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Black	hole	masses	and	spins	

Figure 1. Masses and spins for 10 black holes
with approximate error bars. The three high-
mass-X-ray-binary systems, LMC X-1, Cygnus
X-1 and M33 X-7 are indicated by names above
the line and in red online.

Figure 2. Distribution (upper bound) of
spins for black holes in NSBH binaries, with
masses greater than 2M�, assuming NS natal
spins of 0, BH natal spins of 0.5 and merging
in 15 billion years. Adapted from [14].

square root charge of 4.6 ⇥ 10�45 seconds). The reason for the violation of the Kerr bound in
these cases is that elementary particles typically have Planckian values of spin, but not of mass.
Of the Standard Model elementary particles, only the Higg’s boson satisfies the Kerr bound
because its charge and spin are thought to be zero.

Object Mass [s] J/M [s] a⇤
Earth 1.5⇥ 10�11 1.3⇥ 10�8 895
Sun 4.9⇥ 10�6 6.1⇥ 10�6 1.2
VFTS 102 1.2⇥ 10�4 9.3⇥ 10�3 75
PSR J1748-2446ad 6.9⇥ 10�6 2.9⇥ 10�6 0.4
Cygnus X-1 7.30⇥ 10�5 7.23⇥ 10�5 0.99

Table 1. Approximate values of mass and specific angular momentum for the Earth, Sun, a
rapidly spinning massive star VFTS 102, a rapidly spinning neutron star PSR J1748-2446ad and
a rapidly spinning black hole Cygnus X-1. For ease of comparison, both the mass and specific
angular momentum values are given in seconds.

2. X-ray observations

X-ray observations of accretion disks have been able to measure the spins of around 10 stellar
mass black holes [11]. These are displayed in Fig 1.

Of these most are Low Mass X-ray Binary (LMXB) sources and are unlikely to form the
double compact object systems necessary to be seen by the current generation of ground-based
gravitational wave detectors. Three of the systems (LMC X-3, M33 X-7 and Cygnus X-1) are
High Mass X-ray Binaries (HMXB) where the companion to the black hole is a massive star,
with mass greater than ⇠ 10M� and these systems do have a chance to form either neutron
star-black hole binaries or binary black holes systems. These systems in themselves are not
targets for current ground-based GW observatories as they are many millions of years away
from merging but it is interesting to note that all three of these HMXBs have black holes with
large spins a⇤ > 0.85 and this suggests that the population of black holes in compact binary
systems might be dominated by black holes with large spins. The probability of obtaining three
values all above 0.7 from a flat distribution is only 3% .
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Forming	massive	black	holes	
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Weak wind

Strong wind
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Forming	
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A	possible		
evoluTon	
scenario	
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Predicted	mass	distribuTons	
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DifferenTaTng	models:	AYer	O1	
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From	Stevenson	et	al	2015	

would be relatively straightforward to extend the framework
we introduce to include all GW observations of binary mergers.

We use the set of 12 population synthesis models for which
predicted rates and mass distributions are available. These
models are summarized in Table 1. The standard model
assumes a maximum neutron star mass of M2.5 :, uses the
rapid supernova engine detailed in Fryer et al. (2012),
physically motivated common envelope binding energy (Xu
& Li 2010), and kick velocities for supernova remnants drawn
from a Maxwell distribution with a characteristic velocity of

265 km s 1T � � . There are then eleven variations, in each of
which one of the above parameters is varied: the first four
variations consider changes in the energetics of the common
envelope phase, the next two vary the maximum mass of
neutron stars, three more change the kick imparted on the
components during collapse to a neutron star or black hole and
the final two consider a delayed supernova engine and a change
in the strength of stellar winds. The models are described in
detail in Section 2 of Dominik et al. (2012).

We expect that in general, the true universe will not match
one of a small set of models, but will lie in between these
models (or potentially outside of them if additional unmodeled
physics is required to accurately describe binary evolution).
Assumptions that are not varied in these models, but which
may have a large impact on the resultant BBH distribution
include distributions of the parameters of primordial binaries
(IMF, orbital elements de Mink & Belczynski 2015), tides,
stellar rotation (de Mink et al. 2013) and magnetic fields. Here
we neglect these additional considerations and investigate how
one can differentiate between a small suite of population
synthesis models using GW observations of BBHs. A full
treatment of these additional properties has the potential to
significantly impact stellar evolution models and may well lead
to degeneracies whereby significantly different astrophysical
models predict comparable populations of binaries.

