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early evidence for a central mass concentration

' SgrA*

—-600 —400 =200 0 +200 +400 +600
Visq [kmsec™')

10” (0.39pc)

Balick & Brown 1974, Lo et al. 1975, Wollman et al. 1977, Lacy et al. 1980, 1982
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intrinsic size of SarA*

as a function of wavelength

(Bower et al.)
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15 years progress in high resolution IR imaging

seeing limited (1990)

5”
(0.2
pc)

DePoy & Sharp 1991, Eckart et al. 1993, 1995, Genzel et al. 2003, Ghez et al. 2005



15 years progress in high resolution IR imaging

‘SHARP’ at the 3.5m NTT

first images 1991

DePoy & Sharp 1991, Eckart et al. 1993, 1995, Genzel et al. 2003, Ghez et al. 2005



15 years progress in high resolution IR imaging

single ‘speckle’ frame with SHARP

i -

seeing ~0.5” - .

DePoy & Sharp 1991, Eckart et al. 1993, 1995, Genzel et al. 2003, Ghez et al. 2005



15 years progress in high resolution IR imaging

, . ve i speckle imaging NTT
o e (1992)
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DePoy & Sharp 1991, Eckart et al. 1993, 1995, Genzel et al. 2003, Ghez et al. 2005



15 years progress in high resolution IR imaging

Adaptive Optics at Keck & VLT

NAOS+
CONICA

. Keck: NIRC2/OSIRIS

1Jv1 U_)’ < L)llalP 1771, LLVNAll Ll Al. 1770, 1779, JULIlIZLLVL VL Al. 4VUVD, UlIVZL VUL dAl. 4VUVUY



15 years progress in high resolution IR imaging

. .<_ Ao.sm."

e . 3 - natural star IR-AO (2003)
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DePoy & Sharp 1991, Eckart et al. 1993, 1995, Genzel et al. 2003, Ghez et al. 2005
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15 years progress in high resolution IR imaging
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15 years progress in high resolution IR imaging

.

L4 . A .. é .
- ; ” ‘ . *® -’ e, ‘ . ;
"
astrometric |100mas limiting 12
precision . 20mas K-mag | 14
PAVERS 16
500pas 18
\ v
104 10pas 103 19
1990 2000 2010 1990 2000 2010
time time
- - 3 .
. . ' . . . . - .
» N 3 d ' . . - N ) y & .
= v ‘. > "‘« . 2 ‘ . 5 . " g

p : - - = § ) ‘ .
nzel'et al: 2003, Ghez et al. 2005

*DePoy & Sharp 1991, Eckart et al. 1993, 1995, Ge
. .o . . ¥ : . ? ) 3 : .

-



"‘d‘e star AO.

ser gul

Ko 13

-

L 5005,

*

eta

-

N
=
O




. P
- .
- -l
- : .
9 ' . *
- -
.
". )
. »
'-
y -
.
- N
.
-
. L3
.
. * >
- e
.
|
.
.
. X
L " '
* 8
..
: Y .
. .
*
-
. .
.
‘
L
.
- » ‘v ‘
" ‘

nuclear star cluster

. and cusp: ..

*

*

*
-
-
.
* -
_’ -~
*
*
*
* %
"‘
.
.
'
. P &
L ]
*
.
. .
e
.
‘. .
*
*
= »
.
‘
- -
; .
.
*
& »
. “ %
§ 5 iR
- % -
» 2 ]
. : ! . v L .
¥ l . . .
» A > . » * *
4"
. s .
‘ - ‘ “
* - *
o y ¥ - -t
. *



-®

IRS 16NE

.
-

.

Genzel et al. 2003,'Paumaz? et al. 2006, Ottetal. I 999 D

7, M&rtins et al. 20‘06

0

Schodel et al*200

ePoy et all 2004,

N

‘-

E 3



Sl LR ' ..~ 4 g o ‘ .
. : . : . oy " ; ‘ e 3
.
.
pEEES 3 p.~R-13:02
. * * 2
: ~ .
-
' #
* ‘T 4 .
- LA hd .
‘.
P,
. -
: _ ' Rieke & Rieke 1987,
- Genzel et al. 1996, 2003,
< L~ ‘ Scoville et al. 2003, Schodel et al. 2007
.
- . .
: . . " L . L
. . :‘ . - 2 &
- . e { . ‘ . . g * ~ - .

