halving the number of
sources in the catalogs (50 NSBH and 100 BBH) broadens

the posterior distributions, while leaving them centered
around or close to the true values. One might be sur-
prised that the NSBH distributions are narrower in spite
of the fact that fewer (100) sources are used for NSBH
than for BBH (200). This can be explained by remind-
ing that for BBH we used a slightly lower SNR threshold
(12 vs 13.9), thus increasing the number of weak signals
that do not contribute much to the measurement, while
broadening the posterior distributions. Furthermore, the
characteristic e↵ects of misaligned spins (e.g. amplitude
precession) are more visible in NSBH, which make them
ideal sources for this test.

Figure 1: Posterior distribution for the mixture
parameter fa after 100 NSBH (dashed) and 200 BBH
(solid) detections. Several underlying values of fa

(given in the legend) are considered. fa = 0 corresponds
to a catalog where none of the sources had aligned

spins, while fa = 1 refers to a catalog where all events
had aligned spins.

We stress that we do not assume that the priors in
eq. 1 perfectly match the corresponding distributions in
the simulated events, which will likely happen in the
first years of gravitational-wave astrophysics. Two im-
portant examples are the prior distributions for distance
and masses.
While geometrical arguments led us to use a prior for

the luminosity distance uniform in comoving volume, in
reality, since far away sources would not be detectable,
the distance distribution of detected events will first in-
crease with distance, reach a maximum, and then de-
crease. The distances corresponding to the maximum of
the distribution and the length of the tail depend on the
true astrophysical distribution of masses (heavy CBC will
be visible farther away), which we don’t know (but will
hopefully measure in the coming years). Similarly for
the mass prior: we used priors in the component masses
which were a factor of few larger than the range used to
simulate the sources. It will be interesting to verify how
the test performs if the true distribution of tilt angles for
the aligned model is di↵erent than what is used to split
the two models, or if the true distributions are not mu-
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Intrinsic	masses

• What	we	measure	with	GW	are	the	
redshifted	masses

𝑚"#$ = 1 + 𝑧 𝑚)*+,-#

• GWs	do	not	provide	z,	but	
luminosity	distance
• In	absence	of	EM	counterpart,	we	
need	to	calculate	z	by	assuming	a	
cosmology
• Uncertainties	in	distance	will	thus	
propagate	to	source	masses
• Do	we	measure	distances	better	
with	3	detectors?	No!	

7/6/16 S.	Vitale 10
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Neutron	stars	– equation	of	state

• CBC		detections	can	be	used	to	measure	
the	equation	of	state	of	neutron	stars

• EOS	ranking	could	be	done	with	second	
generation	detectors	if	rate	is	high
– Could	exclude	some	extreme	EOS

• EOS	measurement	will	likely	will	happen	
when	new	facilities	are	online
– Large	collection	of	quiet	events
–Occasional	loud	events
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ness of a black hole (m/R = 0.5) regardless of the EOS
dependent quantity y [16, 17].

Normal matter EOS behave approximately as poly-
tropes for large compactness. However, for smaller com-
pactness, the softer crust becomes a greater fraction of
the star, so the star is more centrally condensed and k

2

smaller. For strange quark matter, the EOS is extremely
sti↵ near the minimum density, and the star behaves ap-
proximately as an n = 0 polytrope for small compact-
ness. As the central density and compactness increase,
the softer part of the EOS has a larger e↵ect, and the
star becomes more centrally condensed.

The parameter that is directly measurable by gravi-
tational wave observations of a binary neutron star in-
spiral is proportional to the tidal deformability �, which
is shown for each candidate EOS in Fig. 2. The values
of � for the candidate EOS show a much wider range of
behaviors than for k

2

because � is proportional to k
2

R5,
and the candidate EOS produce a wide range of radii
(9.4–15.5 km for a 1.4 M� star for normal EOS and 8.9–
10.9 km for the SQM EOS). See Table I.

TABLE I: Properties of a 1.4 M� neutron star for the 18 EOS
discussed in the text.