Since calculating population synthesis models can be
computationally expensive, the models are discretely sampled
over a large range of parameter space (in some cases orders of

magnitude) in an attempt to bracket the truth. Furthermore,
each of the models used in this study varies only one parameter
from its standard value at a time. It is quite likely that the true
values of many of these parameters will differ from those
presented in Dominik et al. (2012), resulting in a population
that does not match any of the ones included here. Varying
combinations of parameters will also need to be studied, as this
may lead to issues with degeneracies in which combinations of
parameters can be determined from GW observations. To be
able to reliably extract the details of stellar evolution from
GW observations, one would require to have models calculated
on a dense enough grid that one can perform interpolation
between them (O’Shaughnessy et al. 2008, 2013).

2.2.1. Metallicity

Each model is calculated at solar (Z Z0.02� � :) and sub-
solar (Z Z0.002 0.1� � :) metallicities. In addition, there are
two submodels that differ in the way binaries entering into a
common envelope when one of the stars is on the Hertzsprung
gap are handled (see Section 2.2.2).
We choose to use a 50–50 mixture of the solar and sub-solar

models as used in Belczynski et al. (2010), motivated by results
from the Sloan Digital Sky Survey (SDSS; Panter et al. 2008)
showing that star formation is approximately bimodal with half
of the stars forming with Z Z_ : and the other half forming
with Z Z0.1_ :. For the future, it would be desirable to include
a more thorough treatment of the metallicity distribution,
including its evolution with cosmic star formation history as
done in Dominik et al. (2013, 2014b).
Although metallicity in the local universe may be bimodal,

one still expects a smooth distribution of metallicities to exist.
Using only a discrete mixture of solar and sub-solar metallicity
predictions may give rise to non-physical peaks or sharp
features in the chirp mass distributions which may artificially
aid in distinguishing between them (Dominik et al. 2014b).
However, in practise we find that these peaks are sufficiently
smoothed out by measurement errors (see Section 3.4).
Studies have shown that the majority of BBHs observable by

aLIGO were formed within 1 Gyr_ of the Big Bang (Dominik
et al. 2013, 2014b), when the metallicity of the universe was
distinctly lower. This is due to a number of reasons (see for
example Belczynski et al. 2010). It is easier for supernova
progenitor stars to remain massive at lower metallicities due to
weaker stellar winds compared to at solar metallicity. Also,
many potential BBH progenitor systems merge prematurely at
higher metallicities during the CE phase since the secondary is
likely to be on the Hertzsprung Gap, whereas at lower
metallicities the secondary does not expand enough to initiate
a CE event until it is a core-helium burning star (see Hurley
et al. 2000 for the effect of metallicity on stellar radius). These
BBHs are formed with long delay times such that they are only
merging now. One therefore needs to include the time
evolution of metallicity to accurately model the expected
population of BBHs mergers (Dominik et al. 2013).

2.2.2. Fate of Hertzsprung Gap Donors

The Hertzsprung gap is a short lived (Kelvin–Helmholtz
timescale) stage of stellar evolution where a star evolves at
approximately constant luminosity across the Hertzsprung–
Russell diagram after core hydrogen burning has been depleted
but before hydrogen shell burning commences.

Table 1
Summary of Population Synthesis Models

Model Physical Difference

Standard Maximum neutron star mass = 2.5Me, rapid supernova
engine (Fryer et al. 2012), physically motivated envelope
binding energy (Xu & Li 2010), standard kicks

265 km s 1T � �

Variation 1 Very high, fixed envelope binding energya

Variation 2 High, fixed envelope binding energya

Variation 3 Low, fixed envelope binding energya

Variation 4 Very low, fixed envelope binding energya

Variation 5 Maximum neutron star mass = 3.0Me

Variation 6 Maximum neutron mass = 2.0Me

Variation 7 Reduced kicks 123.5 km s 1T � �

Variation 8 High black hole kicks, fb = 0
Variation 9 No black hole kicks, fb = 1
Variation 10 Delayed supernova engine (Fryer et al. 2012)
Variation 11 Reduced stellar winds by factor of 2

Notes. Models presented in Dominik et al. (2012), with parameter variations
indicated in the second column which broadly relate to the uncertainties in
binary evolution discussed in the text. All other parameters retain their standard
model value.
a See Section 2.3 in Dominik et al. (2012) for details.
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would be relatively straightforward to extend the framework
we introduce to include all GW observations of binary mergers.

