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Ø Constraining	the	spin	of	the	massive	black	
hole	at	the	Galac*c	center	via	the	mo*on	of	
a	surrounding	star	(Qingjuan	YU)	

Ø On	tes*ng	the	Kerr	metric	in	the	GC	via	star	
orbits:	the	effects	of	stellar	perturba*ons	
(Fupeng	ZHANG)	
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Outline	

Ø Background:	GC	S-stars,	and	hypervelocity	
stars	

Ø Dynamical	models:	Tidal	breakup	of	binary	
stars	in	the	vicinity	of	the	GC	MBH	

Ø Confron*ng	observa*ons	with	models	
Ø Model	predic*ons	
Ø Summary	
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Introduc*on:	evidence	for	an	MBH	in	the	
GC 

Velocities & Orbits 
of Stars ! Mass M • = rv

2 /G  M • = 4 ×10
6M⊙
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Introduc*on:	Galac*c	center	
	A	unique	laboratory	for	stellar	dynamics	and	black	hole	physics 

v  Stellar	structures	in	the	Galac*c				
					Center	(GC)	

Ø 	Young	stellar	disk(s):	0.04-0.5pc	
				clockwise	rota*ng	stellar	disk	(CWS)	
				+	a	counter	clockwise	disk?		

Ø 	S-stars:	<4000AU	(isotropic)	
					the	closest	one	to	the	MBH	(<1000AU)	
					(S0-2/S2,	S0-102)	

Interplay	between	stars	and	MBH	
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Introduc*on:	forma*on	of	S-stars 
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Alexander	+	Antonini	+	Chen	+	Perets	+		many	other	talks	

v  	Stellar	disks:	stars	were	formed	in	a		
						gaseous	disk	(in	situ)	

v  	S-stars:	<4000AU	(Sdal	force)	
Ø 	Youth	paradox:	(Ghez	et	al.	2003)	

²  	RejuvenaSon	of	old	stars?			
²  MigraSon	of	stars	from	the	stellar	disk?		

																		(Madigan+ 2009; Baruteau+ 2011, Chen+ 2014)	
²  	Exchange	captures?	(Gould & Quillen 2003) 
       Hills mechanism (tidal breakup of binaries)  

v 	What	are	the	origins	of	the	S-stars?	Are		
					there	any	bright	stars	closer	to	the	central	MBH	
					than	the	known	S-stars?	
v 		Can	the	closest	one	be	used	to	probe	the	
						metric	of	the	GC	MBH	or	the	distribuSon		of		
						background	stars	(stellar	remnants)?	



Hypervelocity	stars	(HVSs)	in	the	
Galac*c	halo	
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Brown	et	al.	2014,	2015	

Ø  Escaping	away	from	the	Milky	way	halo	(hypervelocity)	
Ø  Distance	from	~40kpc	to	~120kpc	from	the	GC	
Ø  Mainly	type	B	stars	(3-4M")	



Hypervelocity	stars	(HVSs) 

HVSs	as	a	predic*on	of	Hills	mechanism	(and	others)	
are	detected	by	later	observa*ons!	
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21	Escaping	away	from	
Milky	Way	

Brown	et	al.	2014,	2015	



Tidal	breakup	of	binary	stars 
v  	Tidal	breakup	of	binary	stars	in	the	vicinity	of	the	MBH	

Ø 	captured	component:	S-star	(<4000AU)	

Ø 	ejected	component:	hypervelocity	star	(>700km/s)	

Injec*ng	binary	

Captured	
“S-star”	

Ejected	
“HVS”	

(Gould	&	Quillen	2003)	

(Hills	1988;	Yu	&	Tremaine	2003)	
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HVSs as a prediction of the Hills 
mechanism (and others) are 
confirmed by later observations! 