EOS R(km) m/R k2 �(1036 g cm2 s2)

SLY 11.74 0.176 0.0763 1.70

AP1 9.36 0.221 0.0512 0.368

AP3 12.09 0.171 0.0858 2.22

FPS 10.85 0.191 0.0663 1.00

MPA1 12.47 0.166 0.0924 2.79

MS1 14.92 0.139 0.110 8.15

MS2 13.71 0.151 0.0883 4.28

PS 15.47 0.134 0.104 9.19

BGN1H1 12.90 0.160 0.0868 3.10

GNH3 14.20 0.146 0.0867 5.01

H1 12.86 0.161 0.0738 2.59

H4 13.76 0.150 0.104 5.13

PCL2 11.76 0.176 0.0577 1.30

ALF1 9.90 0.209 0.0541 0.513

ALF2 13.19 0.157 0.107 4.28

SQM1 8.86 0.233 0.098 0.536

SQM2 10.03 0.206 0.136 1.38

SQM3 10.87 0.190 0.166 2.52

For normal matter, � becomes large for stars near the
minimum mass configuration at roughly 0.1 M� because
they have a large radius. For masses in the expected
mass range for binary inspirals, there are several di↵er-
ences between EOS with only npeµ matter and those
with condensates. EOS with condensates have, on aver-
age, a larger �, primarily because they have, on average,
larger radii. The quark hybrid EOS ALF1 with a small
radius (9.9 km for a 1.4 M� star) and the nuclear matter
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FIG. 2: Tidal deformability � of a single neutron star as a
function of neutron-star mass for a range of realistic EOS. The
top figure shows EOS that only include npeµ matter; the mid-
dle figure shows EOS that also incorporate ⇡/hyperon/quark
matter; the bottom figure shows strange quark matter EOS.
The dashed lines between the various shaded regions repre-
sent the expected uncertainties in measuring � for an equal-
mass binary inspiral at a distance of D = 100 Mpc as it passes
through the gravitational wave frequency range 10 Hz–450 Hz.
Observations with Advanced LIGO will be sensitive to � in
the unshaded region, while the Einstein Telescope will be able
to measure � in the unshaded and light shaded regions. See
text below.
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ness of a black hole (m/R = 0.5) regardless of the EOS
dependent quantity y [16, 17].

Normal matter EOS behave approximately as poly-
tropes for large compactness. However, for smaller com-
pactness, the softer crust becomes a greater fraction of
the star, so the star is more centrally condensed and k

2

smaller. For strange quark matter, the EOS is extremely
sti↵ near the minimum density, and the star behaves ap-
proximately as an n = 0 polytrope for small compact-
ness. As the central density and compactness increase,
the softer part of the EOS has a larger e↵ect, and the
star becomes more centrally condensed.

The parameter that is directly measurable by gravi-
tational wave observations of a binary neutron star in-
spiral is proportional to the tidal deformability �, which
is shown for each candidate EOS in Fig. 2. The values
of � for the candidate EOS show a much wider range of
behaviors than for k
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because � is proportional to k
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R5,
and the candidate EOS produce a wide range of radii
(9.4–15.5 km for a 1.4 M� star for normal EOS and 8.9–
10.9 km for the SQM EOS). See Table I.
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discussed in the text.
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For normal matter, � becomes large for stars near the
minimum mass configuration at roughly 0.1 M� because
they have a large radius. For masses in the expected
mass range for binary inspirals, there are several di↵er-
ences between EOS with only npeµ matter and those
with condensates. EOS with condensates have, on aver-
age, a larger �, primarily because they have, on average,
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FIG. 2: Tidal deformability � of a single neutron star as a
function of neutron-star mass for a range of realistic EOS. The
top figure shows EOS that only include npeµ matter; the mid-
dle figure shows EOS that also incorporate ⇡/hyperon/quark
matter; the bottom figure shows strange quark matter EOS.
The dashed lines between the various shaded regions repre-
sent the expected uncertainties in measuring � for an equal-
mass binary inspiral at a distance of D = 100 Mpc as it passes
through the gravitational wave frequency range 10 Hz–450 Hz.
Observations with Advanced LIGO will be sensitive to � in
the unshaded region, while the Einstein Telescope will be able
to measure � in the unshaded and light shaded regions. See
text below.
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Continuous	wave	sources

• Spinning	neutron	stars	can	have	ellipticity	and	emit	GWs
– Their	amplitude	strongly	depends	on	EOS

• A	detection	would	provide	the	quadrupole	moment
– Ellipticity	(requires	EOS)
–Differential	rotation	in	the	core

• Spin-down	limit	already	beaten	for	a	few	pulsars
–Will	improve	in	the	next	science	runs
– Could	exclude	some	EOS

• Detection	could	happen	any	time	from	O2	on,	depending	on	
EOS	(note:	O1	analysis	not	yet	concluded!)
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Core-collapse	supernovae

• Huge	potential	impact	on	nuclear	physics	and	
astrophysics
– Explosion	mechanism

• GW	rate	and	waveform	very	uncertain
• In	many	models,	only	galactic	SNe	would	be	
detectable	by	2G	
– Rate	of	~1/century

• Third	generation	detectors	could	bring	this	up	
to	~few/year
• Until	new	facilities	are	online,	it	really	boils	
down	to	luck…	
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while neutrino-driven convection at later times sources
GW emission with significant power at frequencies be-
tween ⇠300 � 1000 Hz (increasing with time [12–15]).
Proto-NS convection contributes at the highest frequen-
cies (& 1000 Hz). While the frequency content of the sig-
nal is robust, the phase is stochastic due to the chaotic
nature of turbulence [1, 74].