We use the set of 12 population synthesis models for which
predicted rates and mass distributions are available. These
models are summarized in Table 1. The standard model
assumes a maximum neutron star mass of M2.5 :, uses the
rapid supernova engine detailed in Fryer et al. (2012),
physically motivated common envelope binding energy (Xu
& Li 2010), and kick velocities for supernova remnants drawn
from a Maxwell distribution with a characteristic velocity of

265 km s 1T � � . There are then eleven variations, in each of
which one of the above parameters is varied: the first four
variations consider changes in the energetics of the common
envelope phase, the next two vary the maximum mass of
neutron stars, three more change the kick imparted on the
components during collapse to a neutron star or black hole and
the final two consider a delayed supernova engine and a change
in the strength of stellar winds. The models are described in
detail in Section 2 of Dominik et al. (2012).

We expect that in general, the true universe will not match
one of a small set of models, but will lie in between these
models (or potentially outside of them if additional unmodeled
physics is required to accurately describe binary evolution).
Assumptions that are not varied in these models, but which
may have a large impact on the resultant BBH distribution
include distributions of the parameters of primordial binaries
(IMF, orbital elements de Mink & Belczynski 2015), tides,
stellar rotation (de Mink et al. 2013) and magnetic fields. Here
we neglect these additional considerations and investigate how
one can differentiate between a small suite of population
synthesis models using GW observations of BBHs. A full
treatment of these additional properties has the potential to
significantly impact stellar evolution models and may well lead
to degeneracies whereby significantly different astrophysical
models predict comparable populations of binaries.

Since calculating population synthesis models can be
computationally expensive, the models are discretely sampled
over a large range of parameter space (in some cases orders of

magnitude) in an attempt to bracket the truth. Furthermore,
each of the models used in this study varies only one parameter
from its standard value at a time. It is quite likely that the true
values of many of these parameters will differ from those
presented in Dominik et al. (2012), resulting in a population
that does not match any of the ones included here. Varying
combinations of parameters will also need to be studied, as this
may lead to issues with degeneracies in which combinations of
parameters can be determined from GW observations. To be
able to reliably extract the details of stellar evolution from
GW observations, one would require to have models calculated
on a dense enough grid that one can perform interpolation
between them (O’Shaughnessy et al. 2008, 2013).

2.2.1. Metallicity

Each model is calculated at solar (Z Z0.02� � :) and sub-
solar (Z Z0.002 0.1� � :) metallicities. In addition, there are
two submodels that differ in the way binaries entering into a
common envelope when one of the stars is on the Hertzsprung
gap are handled (see Section 2.2.2).
We choose to use a 50–50 mixture of the solar and sub-solar

models as used in Belczynski et al. (2010), motivated by results
from the Sloan Digital Sky Survey (SDSS; Panter et al. 2008)
showing that star formation is approximately bimodal with half
of the stars forming with Z Z_ : and the other half forming
with Z Z0.1_ :. For the future, it would be desirable to include
a more thorough treatment of the metallicity distribution,
including its evolution with cosmic star formation history as
done in Dominik et al. (2013, 2014b).
Although metallicity in the local universe may be bimodal,

one still expects a smooth distribution of metallicities to exist.
Using only a discrete mixture of solar and sub-solar metallicity
predictions may give rise to non-physical peaks or sharp
features in the chirp mass distributions which may artificially
aid in distinguishing between them (Dominik et al. 2014b).
However, in practise we find that these peaks are sufficiently
smoothed out by measurement errors (see Section 3.4).
Studies have shown that the majority of BBHs observable by

aLIGO were formed within 1 Gyr_ of the Big Bang (Dominik
et al. 2013, 2014b), when the metallicity of the universe was
distinctly lower. This is due to a number of reasons (see for
example Belczynski et al. 2010). It is easier for supernova
progenitor stars to remain massive at lower metallicities due to
weaker stellar winds compared to at solar metallicity. Also,
many potential BBH progenitor systems merge prematurely at
higher metallicities during the CE phase since the secondary is
likely to be on the Hertzsprung Gap, whereas at lower
metallicities the secondary does not expand enough to initiate
a CE event until it is a core-helium burning star (see Hurley
et al. 2000 for the effect of metallicity on stellar radius). These
BBHs are formed with long delay times such that they are only
merging now. One therefore needs to include the time
evolution of metallicity to accurately model the expected
population of BBHs mergers (Dominik et al. 2013).