N - o

. z . . . . . e’ .
Genzel et al. 2003, Paumard et al. 2006, Ott et al. 1999, ‘D'ePoy et al, 2004, Schodel et al*2007, M'artins et al. 20‘06

.



g . \»‘

X IRS10EE (K5 la/b) - «

T T T TR e T T

2

.-

; , 5
K- 0 T I S N N A *v L1 l‘\ 1
‘ 2 ‘1.6 1.‘7 1.8

[

L L e e e L B ) B
IRS10 EE (M7/8 1l) . “ ) - ”

- e . A
L] & “-

.

rlll R B M6

*

L T Iy

*
‘mmHm‘HmHmHH\HHmu.yuimuuwu

16 17 18 19 20 21 22 23 24
eleﬁgth (um)

-

o -
oy A‘t‘. A % : ‘ ‘i : ;" . : b e w" .o %
Genzel et al. 2003, Paumard et al. 20006, Ott et al. 1999, DePoy ét al, 2004, Schodel et al#2007, Martins et al. 2006

oA - % F -



- ;
Genzel et al. 2003, Paumard et

.

. ™ - -
- L =
' L
. -
. 2 " ._‘ .
. & 25 » - v
. Ll
‘ L ]
- . 5
.
. . e
. ’ p
¢ -" » -
. e . 3
. - e
. ' . é
'z . 3} .
= e .
. iy
- . e : » .
e e e T e
$ = % IRS16SE2 (WN5/6)
* L -
L -
. 0.1 “‘ ’
L :
O,
-0.1; . s i
T T G S A
205 210 215 2.20‘ 225 230 235 2‘
. " . i
N wavelength (um) . * ' \d
. " " t" 4
. 4 A -
- .
* ‘ “ 2 - L
T Fis .
B * % i
.
" ) 4 M
" . *
- .
- *
. * . . Y
2 -~ 2F 2
‘ * § o

-

L.
* L : «

“.

. .- o
. *
. sy
.
* ¥. . .
..

"
-

*

0.2‘

€ &

.

: * *
¢ » *
. *
e 1 T T&T T “ 7
IRS3 (WC 5/6)
i . -
71 I
3 |
.. n
i Il
i l I
|
E .
-
2.0 2.1 22 2.3 24
‘* . P
. + wavelength (um)
S2 (08/9 V) ; §
Y i
.. 1
. ]
I I I I Il I I _'
21 2.2‘

_ wavelength (um)

*

¥

-

oy v 0 L b

*

.

- \1\\.\\'\\\\\\\\\\\‘\\\‘

204 206 208 210 212 214 216 218 220

&

*

wavelength (um)

N SR Y T L TR > - '
al. 2006, Ott et al. 1 999,.DeP0y et ql. 2004, Schodel et al#2007, Martins et al. 2006

-t
-

L



* ®
Chd . " - " .~
L4 * -
* »
. : ' -
" . ' 2
: . o T R "
. > . 2 . " TE '
- . s ] o3 .
. *+ flyx variations
b ¢ F o . ”
® . » 3 M " ‘
. v -
. *
; «?- . .
.
. ' . F
¥ - N . .
- g , 3 > 4
. .
. .
.
¥ R : % ,
- » . A
< * LA » L ]
- .
. - " & »
. * ”
‘ ‘ ‘ : . . Z L . ‘
. ' . . ' ', - o R .
. . : .
vl s B g
. . ¥ * . “ ‘s . g . ™ .
. a 4 9 ‘. bt .8 & .
’ b .
w 3 & * -
. - : .
” LY ‘ ‘ . - - “ s »
. . s 3 " ¢ ' .
. . _ g
<. & v - ‘t - .
- * " ’ & P
. . ° o b *
‘radial velocity variations i
; Y
- ' %
. . ' " .
‘ -
¢ :
- . .
- 0 o} .. 0 * . 5 . * P
. [ «

* .

. .

. V o i . . o ¢
Genzel et al. 2003, Paumard et al. 2006, Ott et al. 1999, ‘D'ePoy et al, 2004, Schodel et al*2007, M'artins et al. 20‘06 ‘



N s : , ot

€
». +
T b

Genzel et al. 2003, Pauma al. 20<06, Ott et al. 1999, DePoy ét al, 2004, Schidel et al%2007, Martins et al. 2006

'
¥

.



> '

:‘ ‘ -:“"“ . —‘E“ ; ‘;“-";; .,f‘ - l.'A ig ‘ “'1‘ "‘" ‘l:‘t“»"‘ "‘
Genzel et al. 2003, Pauma al. 2006, Ott et al. 1999, DePoy et al, 2004, Schodel et al#2007, Martins et al. 2006

*

.



