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1.  Seminar:	strong	gravity	around	Sgr	A*	(30.05)	

2.  Low-luminosity	accre)on	onto	Sgr	A*	(today)	
i.  Why	is	Sgr	A*	so	faint?	(accre)on	theory)	
ii.  Sgr	A*	IR	/	X-ray	flares	

3.  Resolving	the	event	horizon	of	a	black	hole	
with	interferometry	(01.06)	
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The	Galac)c	Center	



About	the	lectures	
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•  Selected	topics:	highly	biased	
•  Please	ask	ques)ons!	

•  ~1	interac)ve	Q	/	lecture:		
~10	mins	to	think/calculate,	discuss,	share	



About	the	lectures	
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•  pdf	of	slides	online:	
mpe.mpg.de/~jdexter/GCslides	

•  Further	reading:	Genzel+2010,	Morris+2012,	
Falcke	&	Markoff	2013	
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The	Galac)c	Center	

2.  Low-luminosity	accre)on	theory	
(why	is	Sgr	A*	so	faint?)	

	



Accre)on	power	

•  Infalling	gas	radiates	its	gravita)onal	energy	
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Eddington	Luminosity	
•  How	bright	can	accre)on	be?	
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Fg	Frad	
Fg	=	Frad	
GMmp/r2	=	L	/	4πr2		σT	/	c	
	
Ledd	=	4πGmpc	M	/	σT	
							~	1038	ergs	/	s	(M/Msun)		

Sgr	A*:		
Ledd	~	1045	ergs	/	s	
Lbol	<	1037	ergs	/	s	

M	

m,	σT		



Eddington	accre)on	rate	
•  What	is	minimum	amount	of	infalling	
material	to	get	L?	
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Mdot	

Maximum	L:		
L	=	dE/dt	=	d/dt(mc2)	
L	=	Mdot	c2	
	
General	L:	
L	=	ε	Mdot	c2	
	

ε	=	“accre)on	efficiency”	

M	

m,	σT		
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Large	gas	reservoirs	in	the	GC	



Stellar	winds:	black	hole	fuel	
•  Mdot	~	10-4	–	10-3	Msun	/	yr	(Mar)ns+2007)	
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Cuadra
+2006,	2008	



X-rays	from	Sgr	A*	

11	
Baganoff+2003	



X-rays	from	Sgr	A*	

12	Wang+2013	

Ellipse:	stellar	disk	



Bondi-Hoyle	accre)on	

•  Mdot	=		
4πρG2M2	/	
(v2+cs2)3/2	

13	

v,	ρ, cs	

M	



Bondi-Hoyle	accre)on	

•  Mdot	=		
4πρG2M2	/	(v2+cs2)3/2		

•  X-rays:		
n	~	100	cm-3,	
T	~	107	K	

•  Winds:	v	~	1000	km	/	s	
	

•  Mdot	~	10-5	Msun	/	yr	
14	

Quataert+1999,	2004	



Q:	Why	is	it	difficult	for	gas	to		
fall	into	a	black	hole?	

•  Sgr	A*	Bondi	radius	R	~	0.1	pc:	what	is	the	
angular	momentum	of	a	circular	orbit?	

•  What	frac)on	of	this	must	be	lost	to	reach	
the	event	horizon,	R	~	10-6	pc?	

•  Or:	what	eccentricity	is	needed	for	orbit	
from	Bondi	radius	to	reach	event	horizon?	
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Standard	accre)on	theory	
•  Hydrodynamics	equa)ons	(collisional,	viscous	fluid)	
•  Sta)onary,	axisymmetric	(dt=	dφ	=	0)	
•  Ver)cally	integrate	over	z	(H/R	<	1)	
•  Parameters:	Mdot	=	constant,	H/R	<	1,	alpha	

16	

H	

R	

Mdot	



Standard	accre)on	theory	

•  Mass	flux	=	const.		
=	ρ	v	A	

•  A	=	2πR	2H	

17	

R	
R-ΔR	

R+ΔR	

Ṁ = 4⇡RH⇢v
v	



Standard	accre)on	theory	

•  Stress	transports	
angular	momentum	

	

G(R)=τA,	L(R)=R2Ω	
	
Mdot	dL/dR	=	-dG/dR	

	