In addition to convection, depending on progenitor
structure (and, potentially, dimensionality of the simu-
lation; cf. [29, 31, 144–146]), the shock front may become
unstable to SASI, which leads to large-scale modulations
of the accretion flow. This results in sporadic large ampli-
tude spikes in the GW signal when large accreting plumes
are decelerated at the edge of the proto-NS (e.g., [12, 13]).

We draw sample waveforms for GWs from non-
rotating core collapse from the studies of Yakunin et

al. (2010; [14]), Müller et al. (2012; [37]), and Ott et

al. (2013; [29]). Yakunin et al. performed 2D simula-
tions of neutrino-driven CCSNe. We choose a wave-
form obtained from the simulation of a 15M� progen-
itor star (referred to as yak in the following). Due to
axisymmetry, the extracted waveform is linearly polar-
ized. Müller et al. performed 3D simulations of neutrino-
driven CCSNe with a number of approximations to make
the simulations computationally feasible. Importantly,
they started their simulations after core bounce and as-
sumed a time-varying inner boundary, cutting out much
of the proto-neutron star. Prompt and proto-neutron
star convection do not contribute to their waveforms,
and higher frequency GW emission is suppressed due to
the artificial inner boundary. As the simulations are 3D,
the Müller et al. waveforms have two polarizations, and
we use waveforms of models L15-3, W15-4 (two di↵er-
ent 15M� progenitors) and N20-2 (a 20M� progenitor).
We refer to these waveforms as müller1, müller3, and
müller2, respectively. Ott et al. performed 3D simu-
lations of neutrino-driven CCSNe. The simulations are
general-relativistic and incorporate a three-species neu-
trino leakage scheme. As the simulations are 3D, the
Ott et al. waveforms have two polarizations, and we use
the GW waveform from model s27fheat1.05 (a 27M� pro-
genitor). We hereafter refer to this waveform as ott. We
plot the GW signal for the ott model in the top panel of
Fig. 3.

2. Gravitational Waves from Rotating Core Collapse and
Bounce

Rotation leads to oblateness (an ` = 2,m = 0
quadrupole deformation) of the inner quasi-homologously
collapsing core. Extreme accelerations experienced by
the inner core at bounce lead to a large spike in the
GW signal at bounce, followed by ringdown of the proto-
neutron star as it settles to its new equilibrium state
(see, e.g., [1, 17, 148] for a detailed discussion). The
GW signal is dependent on the mass of the inner core,
its angular momentum distribution, and the equation of
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FIG. 3: The time domain GW strain for representative models
of neutrino-driven (ott; top panel) and rotating (dim2; bot-
tom panel) core collapse, as seen by an equatorial (◆ = ⇡/2;
� = 0) observer at 10 kpc. We note that the typical GW strain
from rotating core collapse is roughly an order of magnitude
larger than the typical GW strain from neutrino-driven ex-
plosions. In addition, the typical GW signal duration from
rotating core-collapse is ⇠few 10ms, compared to the typi-
cal GW signal duration of ⇠ few 100ms for neutrino-driven
explosions.

state of nuclear matter. There are significant uncertain-
ties in these and it is di�cult to exactly predict the time
series of the GW signal. Nevertheless, work by several
authors [11, 16, 20, 148–151] has demonstrated that GW
emission from rotating core collapse and bounce has ro-
bust features that can be identified and used to infer
properties of the progenitor core.

We draw three sample waveforms from the axisym-
metric general-relativistic (conformally-flat) simulations
of Dimmelmeier et al. [17]. All were performed with a 15-
M� progenitor star and the Lattimer-Swesty equation of
state [152]. The three linearly polarized waveforms drawn
from [17], s15A2O05-ls, s15A2O09-ls, and s15A3O15-ls,
di↵er primarily by their initial rotation rate and angular
momentum distribution. We refer to them as dim1 (slow
and rather uniform precollapse rotation), dim2 (moder-
ate and rather uniform precollapse rotation), and dim3
(fast and strongly di↵erential precollapse rotation), re-
spectively.