2.2.2. Fate of Hertzsprung Gap Donors

The Hertzsprung gap is a short lived (Kelvin–Helmholtz
timescale) stage of stellar evolution where a star evolves at
approximately constant luminosity across the Hertzsprung–
Russell diagram after core hydrogen burning has been depleted
but before hydrogen shell burning commences.

Table 1
Summary of Population Synthesis Models

Model Physical Difference

Standard Maximum neutron star mass = 2.5Me, rapid supernova
engine (Fryer et al. 2012), physically motivated envelope
binding energy (Xu & Li 2010), standard kicks

265 km s 1T � �

Variation 1 Very high, fixed envelope binding energya

Variation 2 High, fixed envelope binding energya

Variation 3 Low, fixed envelope binding energya

Variation 4 Very low, fixed envelope binding energya

Variation 5 Maximum neutron star mass = 3.0Me

Variation 6 Maximum neutron mass = 2.0Me

Variation 7 Reduced kicks 123.5 km s 1T � �

Variation 8 High black hole kicks, fb = 0
Variation 9 No black hole kicks, fb = 1
Variation 10 Delayed supernova engine (Fryer et al. 2012)
Variation 11 Reduced stellar winds by factor of 2

Notes. Models presented in Dominik et al. (2012), with parameter variations
indicated in the second column which broadly relate to the uncertainties in
binary evolution discussed in the text. All other parameters retain their standard
model value.
a See Section 2.3 in Dominik et al. (2012) for details.
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The	Message	-	I	

•  Future	observaTons	will	reveal	the	mass	and	
spin	distribuTon	of	black	holes	in	binaries	

•  Provides	a	new	way	to	probe	formaTon	and	
evoluTon	of	massive	stars	in	binary	systems	
– Common	envelope	
– Stellar	winds	
– Supernovae	and	black	hole	kicks	
– …	

•  Or,	the	models	may	not	fit	the	observaTons	
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Review	of	GW150914’s	parameters:	
MASSES	
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Review	of	GW150914’s	parameters:	
SPINS	
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Review	of	GW150914’s	parameters:	
DISTANCE	

GWADW	Elba,	May	23,	2016	 GW1501914:	Effects	on	Near	Term	Plans	 13	



Moving	forward		

•  Were	the	uncertainTes	in	the	esTmates	of	
GW150914’s	parameters	“typical”?		

•  Simulated	populaTons	of	heavy	BBH,	uniform	
in	commoving	volume,	and	esTmated	
parameters	with	HLV	(design)	and	HLVIJ.		
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DistribuTon	of	redshiYs	
•  Light	BBH	(≤15Mtot)	will	

probe	the	nearby	universe	
•  Heavy	(≤100Mtot)	from	z~1	

–  Higher	as	more	
interferometers	are	added		

•  Detectable	sources	lie	in	the	
range	z	≤	2	
–  Need	even	more	than	5	IFOs	

to	explore	large	cosmological	
distances	

–  …	or	3G	instruments		
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Mass	esTmates	
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SOURCE	FRAME	 DETECTOR		FRAME	
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Spin	esTmates	
•  DistribuTon	of	90%	confidence	

interval	for	esTmaTon	of	spin	
magnitude	shows	
–  Very	large	uncertainTes	for	most	

events	
–  Occasionally,	small	uncertainTes	

for	events	with	large	spins	and	
favorable	orientaTons	

•  The	situaTon	might	be	beQer	for	
lower	masses	due	to	more	cycles	
in	band	
–  Not	immediate	from	this	plot,	

since	for	the	light	BBH	I	had	used	
SpinTaylorT4,	which	might	have	
led	to	slightly	smaller	errors	
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FormaTon	channels	
•  The	two	most	likely	formaTon	paQerns	for	BBH	(and	CBCs	in	

general)	are:	
–  Common	envelope:	the	two	objects	were	in	a	binary	system	from	the	

very	beginning.	
–  Dynamical	capture:	the	two	objects	were	born	independently,	then	

met	and	formed	a	bound	system.	
•  Astrophysically	interesTng	to	understand	which	one	happens	more	

oYen	

•  Each	channel	results	in	a	quite	different	expected	spin	distribuTon,	
in	parTcular	spin	orientaTon:	
–  Common	envelope	systems	are	expected	to	have	spins	along	the	

orbital	angular	momentum	
–  Dynamical	capture	systems	should	have	randomly	oriented	spins	
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FormaTon	channels	
•  Formed	catalog	of	200	heavy	

BBH	for	which	a	given	
fracTon	has	spins	aligned	
with	the	orbit	(i.e.	came	from	
common	envelope)	

•  We	will	be	able	to	calculate	
the	fracTon	with	good	
accuracy.	