18	

R	
R-ΔR	

R+ΔR	

F-	

Ω	



Standard	accre)on	theory	

•  Stress	transports	
angular	momentum	

•  What	is	τ?	
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R	
R-ΔR	

R+ΔR	

F-	

Ω	

= αP
R

ΩK

dΩ

dR

τrφ = ρνR
dΩ

dR



Standard	accre)on	theory	

•  Stress	transports	
angular	momentum	

•  What	is	τ?	
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R	
R-ΔR	

R+ΔR	

F-	

Ω	

= αP
R

ΩK

dΩ

dR

τrφ = ρνR
dΩ

dR

“α	model”	
Shakura	&	Sunyaev	1973	



Standard	accre)on	theory	
•  Mass:	

•  Momentum:	

•  Angular	momentum:	

•  Energy:	
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Shakura	&	Sunyaev	1973,	
here	following	Blaes	2004	

Ṁ = 4⇡RH⇢v

⇢v dRv = ⇢(⌦2 �⌦2
K)R� dRp

Ṁ dR(⌦R2) = dR(4⇡R2H⌧R�)

Ṁ
2⇡⇢R

T dRs = 2RH⌧R� dR⌦ + 2F�
Qadv						=														Q+															-			Q-	



Thin	disk	accre)on	
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•  Ω	=	ΩK,	Mdot	=	constant,	Q+	=	Q-	(Qadv	=	0),		
no	torque	at	inner	edge	(Ri)	

•  Angular	momentum:	
	
	
	

Ṁ dR(⌦R2) = dR(4⇡R2H⌧R�)

Ṁ(ΩKR2 −ΩK,iR
2
i ) = 4πHR2τRφ



Thin	disk	accre)on	
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•  Ω	=	ΩK,	Mdot	=	constant,	Q+	=	Q-	(Qadv	=	0),		
no	torque	at	inner	edge	(Ri)	

•  Angular	momentum:	
	
	
	

•  Energy:	

Ṁ dR(⌦R2) = dR(4⇡R2H⌧R�)

Ṁ
2⇡⇢R

T dRs = 2RH⌧R� dR⌦ + 2F�

F− = −RHτRφdRΩK

Ṁ(ΩKR2 −ΩK,iR
2
i ) = 4πHR2τRφ



Thin	disk	accre)on	
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•  Solve	for	flux	emerging	from	disk,	F-	

F− = −RHτRφdRΩK

Ṁ(ΩKR2 −ΩK,iR
2
i ) = 4πHR2τRφ



Thin	disk	accre)on	
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•  Solve	for	flux	emerging	from	disk,	F-	

•  ΩK
2	=	GM/R3,	dRΩK	=	-3/2	ΩK	/	R:	

F− = −RHτRφdRΩK

F�(r) =
3GMṀ
8⇡R3

 
1�

r
Rin

R

!

Ṁ(ΩKR2 −ΩK,iR
2
i ) = 4πHR2τRφ

L = 2

∫ ∞

Ri

dR 2πRF−(R)



Thin	disk	accre)on	
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•  Solve	for	total	luminosity	integrated	over	disk:	

L = 2

∫ ∞

Ri

dR 2πRF−(R)

L =
GMṀ

2Ri



Thin	disk	accre)on	
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•  Solve	for	total	luminosity	integrated	over	disk:	

•  Ri	~	innermost	stable	circular	orbit	of	a		
black	hole	=	6	GM/c2	=	6	rg	=	for	spin	zero	

•  L	~	10%	Mdot	c2!	
•  Compare:	nuclear	fusion	~	0.1%	Mdot	c2	

L = 2

∫ ∞

Ri

dR 2πRF−(R)

L =
GMṀ

2Ri



Thin	disk	accre)on	
•  opt.	thick,	so	L	=	4πR2	σTeff4	
•  R	~	M,	mdot	=	Mdot	c2	/	Ledd	
•  Teff	~	mdot1/4	M-1/4	