Shortly after core bounce, nonaxisymmetric rotational
instabilities driven by rotational shear (e.g., [38, 41, 139,



Stochastic	background

• The	stochastic	background	made	of	all	unresolvable	BBH	could	be	
detectable	already	with	2G	detectors
• Study	of	the	stochastic	signal	can	potentially	help	assessing	metallicity,	
delay	time	and	start	formation	rate	of	underlying	population
– Requires	new	facilities

• Background	from	inflation	is	a	more	ambitious	goa
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FIG. 1. Expected sensitivity of the network of advanced LIGO and Virgo detectors to the Fiducial field model. Left panel:
Energy density spectra are shown in blue (solid for the total background; dashed for the residual background, excluding resolved
sources, assuming final advanced LIGO and Virgo [1, 2] sensitivity). The pink shaded region “Poisson” shows the 90% CL
statistical uncertainty, propagated from the local rate measurement, on the total background. The black power-law integrated
curves show the 1� sensitivity of the network expected for the two first observing runs O1 and O2, and for 2 years at the design
sensitivity in O5. (O3 and O4 are not significantly di↵erent than O5; see Table I.) If the astrophysical background spectrum
intersects a black line, it has expected SNR � 1. In both panels we assume a coincident duty cycle of 33% for O1 (actual) and
50% for all other runs (predicted). Right panel: Predicted SNR as a function of total observing time. The blue lines and pink
shaded region have the same interpretation as in the left panel. Each observing run is indicated by an improvement in the
LIGO-Virgo network sensitivity [35], which results in a discontinuity in the slope. The thresholds for SNR = 1, 3 (false-alarm
probability < 3⇥ 10�3) and 5 (false-alarm probability < 6⇥ 10�7) are indicated by horizontal lines.

trum for binary inspirals is an example. A power-law in-
tegrated curve is calculated by taking the locus of power-
law spectra that have expected SNR = 1, where [5]:

SNR =
3H2

0

10⇡2

p
2T

2
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Z 1
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nX

i=1

X

j>i

�2

ij(f)⌦
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GW

(f)

f6Pi(f)Pj(f)

3

5
1/2

,

(4)
for a network of detectors i = 1, 2, · · · , n. Hence, if
the spectrum of an astrophysical background intersects
a black curve, then it has an expected SNR � 1. In Eq.
4, Pi(f) and Pj(f) are the one-sided strain noise power
spectral densities of two detectors; �ij(f) is the normal-
ized isotropic overlap reduction function [41, 42]; and T
is the accumulated coincident observation time. While
Eq. 4 is derived by assuming a Gaussian background [5],
it can also be applied to non-Gaussian backgrounds (with
signals that are clearly separated in time) such as the bi-
nary black hole background considered here [43]. The
di↵erent black curves shown in this plot illustrate the
improvement in expected sensitivity in the coming years.

Following [35, 39], we consider five di↵erent phases, de-
noted O1 to O5, corresponding to the first five observing
runs, summarized in Table I. For clarity, we show only
the O1, O2, and O5 power-law integrated curves since
the di↵erences between the projected sensitivities for O3,

O4, and O5 are relatively small. In Fig. 1b, we plot the
expected accumulated SNR for the Fiducial model as
a function of total observation time. For both the sen-
sitivity curves and the accumulated SNR, we assume a
coincident duty cycle for each pair of detectors of 33% for
O1 (actual) and 50% for all other runs (predicted). The
total background associated with the Fiducial model
could be identified with SNR = 3, corresponding to false
alarm probability < 3⇥10�3, after approximately 6 years
of observing. In the most optimistic scenario given by
statistical uncertainties, the total background could be
identified after 1.5 years with SNR = 3 and after approx-
imatively 2 years with SNR = 5, which is even before
design sensitivity is reached. It would take about 2 years
of observing to achieve SNR = 3 and about 3.5 years for
SNR = 5 for the optimistic residual background. The
most pessimistic case considered here is out of reach of
the advanced detector network but is in the scope of third
generation detectors.

