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A	Breakthrough	

LIGO	Scien?fic	and	VIRGO	collabora?ons,	Phys.Rev.Le_	113(2016)231101	 2	

Gravita?onal	Waves	from	a	
binary	black	hole	merger	

GW150914,	GW151226,	…	
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The	gravita?onal	collapse	of	heavy	stars	is	assumed	to	be	responsible		
for	the	forma?on	of	stellar	mass	black	holes.	
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Forma?on	of	PBHs	in	the	early	universe	(Hawking,	71’;	Carr,	Hawking,	74’)	
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What	is	the	origin	of	the	black	holes		
detected	by	aLIGO?	

	
Astrophysical/Primordial	ones?	



fpbh ⌘ ⌦pbh

⌦CDM

The	abundance	of	primordial	black	holes		
in	dark	ma_er:	
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Black	
Hole	 DARK	MATTER	
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?me	

Ioniza?on	frac?on	xe=ne/nH		
(Ricol,	Ostriker	and	Mark,	2007):	
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solid:	without	PBHs	
dashed:	xe0	=	10-3	
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PLANCK	2015	
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Our	results:	 �⌧e < 0.012 @2�
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(x,	y	are	comoving	distances	at	z=zeq)	

²  The	pair	of	PBHs	is	supposed	to	decouple	
from	the	expansion	of	the	Universe	and	forms	
a	gravita?onal	bound	system	if	the	average	
energy	density	of	PBHs	over	the	volume	is	
larger	than	the	background	cosmic	energy	
density.		

²  They	just	coalesce	to	a	single	black	hole	on	
the	free	fall	?me	scale	if	the	mo?on	of	these	
two	PBHs	is	not	disturbed.		

²  The	?dal	force	from	neighboring	black	holes	
provides	enough	angular	momentum	to	keep	
the	black	holes	from	colliding	with	each	other,	
and	then	the	PBH	binaries	were	formed.	

²  The	PBH	binary	gradually	shrinks	due	to	
gravita?onal	radia?ons	and	finally	coalesces.		

x	

y	

Forma?on	of	PBH	binary	(Nakamura,	Sasaki,	Tanaka	and	Thorne,	97’)	
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Event	Rate	(ER)	(Nakamura,	Sasaki,	Tanaka	and	Thorne,	97’;	Sasaki,	Suyama,	
Tanaka	and	Yokoyama,	2016)	

(x,	y	are	comoving	distances	at	z=zeq)	

²  Assuming	the	uniform	probability	distribu?on	
both	for	x	and	y	in	three	dimensional	space,	
the	ER	of	mergers	of	PBH	binaries	at	the	?me	
of	t	is		
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Stochas?c	Gravita?onal	Wave	Background		
Many	astrophysical	and	cosmological	phenomena	are	expected	to	contribute	to		

a	stochas?c	gravita?onal	wave	background.		
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frequency	in	
source	frame	
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Inspiral-merger-ringdown	energy	spectrum	
of	Primordial	Black	holes	
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Summary	and	Discussion	
•  We	give	the	?ghtest	constraint	on	the	abundance	of	PBHs	with	mass	not	less	

than	one	solar-mass	from	the	CMB	data.			

•  GW150914	seems	quite	unlikely	produced	by	the	merger	of	a	PBH	binary,	but	
GW151226	can	s?ll	be	interpreted	by	the	coalescence	of	two	PBHs.	And	we	
s?ll	have	large	opportuni?es	to	detect	the	coalescences	of	solar-mass	PBHs.	

•  The	Stochas?c	Gravita?onal	Wave	Background	generated	by	mergers	of	PBH	
binaries,	in	par?cular	solar-mass	PBHs,	may	be	detected	by	aLIGO	and	LISA	
even	if	we	take	into	account	the	most	stringent	constraints	on	the	abundance	
of	PBHs	in	the	literature.	On	the	other	hand,	the	non-detec?on	of	SGWB	will	
put	a	?ghter	constraint	on	the	abundance	of	PBHs	with	around	one	solar-
mass.	

•  A	more	comprehensive	analysis	for	the	effects	on	the	CMB	from	the	PBHs	is	
s?ll	needed.		
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Thank you! !
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