•  Stellar	black	holes	in	X-rays,	AGN	in	UV	

28	
1 keV 10 keV 

Kriss
+1999	

Steiner
+2010	



Sgr	A*	SED	

Charles	Gammie,	Rainer	Schödel	
29	

1E+31

1E+32

1E+33

1E+34

1E+35

1E+36

1E+37

1E+08 1E+10 1E+12 1E+14 1E+16 1E+18 1E+20

vL
v	[
er
g/
s]

v	[Hz]

Synchrotronmodel

IC		model

SSCmodel

Steady	state	model

x	0.1x	1

x	10

x	0.01

1E+31

1E+32

1E+33

1E+34

1E+35

1E+36

1E+37

1E+08 1E+10 1E+12 1E+14 1E+16 1E+18 1E+20

vL
v	[
er
g/
s]

v	[Hz]

X-
ra
ys

ne
ar
in
fr
ar
edm
id
-

in
fr
ar
ed

su
bm

m

m
m

cm Synchtron

Inverse
Compton

Brems-
strahlung

Nonthermal
electrons



Thin	disks	don’t	work	for	Sgr	A*	

•  Thin	disk:		
L	~	105	too	bright;		
spectrum	should	peak	
in	IR	not	submm	

•  If	Mdot	~	MdotBondi,	
ε	=	L	/	Mdot	c2	~	10-5!	

•  Why	is	Sgr	A*	so	faint?	
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ADAF	theory	

•  Thin	disk	assumes	rapid	cooling.	Breaks	
down	when	cooling	)me	becomes	long		
(Rees+1982).	

•  tcool/tinflow	<	1:	
tcool	=	u	/	ε	~	nkT	/	n2Λ;					tinflow=	Ω-1	α-1	(H/R)-2	
	

tcool/tinflow	~	(kT)1/2/n	Ωα	

31	



ADAF	theory	
•  Ver)cal	hydrosta)c	equilibrium:		
p/n	=	kT	~	GMmp/R3H	~	mpc2	rg/R	(H/R)2	

•  mdot	=	Mdot/MdotEdd	~	n	tinflow-1	(H/R)-1	

32	



ADAF	theory	
•  Ver)cal	hydrosta)c	equilibrium:		
p/n	=	kT	~	GMmp/R3H	~	mpc2	rg/R	(H/R)2	

•  mdot	=	Mdot/MdotEdd	~	n	tinflow-1	(H/R)-1	

	tcool/tinflow	~	(kT)1/2/n	Ω	α	
	ètcool/tinflow	~	mdot-1	α2	

•  At	small	mdot,	cooling	cannot	keep	disk	thin	
and	solu)on	no	longer	applies	

•  Sgr	A*:	mdot	~	10-6	
33	



ADAF	theory	
•  Parameterize	frac)on	of	local	hea)ng	
advected	(Narayan	&	Yi	1994):	Qadv	=	f	Q+	
–  f=0	(Q-	=	Q+):	cooling,	Ω	=	ΩK,	thin	disk	
–  f=1	(Qadv	=	Q+):	advec)on,	Ω	<<	ΩK,	spherical	

•  Self-similar	scalings:	

•  f=1	solu)ons:	v	~	0.2	vff,	Ω	~	0.4	ΩK,	H/R	~	1	

34	

⇢,⌦ / R�3/2; v, cs / R�1/2



Standard	accre)on	theory	

35	
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Standard	accre)on	theory	
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Observed	states	as	func)on	of	mdot	

37	
Sgr	A*	

Hard	
states	

So�	
states	

Esin+1997	

Large	
mdot	

Small	
mdot	



ADAF	thermodynamics	

•  Low	density,	
“collisionless,”	à		
Te	<<	Tp,	e-	hea)ng	is	
an	important	open	Q	

	
•  Plasma	effects	can	be	
important	

38	



ADAF	model	of	Sgr	A*:	
	low	density,	hot	

•  Ti	~	1012	K,	Te	<	1010	K,	n	~	109	cm-3	

•  e-	cannot	radiate	away	heat,	energy	lost	to	BH	

39	

8 	



Radia)on	processes	in	disks	

•  Bremsstrahlung	~	n2	

•  a	~	e2/mb	

40	

e-	

Z	

hν	

b	
P =

2e2a2

3c3

Pbr =
3

16
σTc ZUE

(not	so	useful	b/c	UE	depends	on	b)	