N s : , ot

€
». +
T b

Genzel et al. 2003, Pauma al. 20<06, Ott et al. 1999, DePoy ét al, 2004, Schidel et al%2007, Martins et al. 2006

'
¥

.



. AN ..t" " .

» fl How did the young stars get into the (‘/u‘ml llght year?

‘ 'ﬂ' .‘ .

normal erent two ad
: relaxation ow te allo .
with mass > l'ngmfe i

centml

‘e S“Ql ¥ R 2
. & . s - . y - I
»

Morris 19'93, Rauch & Tremaine 1996, Sanders 1998, .. 8 a

Levin & Beloborodov 2003, ard 2001, Gould &' - . o

Quillen 2003, Levin & Be v 2003, Hansen & . B .

Milosavljevic 2003; Porte rt et al. 2003, 2005, . a . ¢

Kim et al. 2004, Milosavlje Loeb 2064‘DaV1es & . - .

King 2005, Nayakshin & Cuadra2005 , Alexander ™ L s & .

2005, Levin et al. 2005, Guirkan & Rasio 1005



local star form'ation:

tidally disrupted idispersion ring’ evolving

into a gtaﬂforming accretion disk:

problem: very high densities
L - -

Morris 1993, Rauch & Tremaine 1996, Sanders 1998,
Levin & Beloborodov 2003, Gerhar(r 2001, Gould & *
Quillen 2003, Levin & Belo dov 2003, Hansen &
Milosavljevic 2003, Portegt art et al. 2003, 2005,
Kim et al. 2004, Milosavljevic & Loeb 2004, Davies &
King 2005, Nayakshin & Cuadra 2005, Alexander
2005, Levin et al. 2005, Giirkan & Rasio 1005

» % How did the young stars get into the cgntral light year?




» % How did the young stars get into the cgntral light year?

- ° 5
local star formation: . « external formation:
L4 L4 ‘ [ d L4 L4 ’ L4 L4 L4 (L [
tidally disrupted idispersion ring’ evolving transpoit by in-spiraling massive cluster .
into a gtaﬁformmg accretion disk: problem: very large clistgr mass and density l
problem: very high densities - .‘
- . -
e el
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Morris 1993, Rauch & Tremaine 1996, Sanders 1998, . * .
Levin & Beloborodov 2003, Gerhar(r 2001, Gould & o
Quillen 2003, Levin & Belo dov 2003, Hansen & L]
Milosavljevic 2003, Portegt art et al. 2003, 2005, - ®
Kim et al. 2004, Milosavljevie & Loeb 2004gDavies & . -
King 2005, Nayakshin & Cuadra 2005, Alexander . ' & " s &
2005, Levin et al. 2005, Giirkan & Rasio 1005 . .
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local star form'ation:

tidally disrupted idispersion ring’ evolving

into a gtaﬁformmg accretion disk:
problem: very high denszttes ,

Morris 1993, Rauch & Tremaine 1996, Sanders 1998,
Levin & Beloborodov 2003, Gerhar(r 2001, Gould & o
Quillen 2003, Levin & Belo dov 2003, Hansen &
Milosavljevic 2003, Portegt art et al. 2003, 2005,
Kim et al. 2004, Milosavljevic & Loeb 2004, Davies &
King 2005, Nayakshin & Cuadra 2005, Alexander
2005, Levin et al. 2005, Giirkan & Rasio 1005

How did the young stars get into the cegntral light year?
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. « external formation:
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local star form'ation:

tidally disrupted idispersion ring’ evolving

into a gtaﬁformmg accretion disk:
problem: very high denszttes ,

Morris 1993, Rauch & Tremaine 1996, Sanders 1998,
Levin & Beloborodov 2003, Gerhar(r 2001, Gould & o
Quillen 2003, Levin & Belo dov 2003, Hansen &
Milosavljevic 2003, Portegt art et al. 2003, 2005,
Kim et al. 2004, Milosavljevic & Loeb 2004, Davies &
King 2005, Nayakshin & Cuadra 2005, Alexander
2005, Levin et al. 2005, Giirkan & Rasio 1005
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» % How did the young stars get into the cgntral light year?

transport by scattering:

external formation:

.

star-stellar BEEscatterin g

trlppmg/re-]uvenatwn

sresonant rélaxation
problem: rates and cross-

sections
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Tambly;a & Rieke 1993 4Navarro gl. 1994, 1997, Krab
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inetal 2005,