Alternative Models — We now investigate the impact of
possible variations on the Fiducial model. We consider
the following alternatives:

• AltSFR di↵ers from the Fiducial model in as-
suming a di↵erent SFR proposed by Tornatore et
al. [44], who combined observations and simulations
at higher redshift; the formation rate is assumed
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FIG. 2. Energy density spectra for the di↵erent models
summarized in the text. The pink shaded region “Poisson”
shows the 90% CL statistical uncertainty propagated from the
local rate measurement, on the Fiducial model. The black
dashed curve shows the design sensitivity of the network of
Advanced LIGO [1, 2] and Virgo [36, 37]; see Tab. I. If the
astrophysical background spectrum intersects with the dashed
black line, it has expected SNR � 1.

direction of orbital momentum, but spins in the orbital
plane are not constrained. Preliminary studies suggest
that ⌦

GW

(f) could change by a factor of . 2 for models
including spin.

Conclusions and discussion — The detection of gravita-
tional waves from GW150914 is consistent with the ex-
istence of high-mass binary black hole mergers with a
coalescence rate of tens per Gpc3 per year. As a con-
sequence, the stochastic background from binary black
holes is expected to be at the higher end of previous
predictions (see, e.g., [7–13]). We have shown that, for
the Fiducial field model, the energy density spectrum
is ⌦

GW

(f = 25Hz) = 1.1+2.7
�0.9 ⇥ 10�9 with 90% confi-

dence. This, in turn, implies that the background may
be measured by the network of advanced LIGO and Virgo
detectors operating at or near their final sensitivity. The
uncertainty in this prediction arises from the statistical
uncertainty in the local merger rate estimate.
Our predictions are subject to statistical fluctuations

in the observed ⌦
GW

(f) due to random realizations of the
binaries that coalesce during the observing run. These
fluctuations are much smaller than the current local
merger uncertainty [43]. The predictions may also be
conservative. Throughout, we have assumed the use of
the standard cross-correlation statistic, which is known to
be sub-optimal for non-Gaussian backgrounds [46]. The
development of more sensitive non-Gaussian pipelines
may hasten the detection of the binary black hole back-
ground [47–49].

We have examined several alternative models for the
merger rate evolution with redshift, representative of the
uncertainties in the formation channels for high-mass bi-
nary black holes. We find that all of these variations lie
within the envelope of the uncertain local rate normal-
ization in the 10–50 Hz band, as illustrated in Fig. 2.
The power-law slope of the spectrum in this frequency
band is not expected to deviate from 2/3 unless there
is a significant contribution from sources with high total
mass merging at high redshift, M(1+ z) & 200M�. This
illustrates the robustness of the predicted amplitude and
power-law slope of the energy density spectrum.

However, this also implies that the stochastic back-
ground measurement with Advanced LIGO and Virgo
detectors can only constrain the amplitude of the back-
ground power law in the 10–50 Hz sensitive frequency
band. The sensitivity of this search at the 2� level
will correspond to ⌦

GW

⇠ 10�9 at 25 Hz with the full-
sensitivity network of the Advanced LIGO/Virgo detec-
tors. Therefore, the stochastic search alone will not be
able to distinguish between di↵erent model variations
that have a similar e↵ect on the spectrum in the 10-50
Hz band. Future measurements of individual binary coa-
lescences will help break at least some of these degenera-
cies, by providing a better estimate of the local merger
rate and chirp mass distribution. Combining the two
types of measurements (stochastic and individual coales-
cence event) could therefore help distinguish between dif-
ferent astrophysical formation scenarios for binary black
holes [50], but the full potential of this approach may only
be reached using third generation of gravitational-wave
detectors.
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Summary

BNS NSBH BBH
Detection >= O2 >= O2 😀
Rates >= O3 >= O3 >=	O2

Mass	
distribution

>=	O3 >=	O3 Decent	in	O2

Spin	distribution >=	O3 >=	O3 >=	O2

Formation	
channels

>=	O3 >=	O3 >=	O2

EOS >	O3,	A+,	NF > O3,	A+, NF ??

EM	connection >	O3 >	O3 O2	w/	Virgo?

Detection at	z>1 NF NF O3

Tests of	GR >=O2 >=O2 😅
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CC	SNe Other	bursts
Detection O2	- NF	 O2- NF

Mechanism From	1st detection ??

MassàGW	
efficiency

From	1st detection ??

BBH bgd Primordial bgd
Detection O4, A+,	NF >>>	NF

Population studies A+,	NF Not Relevant

NF=	new	facilities	(CE,	ET)

Note:	some	of	the	searches	in	O1	data	are	not	finished	yet!	

Targeted CW Blind	CW

Detection O2 –NF O2 –NF

Ellipticity/EOS From	1st detection From	1st detection

Population	 studies Not	relevant A+,	NF
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