•  200	heavy	BBH	could	be	
detected	in	as	liQle	as	1-2	
years	of	operaTon	of	2G	IFOs.	
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The	Message	-	II	

•  Future	observaTons	will	reveal	the	mass	and	
spin	distribuTon	of	black	holes	in	binaries	

•  UncertainTes	of	GW150914	are	typical	for	
sources	in	the	same	mass	range	
– Spin	is	poorly	constrained	
– For	a	fixed	SNR,	mass	and	spin	uncertainTes	will	
not	improve	as	more	detectors	are	added	
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Some	quesTons	for	the	near	term		
(next	few	years,	no	major	upgrades)	
•  Can	we	opTmize	advanced	detectors	
sensiTvity	to	see	more	black	holes?		

•  What	about	high	frequency	sensiTvity?	
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O1	aLIGO	SensiTvity	

GWADW	Elba,	May	23,	2016	 GW1501914:	Effects	on	Near	Term	Plans	

•  A	factor	of	~2	excess	of	noise	at	low	frequency	
•  Obviously	understanding	and	fixing	this	excess	of	noise	is	
the	1st	thing	in	the	to-do-list	
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Shaping	quantum	noise	

•  (Power)	
•  Signal	Recycling	Mirror	transmission	
•  Signal	Recycling	Cavity	tuning	
•  Squeezing	(here	opTmal	frequency	dependent)	

	

Note:	aLIGO	curve	used	for	this	analysis	
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ConfiguraTon	opTmizaTon	comparison			
(by	Jamie	Rollins)	
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Example	curves	@	full	power:	
OpTmized	(Tuning/SRM	T)	vs	Squeezing	

GWADW	Elba,	May	23,	2016	 GW1501914:	Effects	on	Near	Term	Plans	

Frequency [Hz]
101 102 103

St
ra

in
 [1

/
H

z]

10-24

10-23

10-22

10-21 ALL, 125 W, BBH cmr = 1491.8132 Mpc
Quantum
Seismic
Newtonian
Suspension Thermal
Coating Brownian
Coating Thermo-optic
Substrate Brownian
Excess Gas
Total noise

Frequency [Hz]
101 102 103

St
ra

in
 [1

/
H

z]

10-24

10-23

10-22

10-21Squeezer.AmplitudedB, 125 W, BBH cmr = 1739.2565 Mpc
Quantum
Seismic
Newtonian
Suspension Thermal
Coating Brownian
Coating Thermo-optic
Substrate Brownian
Excess Gas
Total noise

25	



What	this	opTmizaTon	tells	us	
•  Current	SRM	transmission	is	

already	opTmized	for	BBH	
	
•  Signal	Recycling	Cavity	tuning	

helps	over	design	curve	
(especially	at	low	power)	

•  Squeezing	helps	more	
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SRC	Tuning	vs	Squeezing		
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IlluminaTng	Plot	(by	Jan	Harms)															
to	understand	quantum	noise	
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10	dB	of	high	frequency	squeezing												
doesn’t	seem	impossible	anymore	
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Phase	Noise	(mrad)	

Lo
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Dwyer	et	al.	OpTcs	Express	(2013)	
Phase	noise	of	the	squeezing	source	became	
negligible:	~1.5	mrad	of	phase	noise	
E.	Oelker	et	al.	(LIGO-P1600074,	accepted	in	
OpTca)	
	
Measured	QE	of	photodetector	~0.5%	
H.	Vahlbruch	et	al.		LIGO-P1600153	
	
Efforts	on	going	to	understand	and	reduce	
mode	matching	loss	(Lisa’s	talk	on	Wed)	
	
Faraday	loss	(single	pass)	
•  aLIGO:	~3%	(Koji	Arai	–	it	was	4%)	
•  GEO:	~2%		
•  Florida	design,	target	<0.5%		G1600068	
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Quantum	noise	@	low	frequency	
•  Determined	by	filter	cavity	loss/length;	mode	matching	to	the	filter	cavity	

also	important		è	see	Eleonora’s	talk	on	Wed	
•  BoQom	line:	quantum	noise	reducTon	with	squeezing	could	look	

something	like	this:		
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The	Message	-	III	
•  It	seems	that	the	~2020	aLIGO	curve	will	have	
frequency	dependent	squeezing,	no	SRC	tuning,	
most	likely	same	high(ish)	SRM	transmission	