Radia)on	processes	in	disks	

•  Synchrotron	~	nB2	
•  a	=	e	v	B	sin	θ	/	m	c	

•  UB	=	B2	/	8π	

41	

ΩB	

B	

e-	

hν	

PS =
4

3
σTcβ

2γ2UB

P =
2e2a2

3c3



Radia)on	processes	in	disks	

•  (inverse)	Compton	sca�ering	~	n	nph	
•  Uph	=	4π/c	J	

42	

e-	

hν	

hν’	PC =
4

3
σTcβ

2γ2Uph

PC

PS
=

Uph

UB



Radia)on	processes	in	Sgr	A*	

•  L	~	1036	erg	/	s,	R	~	5	RS	=	5x1012	cm,		
B	~	30	G,	Te	~	3x1010	K,	n	~	3x106	cm-3	

•  Uph	=	4π/c	J		
•  UB	=	B2/8π	

43	



Radia)on	processes	in	Sgr	A*	

•  L	~	1036	erg	/	s,	R	~	5	RS	=	5x1012	cm,		
B	~	30	G,	Te	~	3x1010	K,	n	~	3x106	cm-3	

•  Uph	=	4π/c	J	~	1	erg	/	cm3	

•  UB	=	B2/8π	~	40	erg	/	cm3	

	
	

•  for	thermal:	PBr	~	n2	T1/2,	PS	~	n	B2	T2	

	 		PBr	/	PS	~	10-3	β	θe-3/2	

44	

PS	>	PC	



Example:	rela)ve	importance	

45	

Low	T:	
Bremsstrahlung	

High	T:	
Synchrotron	
(+Compton)	

Fragile	&	Meier	
2009	



Accre)on	Flow	Models	of	Sgr	A*	

•  Spherical	(Melia	1992)	
ADAF	(Narayan+1995)	
– dM/dt	≈	dM/dtBondi	
– Lower	Te,	large	central	
density	(n	~	r-3/2)	

•  Accre)on	energy	is	
carried	into	the	black	
hole!	

46	

Narayan+1995	

Melia	1992	



Polariza)on,	Faraday	rota)on,	and	
the	Sgr	A*	accre)on	rate	

47	

	

	

•  Magne)c	field	rotates	
polariza)on	direc)on	

χ(ν)	~	ν0	+	RM	c2/ν2	 n(r),	B(r)	

RM ≃ 2.6× 10−13

∫
dl · B n rad/m2
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•  RM	~	M-2	Mdot3/2	(Marrone	et	al.	2006)	
	
	
	

	r	~	1-100	RS		
	

•  >	99%	of	the	mass		
doesn’t	accrete!	
(Aiken+2000,	Agol	2000,		
Quataert	&	Gruzinov	2000,	
Bower+2003,		
Marrone+2006,2007)	

Ṁ ' 10�9r7/6
NR M�yr�1

Marrone+2007	

Polariza)on,	Faraday	rota)on,	and	
the	Sgr	A*	accre)on	rate	



Sgr	A*	e-	temperature	
•  For	known	flux,	angular	size	“brightness”	
temperature	is	Bν	(Tb)	=	Iν	

•  Sgr	A*	at	230	GHz:	

	
cf.	Ti	≈	Tvir	≈	1012	K	
•  Lower	limit	to	Te,	
>>	109	K	in	ADAF	

•  n	~	3x106	cm-3,	B	~	50	G	 49	
Doeleman	et	al.	2008	

Tb=
c2I⌫

2k⌫2

' 6⇥ 1010K



Accre)on	flow	models	of	Sgr	A*	
•  Ou�lows	à	ADIOS		

(Blandford	&	Begelman	1999)	
•  Convec)on	à	CDAF	

(Quataert	&	Gruzinov	2000)	
	

•  ADAF/CDAF/ADIOS/
…	à	“RIAF”	
– Mass	loss	
– Non-thermal	e-	or	jet	
for	polariza)on	

50	

Yuan	et	al.	(2003)	



How	does	gas	fall	into	a	black	hole?	
•  Weakly	magne)zed	gas:	field	is	dragged	along,	
restoring	force	when	stretched	(torque!)	

