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Where	are	we?

• Advanced	detectors	(second	generation,	2G)	have	detected	4	
binary	black	holes	(BBH)
– Component	masses	measured	at	few	x	10%	level
– Spins	very	hard	to	measure
– Oriented	face-on/off
– Up	to	redshift	of	~0.2
– See	LVC,	PRL	118 221101,	PRX	6 041015
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Where	are	we?

• We	have	estimated	the	merger	rate	of	BBH	to	be	in	the	range

• Will	eventually	be	able	to	answer	many	questions:
– Formation	channels
–Mass	function
– Bounds	on	deviation	from	GR
–More!
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LVC,	PRL	118 221101



Where	are	we?
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Where	do	we	go	from	here?

• With	2G	at	design,	we’ll	go	up	to	z	~	1
• If	we	want	to	detect	BBH	at	high	redshift,	we	need	something	
else

• Proposed	third—generation	(3G)	ground	based	detectors	will
– Be	a	factor	of	~>10	more	sensitive	that	2G-design
– Detect		BBH	from	redshifts	>10
– Detect	a	lot	of	BBH,	with	very	large	signal-to-noise	ratio	(SNR)
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Where	do	we	go	from	here?
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Going	3G	does	NOT	mean	more	of	the	
same.	

Cannot	access	3G	events	just	running	
2G	10^3	times	longer



Where	do	we	go	from	here?
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Going	3G

• A	GW150914-like	event	will	have	SNR~2000	in	a	cosmic	
explorer	facility.	

• How	well	can	we	do?
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Formation	channels

• Many	methods	have	been	proposed	to	study	the	formation	
channels	of	BBH	(and	compact	binaries	in	general)
– Shown	to	work	for	2G	– local	universe	(Vitale+,	Farr+,	Talbot+)

• With	3G:
– Study	how	the	fraction	of	CBC	from	each	channels	evolve	with	
redshift

– Accessing	thousands	of	BBH	per	year	we	can	study	the	explosion	
mechanism	of	SNe	
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Extrinsic	parameters	(3G)

• Precise	distance	and	sky	position:
– EM	(if	luminous),	isotropy,	cosmology	(ongoing	work	with	Hsin-Yu	
Chen)	

19

Sky	location	

Luminosity	Distance
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Even	with	2	detectors,	
many	sources	
localized	better	than	
1deg2



Cosmology
• To	measure		the	cosmology	one	needs	luminosity	distance	and
redshift	of	the	source

• The	GW	data	analysis	will	provide	the	distance
• How	do	we	get	the	redshift?	
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How	to	measure	the	redshift?

• If	the	CBC	produces	an	EM	counterpart	(e.g.	GRB)	(Sathyaprakash+	
CQG	27	215006,	Nissanke+	1307.2638)

• If	one	knows	the	neutron	star	(NS)	equation	of	state	(Read	&	
Messenger	PRL	108	091101; Del	Pozzo+	1506.06590)

• If	the	post-merger	signal	is	observed (Messenger+	PRX	4,	041004)
• If	the	shape	of	NS	mass	distribution	is	known (Taylor+	PRD	85	
023535;	Taylor	&	Gair	PRD	86,	023502)

• Even	if	no	EM	is	found,	but	there	is	a	reliable	galaxy	catalog	(Schutz,	
Nature	1986,	Del	Pozzo	PRD	86	043011)
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Short	GRBs

• Nissanke+	1307.2638	looks	at	the	prospects	for	2G	detectors
– Assumes	N	joint	GW+EM	detections	and	look	at	measurement	of	𝐻"

• Statistical	of	few	%	with	O(10)	joint	detections
• Uncertainty	in	the	rate	and	beaming	angle	->	could	take	months	of	decades	

• Sathyaprakash+,	CQG	27	215006,	considers	3G	(Einstein	telescope)	
– Assumes	10%& of	BNS	will	be	detected	with	EM	counterpartsà 1000	joint	
detections	over	3	years

– 𝐻" assumed	known
– 1-sigma	Ω(at	18%,	Ω) at	4%,	w	18%
– Errors	are	smaller	if	weak	lensing	systematics	can	be	corrected
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NS	equation	of	state

• Proof	of	principle	in	Read	and	Messenger	(PRL	108	091101)
• Full	Bayesian analysis in	Del	Pozzo+	(1506.06590)
– Einstein	Telescope,	1000	BNS	sources,	no	EM	required
– Considers	different	equation	of	state	and	estimate	all	 cosmological	
parameters
• 𝐻" with	90%	confidence	interval	of	~10%
• Ω(:	~65%	
• Ω):	~40%	
• 𝑤" and	𝑤+:	0.8	and	0.9	(factor	of	3	better	if	the	rest	is	known)
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Mass	distribution

• Taylor+	(PRD	85	023535	and	86	023502)	assume		mass	
distribution	for	NS	in	BNS	it	is	Gaussian	with	unknown	mean	and	
sigma

• Measure	mass	distribution	parameters	together	with	cosmology
– 2G	:	𝐻" at	10%	with	~100	BNS	if	true	mass	distribution	sigma	<0.04𝑀⊙

– 3G:	All	known	except	DE.	Precision	comparable	with	EM	with	10. BNS
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Statistical	approach

• For	each	GW	detection,	just	use	all	galaxies	in	3D	sky	error
• Del	Pozzo (1108.1317)	finds for	2G:	
– 𝐻" at	15%	(95%	CI)	with	10	sources.	Better	if	more	than	3	
interferometers	online	or	more	detections.

– Omega’s	unmeasurable	with	50	sources
– Did	not	consider	DE

• 3G:		Ongoing…	
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Tests	of	general	relativity

• Larger	SNR	and	better	low	
frequency	will	yield	dramatic	
improvements	
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Chamberlain+,	1704.08268



How	many	events?

• Using	the	rates	calculated	after	GW170104
– ~	10^5	BBH	coalesce	in	the	universe	per	year

• With	3G	detectors,	we	will	detect	99.9%	of	them	(Regimbau+,	
PRL	118,	151105)
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Merger	rate	density

• We	can	calculate	the	merger	rate	as	a	function	of	redshift
• Generate	1,	6,	12	months	worth	of	BBH	detections	by	3G	
detectors
– Assume	Madau-Dickinson	star	formation	rate	(SFR)
– Assume	time	delay	between	merger	and	formation	goes	as	1/t
– Formation	rate	proportional	to	SFR	
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Merger	rate	density

• Merger	rate	density	can	be	reconstructed	after	only	1	month	of	
detections
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SFR

• Can	measure	the	time	delay	power	law	coefficient	and	well	as	
the	parameters	of	the	SFR
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SFR	template:



Formation	channels

• Depending	on	relative	abundances,	might	be	able	to	
distinguish	populations	and	calculate	branching	ratios
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Conclusions

• Advanced	detectors	will	explore	the	local	universe	(z	~	1)	and	
characterize	black	holes

• A	new	generation	is	required	to	detect	BH	everywhere	in	the	
universe
– Characterization	of	BH	masses	and	spins
– Precise	tests	of	general	relativity
– Access	to	BH	throughout	cosmic	history
– Cosmology
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