Tidal	breakup	of	binary	stars	

180°-Θ≈10°	

Weakly	bound	binaries	

HVSs	can	well	memorize	the	injec*ng	direc*ons	of	their	progenitors,	
i.e.,	the	ejec*ng	direc*on	of	an	HVS	is	almost	an*-parallel	to	the	injec*ng	
direc*on	of	its	progenitor.	 Lu	et	al.	2010	

Zhang	et	al.	2010	
2/11/16	 10	S-stars,	HVSs	and	the	MBH	in	the	GC	

Ini*ally	unbound	binaries	



Summary	on	the	observa*onal	sta*s*cs	
for	HVSs	and	GC	S-stars 

HVSs: 
Ø   Mass   
   ~3-4M"; B-type 

Ø   Number: ~21(24) 
(~100) 

Ø   Spatial distribution:    
     anisotropic 

Ø   Distance distribution 

Ø   Velocity distribution 

S-Stars 

Ø   Mass  
   ~7-15M"; B-type 

Ø   Number: ~17 (<4000AU) 

Ø   Spatial distribution:    
     isotropic 

Ø   Semi-major axis     
     distribution 

Ø   Eccentricity distribution 

Consistent? 
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Dynamics	of	HVSs	and	S-stars:	
assuming	Hills	mechanism 

Model	ingredient	 HVSs	 S-Stars	

Injec*ng	stellar	
binaries	

From	the	stellar	disk	or	from	infinity;	(slowly)	
scaqer	to	the	loss	cone;	1-150M";	semimajor	
axis	and	mass	ra*o	distribu*ons	of	the	binaries;	

IMF:	intermediate	top-heavy	or	others	
Tidal	breakup		 Ejected	 Captured	(full	3-body)	

Later	dynamical	
evolu*on	

Transport	from	
the	GC	to	the	
Galac*c	halo	

² Non-	and	Resonant		
					relaxa*ons;	
²  GR	precession	and			
					Gravita*onal	wave	decay.			

Stellar	evolu*on		 Main	sequence	or	pulsar,	SN	kick	
Lu	(with	Zhang	and	Yu:	2010a;	2010b;	2013;	2014)		
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ARMA	model	by	Madigan	et	al.	



Confron*ng	observa*ons	with	models:	
velocity	distribu*on	of	HVSs 

v  	Reproducing	most	HVS	sta*s*cs:		
Ø   theory: memory of injecting direction; 
Ø  	observation: consistent with being on  
      two disk planes, one of which is the  
      same as that of the CWS disk in the GC;  
Ø    conclusion: HVS probably originated  
      from the GC disk(s). 

CWS	stellar	disk	

Lu	et	al.	2010	
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HVSs	from	LAMOST		

An	HVS	found	in	the	LAMOST	Galac*c	survey:	

Ø  Mass:	~9M"	(possible	companion	of	S-stars)	
Ø  Velocity:	vrf=477km/s	(~545km/s)	
Ø  Loca*on:	~19kpc	(Galactocentric	dist.)	
Ø  GC	origin:	consistent	
Another	one	is	recently	found	in	LAMOST.	
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Confron*ng	observa*ons	with	models:	
velocity	distribu*on	of	HVSs 
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Main	factors:	
Ø  The	ini*al	distribu*on	of	the	

semimajor	axes	of	injec*ng	
binaries;		

Ø  The	perturba*on	that	causes	the	
injec*on	of	binaries.	

						Can	be	well	reproduced	if	binary	
stars		perturbed	onto	low-J	orbits	
by	diffusion	processes/random	
walk	or	ΔJ<<J.		

					Large	perturba*ons	lead	to	too	
flat	velocity	distribu*on.		

Slowly	diffused		
to	the	loss	cone,		
binaries	are	disrupted	
by	mul*ple	*mes	of	
close	encounter	.	

CWS	disk	

Assuming	several	GalacSc	potenSal	

Elena	Rossi	and	Reem	Sari’s	talks	
Empty	loss	cone:	slowly	diffused		
Through	the	boundary	of	the	loss	cone	

Zhang	et	al.	2010	



Confron*ng	observa*ons	with	models:	S-
stars 

v  	Reproducing	most	of	the	S-star	sta*s*cs	
Ø 	semi-major	axis	distribu*on		
				(importance	of	relaxaSon	resonance	and	GR	dynamics)	
Ø 	eccentricity	distribu*on	 Lu	with	Zhang	&	Yu	(2010;	2013)	

Semimajor	axis	 eccentricity	
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Stellar	mass	func*on:	top	heavy	

Ø  The	number	ra*o	of	HVSs/S-stars	can	be	re-produced	if	the	stellar	
ini*al	mass	func*on	is	top-heavy,	with	MF	slope	∼−1.6	(a	
requirement).		
–  A	steeper	IMF	leads	to	a	too	large	number	ra*o	of	HVSs	to	GC	S-stars;	a	

shallower	one->	a	too	small	nubmer	ra*o.	

