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Sgr A* is a black hole

4x10° M, inside of S2

(Schodel+ 2002, Gillessen+ 2009)

> 10% of this is Sgr A*
(Reid & Brunthaler 2004)

Sgr A* radio size: ~4 R,
(Bower+2006, Doeleman+2008)

density: ~10-2 of black hole
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Cartoon version of the stellar system

S-stars
— young, 108yr
— r<0.05pc
— orbits

Stellar disk
— younger, 107 yr
— 0.05pc<r<0.5pc

Old stars
— everywhere

 and more:

. ° ¢ — stellar black holes
— neutron stars

— white dwarfs

— fainter MS stars



Two paradoxes of youth

O/WR stars B stars

* 6 Myryoung e typical age 100 Myr
* mean eccentricity 0.35 * eccentricities > 0.8
* disk configuration * randomly oriented
e top-heavy IMF * normal IMF

%

Bonnell+ 2008, Hobbs+ 2009 Hills 1998, Perets+ 2007, Genzel+ 2010 @



Last time: tidal radius

* Binary a, m; black hole M
* i) Forces: F,=F, or GMm a / r*= Gm?/a’

* ii) Energy: W =Ugor

/Fth:/ F.dx
0 0

> F.=F,






Radio source Sgr A*

S / ey
W™,
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Push to higher resolution

e VLBI (VLBA, EVN) observations

(Lo, Moran, Krichbaum, Bower, ...)

 Atmosphere changes every ~10-100s

................
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Accretion power

* Infalling gas radiates its gravitational energy
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Eddington Luminosity

* How bright can accretion be?

ng I:rad
GMmp/r2 =L/4nr’ o;/c

Legg = 41MGM cM / o
L.yq ~ 1038 ergs /s (M/M

sun)

Sgr A*:
L.gq ~ 10* ergs /s
L, <103 ergs/s
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Eddington accretion rate

* What is minimum amount of infalling

material to get L? ]
5 Maximum L:

L = dE/dt = d/dt(mc2)
L = Mdot c?

m, O

ot

General L:
L = € Mdot c?

e = “accretion efficiency”
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Large gas reservoirs in the GC

N
. N > %
?&:
l"‘ ,./" _
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Stellar winds: black hole fuel
* Mdot ~ 104 — 1073 Msun / yr (Martins+2007)

Cuadra
+2006, 2008
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X- rays from Sgr A*

E'é{ﬁ's'ao 9290014 Ll Tizasss. 0:290022
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Baganoff+2003 - .= < . .7
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X-rays from Sgr A*

Ellipse: stellar disk

Wang+2013
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Bondi-Hoyle accretion

* Mdot =
4t p G2 M? / \(\q&‘b’q
(v+c?)¥2 5

\—>

accretlon line

= —

Pd —

Stagnation point




Bondi-Hoyle accretion

Mdot =
an p G2 M2 / (v?+c2)3/?

X-rays:

n~ 100 cm3,

T~107K

Winds: v~ 1000 km /s

Mdot ~ 10> M./ yr
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Q: Why is it difficult for gas to
fall into a black hole?

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

* What fraction of this angular momentum

must be lost to reach the event horizon, R ™
10 pc?

* Or: what eccentricity is needed for orbit
from Bondi radius to reach event horizon?
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Accretion theory

* Hydrodynamics equations
— Collisional, “viscous” infalling
material
* Approximations:
— Stationary, axisymmetric
(d=d,=0)
— Mdot = constant

— Vertically integrated

e “Thin” disk H/R << 1,
in practice H/R< 1
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Standard accretion theory
° MaSS: After Blaes (2004)
M = 4Tt RHpv
* Momentum:
pvdrv = p(2? — Q% )R — drp
* Angular momentum:
M dgr (Q2R?) = dr (47R?H7g )
* Energy:
V|
2mpR

T drs = ZRHTR¢ dr 2 + 2F
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. . . Shakura &
Thin disk accretion ="

* QO =0, Mdot = constant, cooling is fast,
no torque at inner edge (R)

* Angular momentum:
M dgr (Q2R?) = dg (47R?H7g )
M(QxR? — Qg ;R?) = 4rHR?7g,,
* Energy:
M
2mpR

F™ = -RHmRrsdr 2k

T drs = ZRHTR¢ dr (2 + 2F~
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Shakura &

Thin disk accretion ="

* Solve for flux emerging from disk, F
M(QKRZ I QK,lRlz) — 47THR27'R¢
F_ — —RHTngdRﬂK

* QKZ = GM/R3; dRQK= '3/2 QK/ R:

_ 3GMM R,
B = 5 R (1_ )

F:Z/ dR 27RF~(R)
R;
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. . . Shakura &
Thin disk accretion ="

* Solve for total luminosity integrated over disk:

L:2/ dR 27R F~ (R)
R;
~ GMM

2R;

* R_i~innermost stable circular orbit of a
vlack hole = 6 GM/c? for spin zero

* L~10% Mdot c?!
 Compare: nuclear fusion ~ 0.1% Mdot c?