•  Up	to	a	factor	of	2-3	improvement	at	high	
frequency	is	doable	(6-10	dB	squeezing),	as	long	
as	we	conTnue	to	work	on	reducing	loss	

•  Low	frequency	quantum	noise	reducTon		--	more	
on	Eleonora’s	talk	on	Wed	è	goal	is	6-10	dB	
BROADBAND	quantum	enhancement		
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Impact	on	parameter	esTmaTon:		
squeezing	w/o	filter	cavity	

•  In	Lynch+	2014	we	considered	the	
impact		of	squeezing	on	parameter	
esTmaTon	for	binary	neutron	star	
and	stellar	mass	black	holes	

•  For	the	BSN,	the	extra	SNR	at	high	
frequency	is	nearly	exactly	
compensated	for	by	the	loss		at	low	
frequency	
–  BeQer	esTmaTon	of	sky	posiTon	

and	Tdal	parameters	(EquaTon	
of	state)	

•  For	higher	mass	systems,	loss	of	SNR	
and	fewer	detecTons	

•  Squeezing	with	filter	cavity	harmful	if	
heavy	BBH	will	be	the	primary	
science	target	
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Impact	on	parameter	esTmaTon:		
squeezing	with	filter	cavity	

•  As	we	said,	it	improves	
performances	at	all	
frequencies	à	increase	
number	of	detecTons	

•  What	happens	to	the	
average	event,	depends	on	
sensiTvity	of	the	network	

GWADW	Elba,	May	23,	2016	 GW1501914:	Effects	on	Near	Term	Plans	 33	



Merger	Physics:	GW150914	
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•  Ringdown	fit	
with	an	
exponenTal	
decay	

•  SNR	of	7	from	
3ms	aYer	
merger	

•  No	idenTficaTon	
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Observing	higher	modes	and	
overtones
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Observing	higher	modes	and	
overtones
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Arrows	indicate	peaks	for	60	Msun @	400	Mpc



Merger	Physics:	BNS	&	NSBH	
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•  NS	structure	can	
effect	BNS	and	
NSBH	waveforms	

•  High	rate	of	BBH	
does	not	imply	
high	rate	of	BNS/
NSBH		

•  Effects	are	
typically	SNR~1		
at	100	Mpc	

4

TABLE I: Neutron star properties for the 21 EOS used in the simulations. The original EOS names [22, 34, 36] are also listed.
p1 is given in units of dyne/cm2, maximum mass is in M�, and neutron star radius R is in km. R, k2, and ⇤ are given for the
three masses used: {1.20, 1.35, 1.45} M�.