Ø  Recent	observa*on	suggests	that	
the	IMF	slope	of	the	young	cluster	
in	the	GC	is	-1.7±0.2,	consistent	
with	our	model	result.	

A	further	support	for	the	common	
origin	of	the	GC	S-stars	and	the	HVSs.	

(Lu,	J.	et	al.,	2013;	Jessica’s	talk)		
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Zhang,	Lu,	&	Yu	2013	



Model	predic*ons 
v  		Loca*ons	of	HVSs	at	the	southern	heimsphere	

v  		Ejected	companions	of	the	S-stars:	
Ø 	∼20	-	60	detectable	HVSs	(~7-15M")	in	the	Galac*c	bulge	and	halo	
Ø 	located	in	a	distance	<30kpc	from	the	GC,	radial	velocity	～−500-1500	km/s,	
and	proper	mo*on	~5-20mas/yr	(the	first	HVS	found	by	LAMOST	~9M")	

v  		Captured	companions	of	the	detected	HVSs	
Ø 	∼20-30	captured	stars	(~3-7M")	in	the	GC	(≲4000AU)	
Ø 	the	innermost	one:	~300-1000AU	

v  		Pulsars	in	the	GC	
Ø 	~100	within	4000AU;	~10	within	1000AU	(also	Pfahl	&	Loeb2004,	Dexter	&O’Leary	2014)			
Ø 		the	innermost	one:	~120-460AU	

v 			Hyperfast	pulsars	in	the	Galac*c	halo	(resulSng	from	explosion	of	massive	HVSs		
																																																																																																																			and	S-stars)	

Ø  ~several	to	ten	hyperfast	pulsars	(>1500km/s)		

2/11/16	 GC	conference@Aspen		 18	



Model	predic*ons:	the	innermost	captured	star		
with	mass	~3-7M"	

(Zhang, Lu, & Yu, 2013, 2014) 

Testing GR 
Probability distribution  
of the semimajor axis  

Probability distribution of  
the pericenter distance  

The innermost one is expected to have a semimajor axis ∼300–1500AU and 
a pericenter distance ∼10–200AU (depending on different injection models) 
with a significant probability of being closer to the MBH than S2.  
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Model	predic*ons:	the	closest	star	to	
the	MBH	

S0-102	

S0-102	

The predicted probability distribution of the semimajor axis and pericenter 
distance of the closest star is well consistent with the new observations.   

Zhang et al. (2013, 2014) 
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Pr
ob

ab
ili

ty
 

Pr
ob

ab
ili

ty
 



Model	predic*ons:	the	closest	pulsar	
to	the	MBH	

The predicted probability distribution of the semimajor axis and pericenter 
distance of the closest pulsar to the central MBH.   
(even closer to the MBH than the captured S-stars) 

Zhang, Lu, & Yu (2014) 

Gravitational  
Wave decay 
í	
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Summary	
Ø Almost	all	the	discovered	HVSs	are	spa*ally	consistent	

with	being	located	on	two	thin	disk	planes,	similar	to	the	
orienta*ons	of	some	GC	structures	(CWS	disk	and	North	
arm	of	the	mini-spiral?),	which	supports	the	GC	origin.	

Ø We	inves*gate	the	link	between	the	HVSs	and	the	GC	S-
stars	under	the	hypothesis	that	they	both	are	the	
products	of	*dal	breakup	of	the	same	popula*on	of	
stellar	binaries	by	the	central	MBH.	Most	of	the	sta*s*cal	
proper*es	of	the	detected	HVSs	and	GC	S-stars	could	be	
reproduced	under	some	binary	injec*ng	models.	

Ø We	predict	the	sta*s*cal	distribu*ons	of	their	
companions	(ejected	companions	for	GC	S-stars	and	
captured	companion	for	HVSs)	and	the	pulsars	resul*ng	
from	those	ejec*ng	stars	and	captured	stars,	which	may	
be	tested	by	future	observa*ons.		
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