L
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Thin disk accretion ( “=9% 2
* opt. thick, so F(R) = oT_«(R)*
* R~ M, mdot =Mdotc?/ L,y
* T «(r) ~ mdot/4 M-1/43/4
» Stellar black holes in X-rays, AGN in UV

D Model S -9 3C 273

Mngﬁcll December 1990
Model R

disk
\ power law - — — -
- retlection
A
1

l‘og vF, (erg cm™2 s7!)

AL-“)
T



Sgr A* spectrum
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X-ray:

1031
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v[Hz]
Charles Gammie, Rainer Schodel




Thin disks don’t work for Sgr A*

* Thin disk:
L ~ 10° too bright;
spectrum should peak
in IR not submm

; 'o"og
1.000 Fe® 1 !
!
Submm  MIR &
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e If Mdot ~ Bond;,

e =L/ Mdotc?2~ 10!
* Why is Sgr A* so faint?

1010 1011 1012 1013 1014
frequency (Hz)
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Standard Accretion Theory

 ADAF (Narayan & Yi 1994, also Ichimaru 1977, Rees+1982)

— Parameterize fraction of local heating advected:
* f=0: Q = Q,, thin disk
e f=1: Q =0, spherical (Bondi) accretion

— Self-similar scalings like spherical accretion:
P, 2 R_3/2; V,Cg X R /2

— Low density, “collisionless,” =
different proton and electron temperatures!
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Standard Accretion Theory
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Accretion Flow Models of Sgr A*

26
24E M = 0.5x10° MO
I

e Spherical (Melia 1992)
ADAF (Narayan+1995)

3 5 C |V|e| 5 1992 (GRANAT 1991)
dM/dt - dIVI/dtBondi ,J_LLLLJ_ub |
14 16 18
— Lower T, large central o eee W
i ~ -3/2 38f-ere 2 7 |
density (n ~ r3/2) ST L Narayan+1995

i

* Accretion energy is
carried into the black

hole!

log[vL, (ergs




Polarization, Faraday rotation, and
the Sgr A* accretion rate

 Magnetic field rotates
polarization direction

X(v) ~ v, + RM c?/v?

RM ~ 2.6 x 10~1? /dl .Bnrad/m?
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Polarization, Faraday rotation, and

the Sgr A* accretion rate
¢ RM ~ M—Z Md0t3/2 (Marrone et al. 2006)

M ~ 10_91';/R61\/I@yr_1
r~1-100 R,

800 600 500 450 400

e >99% of the mass

doesn’t make it!
(Aiken+2000, Agol 2000,
Quataert & Gruzinov 2000,
Bower+2003,
Marrone+2006,2007)

Marrone+2007




Sgr A* e- temperature

* For known flux, angular size “brightness”
temperature is B, (T,) = |

e Sgr A* at 230 GHz:

\

T c?l,
P72k 2
~ 6 x 10"°K e
cf. T,= T, = 1012 K f T

* Lower limitto T,
>> 10° K in ADAF

Wavelength (cm)
Doeleman et al. 2008
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Accretion flow models of Sgr A*

e Outflows = ADIOS
(Blandford & Begelman 1999)

* Convection = CDAF
(Quataert & Gruzinov 2000)

* ADAF/CDAF/ADIOS/
... = RIAF!

— Mass loss!

Yuan et al. (2003)

— Non-thermal e- or jet
for polarization
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Why is Sgr A* so faint?

Giant molecular 10-100 pc 102 108
clouds

Circumnuclear  1-7 pc 103 10”7

disk

Winds from <0.5pc~10°R, 10*-103 10°-10"
massive stars

Winds at Bondi <0.1pc~10°R, 10 10
radius

Inner accretion  1-103 R, 10° - 10" 101 -10°3

flow



Sgr A* is faint because

e Gas supply (stellar winds) is not large enough

* A tiny fraction of gas supplied reaches the
black hole!

* The accretion flow is inefficient at radiating
away its gravitational binding energy
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How does gas fall into a black hole?

 Weakly magnetized gas: field is dragged along,
restoring force when stretched (torque!)
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The MRI can cause accretion
* Instability = turbulence, stresses = torque

McKinney &
Blandford
2009
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MHD simulations of BH accretion

Good: physical theory of accretion!

Bad: turbulence, magnetic fields, time-
dependence, 3D =2 numerical simulations

Still missing: plasma physics

Sgr A* is a great laboratory for MRI
accretion theory
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Next time:

Has Sgr A* always been so faint?