EOS log p1 � Mmax R1.20 k2,1.20 ⇤1.20 R1.35 k2,1.35 ⇤1.35 R1.45 k2,1.45 ⇤1.45

p.3�2.4 Bss 34.3 2.4 1.566 10.66 0.0765 401 10.27 0.0585 142 9.89 0.0455 64

p.3�2.7 Bs 34.3 2.7 1.799 10.88 0.0910 528 10.74 0.0751 228 10.61 0.0645 129

p.3�3.0 B 34.3 3.0 2.002 10.98 0.1010 614 10.96 0.0861 288 10.92 0.0762 176

p.3�3.3 34.3 3.3 2.181 11.04 0.1083 677 11.09 0.0941 334 11.10 0.0847 212

p.4�2.4 HBss 34.4 2.4 1.701 11.74 0.0886 755 11.45 0.0723 301 11.19 0.0610 158

p.4�2.7 HBs 34.4 2.7 1.925 11.67 0.1004 828 11.57 0.0855 375 11.47 0.0754 222

p.4�3.0 HB 34.4 3.0 2.122 11.60 0.1088 872 11.61 0.0946 422 11.59 0.0851 263

p.4�3.3 34.4 3.3 2.294 11.55 0.1151 903 11.62 0.1013 454 11.65 0.0921 293

p.5�2.4 34.5 2.4 1.848 12.88 0.1000 1353 12.64 0.0850 582 12.44 0.0747 330

p.5�2.7 34.5 2.7 2.061 12.49 0.1096 1271 12.42 0.0954 598 12.35 0.0859 366

p.5�3.0 H 34.5 3.0 2.249 12.25 0.1165 1225 12.27 0.1029 607 12.27 0.0937 387

p.5�3.3 34.5 3.3 2.413 12.08 0.1217 1196 12.17 0.1085 613 12.21 0.0995 400

p.6�2.4 34.6 2.4 2.007 14.08 0.1108 2340 13.89 0.0970 1061 13.73 0.0875 633

p.6�2.7 34.6 2.7 2.207 13.35 0.1184 1920 13.32 0.1051 932 13.27 0.0960 585

p.6�3.0 34.6 3.0 2.383 12.92 0.1240 1704 12.97 0.1110 862 12.98 0.1022 558

p.6�3.3 34.6 3.3 2.537 12.63 0.1282 1575 12.74 0.1155 819 12.79 0.1068 541

p.7�2.4 34.7 2.4 2.180 15.35 0.1210 3941 15.20 0.1083 1860 15.07 0.0995 1147

p.7�2.7 34.7 2.7 2.362 14.26 0.1269 2859 14.25 0.1144 1423 14.22 0.1058 912

p.7�3.0 1.5H 34.7 3.0 2.525 13.62 0.1313 2351 13.69 0.1189 1211 13.72 0.1104 795

p.7�3.3 34.7 3.3 2.669 13.20 0.1346 2062 13.32 0.1223 1087 13.39 0.1140 726

p.9�3.0 2H 34.9 3.0 2.834 15.12 0.1453 4382 15.22 0.1342 2324 15.28 0.1264 1560

p.3G2.4 HR=10.27km, L=142L
p.7G3.0 HR=13.69km, L=1211L
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FIG. 2: Polarization h+ evaluated on the orbital axis for
two waveforms from numerical BHNS simulations that di↵er
only in their EOS. Also shown in black are the waveform
amplitudes |h+ � ih⇥|.

Because trends in the BHNS waveform are most appar-
ent in terms of the amplitude and phase of the Fourier
transform, and because data analysis is usually done in
the frequency domain, we will now focus our discussion
of the waveforms on the frequency-domain waveform be-
havior. Several representative waveforms with varying
tidal deformability ⇤, mass ratio Q, and spin �BH are
shown in Figs. 3–7.

As was found in Paper I, the waveform monotonically
departs from a BBH (⇤ = 0) waveform as ⇤ increases,
and this is true for systems with spinning black holes as

well, as we see from Figs. 3–5. In particular, the cuto↵
frequency, where the waveform begins a sharp drop in
the amplitude, decreases monotonically with increasing
⇤. The accumulated BHNS phase �BHNS at fixed fre-
quency f similarly decreases with increasing ⇤, because
the orbit loses energy more rapidly: There is less time for
the phase to accumulate. As a result, the departure of
�BHNS from the accumulated BBH phase �BBH increases
with increasing ⇤.

More massive black holes exert smaller tidal forces on
their companion near coalescence, because the radius of
the innermost orbit is roughly proportional to MBH. As
a result, the di↵erence in amplitude and phase between a
BHNS and BBH waveform decrease when the mass ratio
Q increases. The e↵ect is clear in Fig. 6, which displays
the dramatically enhanced departure of amplitude and
phase from that of a BBH waveform as Q decreases. On
the other hand, the radius of the innermost orbit de-
creases with increasing aligned BH spin �BH, implying a
larger maximum tidal force for larger �BH. The resulting
enhanced departure from a BBH waveform is shown in
Fig. 7.

NSBH	where	NS	is	or	is	not	disrupted,	from	Lackey	et	al	2014		8 N. Stergioulas, A. Bauswein, K. Zagkouris and H.-T. Janka
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BNS	post-merger	oscillaTons,	from	Stergiolas,	2011	



The	Message	-	IV	

•  Improved	high	frequency	can	give	insights	into	
merger	physics:	
– BBH:	mulTple	ringdown	modes	
– NSBH:	Tdal	disrupTon	
– BNS:	post-merger	oscillaTons	

•  Likely	only	for	the	closest/loudest	of	systems.	
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Networks	&	LocalizaTon	
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•  Usual	moTvaTon	is	
for	EM	follow-up	

•  May	not	be	relevant	
for	BBH	



Networks	&	LocalizaTon	
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•  Uncertainty	in	
distance	affects	
mass	esTmates	
through	redshiY	

•  About	a	3%	effect	
for	GW150914	



Mass	esTmates	
•  FracTonal	mass	
uncertainty	scales	
with	absolute	
redshiY	
uncertainty:	δM/
M	~	δz	