51	



The	MRI	can	cause	accre)on	
			Instability	à	turbulence,	stresses	à	torque	

52	

•  Stress	tensor:	
•  Trϕ	=	-BrBϕ/4π	+	ρ	vrvϕ	
	
•  Simula)ons:		

– Maxwell	stress	is	larger	
– α	~	-BrBϕ/4πP	~	0.01-0.1	

Balbus	&	Hawley	1998	



The	MRI	can	cause	accre)on	
			Instability	à	turbulence,	stresses	à	torque	

53	

McKinney	&	
Blandford	

2009	



MHD	simula)ons	of	BH	accre)on	

•  Good:	physical	theory	of	accre)on!	
•  Bad:	turbulence,	magne)c	fields,	)me-
dependence,	3D	à	numerical	simula)ons	

•  Work	in	progress:	plasma	physics	

•  Sgr	A*	is	a	great	laboratory	for	MRI	
accre)on	theory	

54	



Why	is	Sgr	A*	so	faint?	
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Radius		
(Rs	or	pc)	

Accre@on	rate	
(Msun	/	yr)	

Accre@on	
efficiency	

Giant	molecular	
clouds		

10-100	pc	 10-2	 10-8	

Circumnuclear	
disk	

1-7	pc	 10-3	 10-7	

Winds	from	
massive	stars	

<	0.5	pc	~	106	Rs	 10-4	–	10-3	 10-6	–	10-7	

Winds	at	Bondi	
radius	

<	0.1	pc	~	105	Rs	 10-5	 10-5	

Inner	accre)on	
flow	

1-103	Rs	 10-9	–	10-7	 10-1	–	10-3	



Sgr	A*	is	faint	because	

•  Gas	supply	(stellar	winds)	is	not	large	enough	

•  A	)ny	frac)on	of	gas	supplied	reaches	the	
black	hole!	

•  The	accre)on	flow	is	inefficient	at	radia)ng	
away	its	gravita)onal	binding	energy	

56	



Jet	models	of	Sgr	A*	
•  If	Te	<<	Tp	in	RIAF,	may	not	see	it	(PS	~	γ2)	
•  Alterna)ve:	jet?	(Falcke	&	Markoff	2000)	

57	Centaurus	A	



Jet	models	of	Sgr	A*	
•  Simple	jet	model	(Blandford	&	Königl	1979)	

58	
Taken from 
http://slideplayer.com/slide/5083341/ 



Jet	models	of	Sgr	A*	
•  Again	hydro	conserva)on	laws	
•  Alterna)ve:	jet?	(Falcke	&	Markoff	2000)	

59	
Taken from 
http://slideplayer.com/slide/5083341/ 



Jet	models	of	Sgr	A*	
•  If	Te	<<	Tp	in	RIAF,	may	not	see	it	at	all!	
•  Alterna)ve:	jet?	(Falcke	&	Markoff	2000)	

60	

Sgr	A*	



Infrared/X-ray	flares	from	Sgr	A*	
•  Sgr	A*:	rapidly	variable	IR/X-ray	emission	

(Baganoff+2001,	Genzel+2003,	Ghez+2004)	

61	



Yuan+2004,	
Markoff+2001	

Mdot electron 
heating 

Flares	must	be	par)cle	hea)ng	

UB	=	B2	/	8π	~	
Mdot	
Uph	=	4pi/c	L/R2	~	
Mdot2	
 

PC/PS~Uph/UB	
~	Mdot	



Electron	hea)ng	near	black	holes	

63	

•  Shock	accelera)on	(jet?	)lted	disk?)	or	
magne)c	reconnec)on	(corona?)	

M87	jet	 Sun	



Flares	originate	close	to	the	black	hole	

64	

•  Assume:	
–  	flare	is	powered	by	
accre)on	

– RIAF:	B(r)	~	100G	rg	/	R	
(~same	as	jet!)	

•  Observed	flare:	
– Region	size	<	c	Δt		
<	3x1012	cm	(~5rg)	

– LX	~	2x1035	erg	/	s,		
t	=	1838	s	

Barriere+2014	Δt	

t



Flares	originate	close	to	the	black	hole	

65	

•  Etotal	>	Eflare:	
UB	V	>	LX	t	
RIAF:	B(r)	~	100	G	rg	/	R		
(~same	as	jet!)	