•  Likely	to	be	
dominant	error	on	
chirp	mass	for	
lighter	systems	
seen	by	only	aLIGO	
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FIG. 8. 90% confidence intervals for a 20 M�, 1:4 (h = 0.16) sig-
nal with spin c = 0.2, using the design aLIGO noise curve. The
top panel shows the full three-dimensional confidence region for
SNR=10; the gray surface indicates the c = 0 plane, and corresponds
to the c = 0.2 region in Fig. 5. The lower two panels show the same
data projected onto the M-c and m1-m2 planes, and also indicate the
90% confidence regions for SNRs 20 (blue) and 30 (green). The true
physical parameters are indicated by a ball (top panel), or star (lower
panels). Regions with unphysical h (> 0.25) are not shown.

intervals shrink. At SNR 10 they correspond to matches of
0.97, SNR 20 to 0.992 and SNR 30 to 0.9965.

We can use the analysis of the previous section to estimate
the 90% confidence intervals if we employ an aligned-spin
model for parameter estimation. For signals with an SNR
of 10, the three-dimensional confidence region in (M,h ,c)
will correspond to matches greater than 0.97. In these cases

FIG. 9. Same as Fig. 9, but now the signal has spin c =�0.2.

we calculate the matches between a given aligned-spin sig-
nal, and all other aligned-spin model waveforms with varying
mass, mass-ratio and total spin. In Fig. 8 we show the 0.97
match volume for a 20 M� 1:4 binary with c = 0.2, using the
final aLIGO noise curve. The top panel shows the full three-
dimensional confidence region, and in the lower panels the
results are projections onto the M-c and m1-m2 planes, to aid
the interpretation. Figure 9 shows similar results, but for a
binary with c =�0.2.

Since our waveform model now includes spin, the best
match is unity at the correct parameters. But from the fig-
ures we see that the 90% confidence region extends well be-
yond the correct parameters, and is far from the naive image
conjured by the term “error ellipse”. We note in particular



Importance	of	a	network	

•  LocalizaTons	go	
from	hundreds	to	
tens	of	square	
degrees	

•  Distance:	
–  LocalizaTon:	fixes	
detector	response	

–  2	polarizaTons:	
restrict	orientaTon	
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(c) Network visibility

Fig. VII.5. (Left)  plots the cumulative distribution of the signal-to-noise ratio (SNR) 
for different networks, namely the probability that the SNR is larger than the value 
on the horizontal axis. We have assumed that the analysis is carried out by coherently 
combining the data from different detectors and have shown coherent SNR for 
different detector networks. 

The key result is that on average the 4-detector networks of HHLV and HILV both 
have the same signal visibility, the SNR being 14.0  or more for 50% of the sources. 
80% of the sources will have an SNR of larger than 10.0.  Just as 4-detector networks, 
all 3-detector networks also have the same visibility, the SNR being 12.4 or more for 
50% of the sources; this is a fraction 0.9  of that for 4-detector network and hence 3-
detector networks will have a volume coverage that is 70% that of 4-detector 
networks.

Fig. VII.5. Cumulative distribution of signal-to-noise (snr) ratios for various networks (left panel) 

and measurement of luminosity distance to the binary neutron star source (right panel). The 4-

detector networks both have the same snr as do the  3-detector networks.

(d) Measurement of the luminosity distance

Measuring the distance to a source is tricky in astronomy but gravitational radiation 
from an inspiraling binary is a standard candle and our detectors measure both the 
source’s absolute luminosity, which depends on the rate at which the system’s 
frequency increases, and apparent luminosity, which is the strain caused by the 
radiation in our detectors. Thus, one can infer the luminosity distance to a source. 
Fig. VII.5. (Right) plots the measurement accuracies of the distance for various 
detector networks. We see that there is considerable improvement in detectors with 
long baselines. This is true irrespective of whether the network consists of 3 sites or 4. 
As expected, HILV can measure distances to binary neutron star sources to a  fraction 
accuracy of 30% for an arbitrary source. 

What is remarkable is that the three-site network of HIV can also have a similar 
accuracy, followed by ILV. The most significant factor for the improvement is that a 
longer baseline not only helps in improving the angular resolution, it  also facilitates, 

P R O P O S A L  F O R  L I G O - I N D I A  
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The	Message	-	V	

•  LocalizaTon	maQers	for	black	hole	binaries	
•  Network	detecTon	gives	significant	
improvement	in	posiTon	and	distance	
measurements	

•  Likely	to	be	limiTng	factor	in	mass	esTmate	
for	BBH.	
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The	final	message:																																				
what	can/can	not	do	with	a	2G	network	
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