Flares	originate	close	to	the	black	hole	

66	

•  Etotal	>	Eflare:	
UB	V	>	LX	t	
RIAF:	B(r)	~	100	G	rg	/	R		
(~same	as	jet!)	

•  B02	(rg/R)2/8π	4/3πR3		
>	LX	t	
	èR/rg	<	10	(B0/100G)	

Barriere+2014	



Synchrotron	spectra	

•  PS	=	4/3	σTc	γ2	UB	sin2θ	

•  Cri)cal	frequency		
νc	=	3/4π	ΩBγ2	sinθ	

•  dPS/dν	~	PS	/	νc	~		
e3/mc2	B	sinθ	F(ν/νc)	

67	

~e-x^1/3	

Rybicki	&	Lightman	1979	



Synchrotron	spectra	

•  Power	law	par)cle	dist.	
n(Υ)	~	γ-p	
	
	
	
	

let	x	=	ν/νc,	x	~	γ-2	

	
	 68	

Rybicki	&	Lightman	1979	

Ptot(ν) ∝
∫

dγ γ−p F(ν/νc)

Ptot(ν) =

∫
dγn(γ)

dPS

dν

Ptot(ν) ∝ ν−(p−1)/2

∫
dx x−(p−3)/2 F(x)



IR	flares	are	
synchrotron	
radia)on	
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Eckart+2006,	2008	



X-ray	flare	radia)on	mechanisms	
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Par)cle	hea)ng	and	cooling	

•  Why	would	synchrotron	X-rays	have	a	break?	
•  Synchrotron	radia)on:	

– n(Υ)	~	Υ-p,	Pν	~	ν-(p-1)/2	
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Par)cle	hea)ng	and	cooling	

•  Why	would	synchrotron	X-rays	have	a	break?	
•  Synchrotron	radia)on:	

– n(Υ)	~	Υ-p,	Pν	~	ν-(p-1)/2	
– Electron	energy	evolu)on	(Blumenthal	&	Gould	1970):	

Cooling:		

72	

∂n(γ, t)

∂t
= Q− ∂(γ̇n)

∂γ
− n

tesc
heating cooling escape 

γ̇ = −γ/tcool ∼ −γ2

tcool ∼ γ−1B−2 Cooling	fast	at	X-rays,	
~slow	in	IR!	



Par)cle	accelera)on	and	cooling	

– Electron	energy	evolu)on		
(Blumenthal	&	Gould	1970):	

	
Steady	state,	no	cooling:	
n(γ)	=	Q	tesc	
	

– Par)cles	heat	un)l	they	escape;		
input	e-	spectrum	à	output	IR	spectrum	with		
s	=	(p-1)/2	
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∂n(γ, t)

∂t
= Q− ∂(γ̇n)

∂γ
− n

tesc



Par)cle	accelera)on	and	cooling	

– Electron	energy	evolu)on		
(Blumenthal	&	Gould	1970):	

	
Steady	state,	rapid	cooling:	
look	for	solu)on	n	~	γ-s	with	Q	~	γ-p:	
	

		 		 		 		 						OR	
	

à	“Cooling	break”	in	spectrum	between	IR,	X-rays	
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∂n(γ, t)

∂t
= Q− ∂(γ̇n)

∂γ
− n

tesc

Q ∼ γ̇n

γ
n(γ) ∼ Q/γ



Evidence	for	synchrotron	X-rays	
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n 
NuSTAR	

Dodds-Eden+2009,	Barriere+2014	

electron	E/mc2	>	105!	



Evidence	for	synchrotron	flares	

•  For	inverse	Compton:	
γ2	<	νX-ray	/	νNIR	<	1000	
	
νC	=	4.2x106	B	γ2	>	νNIR	è	B	>	25	G	
	
PS	/	PC	=	UB	/	Uph	~	1	
	
Synchrotron	size	<	0.1	rg	)ny!	
	
à	Unrealis)c	emission	region	sizes	(and/or	other	
parameters)	for	Compton	scenarios	
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Dodds-Eden+2009	



Simultaneous	IR/X-ray	spectra	
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Even	stronger	evidence!	

78	

ΔΓ	=	0.57+/-	0.09!	
(Pon@+2017)	