Nayakshin & 5‘2005‘, Paumard et al. 2006, M("ﬂs et al. 2007, ?brukoﬁ” & Hansen 2007
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_ . 1994, 1997, Krab t alx1995, Ng} in et al. 2005,
Nayakshin & S 2005, Pau rd et al. 200(2 Mg setal 2007, Beruk. ff & Hansen 2007




su rfa

ddistribution, stellar mass

Nayakshin & Surr

ce density «

inner
cutoff

©
—

- |

0.01

surface density (stars/arcsecz)

0.001

2 5 10 20

radius (arcsec)

Tamblyn & Rieke 19934Navarro et gl. 1994, 1997, Krabbe‘et alx1995, Nayakshin et al. 2005,

v 2005, Paumard et al. 2006, Maugins et al. 2007, Berukoff & Hansen 2007
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- 0.001 L1 I B L
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stellar content 0‘11‘ disks ~10¢ M . :

e from K-band lum1n0s1ty functlon and flat IMF
* fgom N-body ‘simulations of thicknegs and age *
* from limit to X-ray emission of T-Tau stars «

Tamblyn & Rieke 19934Navarro etgl. 1994, 1997, Krabbe‘et alx1995, Nayakshin et al. 2005,

Nayakshin & Sur'v 2005, Paumard et al. 2006, Maggins et al. 2007, Berukoff & Hansen 2007
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Tamblyn & Rieke 19934Navarro ?l 1994, 1997, Kmbhgt al «1995, Nayawm et al. .2005
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‘Paradox of Youth’:
young massive stars in the central cusp

SINFONI 2005
70 mas resolution

Ghez et al. 2003, Eisenhauer et al. 2005, Paumard et al. 2006, see Tal Alexander’s talk



‘Paradox of Youth’:
young massive stars in the central cusp

b

N
N

— N\

70 mas resolution

Ghez et al. 2003, Eisenhauer et al. 2005, Paumard et al. 2006, see Tal Alexander’s talk



‘Paradox of Youth’:
young massive stars in the central cusp

>90% of all K<16 stars in the central light
SINFONI 2005 month are young main sequence B stars

70 mas resolution

Ghez et al. 2003, Eisenhauer et al. 2005, Paumard et al. 2006, see Tal Alexander’s talk



Motion of stars
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Motion of stars
neat Sgl/'A*\ /
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% 15 years of tracking stellar orbits

MPE (VLT) .
Univ. California Los Angeles (Keck)

@)
020 _I ! 199&/200% | | ] 4000 I T I T | T I T I T I T |
o O A T, - :
015 L 2005 ‘\ ] & 9% d
.l é . b ™
b - s . - i ) .
- ] £ 2000 -
0.10 |- f/) . 2> I
i o 21d ™~ 8 -
i o — . 0 .1000 - .
0.05 2000 ™ © 5
B \ n (O] = 7
- ® / ’ - =
i \*’ + 1= _l : = //:
0 - 2002 & 7] -1000 |- Av _
N ] B | /
_005-R0=8|kpc| I | I ! L] -2000_— L) ‘.‘ IR T B i
' 0.05 0 005 -0.10 * 1998 2000 2002 2004 2006 2008 2010
RA-offset (arcsec) . time

Schodel et al. 5)02, 2003, Ghez et al. 2603, 2005, Eisenhauer et al. 200‘2005, Gillessen et al. 2007
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‘e status of BH hypothesis

» compelling evidence for point mass hypothesis

. M‘Q= 3.76 (20:05) (£ 0.2)* 106 (Re/8)2% M.,
S

+ (mass contained within a'few light hours of SgrA*)

» combined with radio: <p> i 1082-22:M , pc3: must be BH, beyond any
reasonable doubt if GR'is applicable o '
» extended mass within S2- orbif <a few % of point mass (<10 Me)

> SR- and GR-effects can be measured within next 5-10 years: ~0. 06

> big next step; astrometric interferOmetry
L]

L]

Schodel et al. %02, 2003, Ghez et al. 2603, 2005, Eisenhauer et al. 200%2005, Gillessen et al. 2007
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. Is SgrA* a black hole ?

3.9x106 M, BH

. ‘boson star’

—A
OI\)
=

clusters
with life times >10° years
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~ ‘dark’ astrophysical
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10°

size/radius of event horizon of BH  *



. Is SerA* a billek hole ?

3.9x106 M, BH -

N |
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. Is SerA* a billek hole ?
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SgrA* spectral energy distribution
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SgrA* spectral energy distribution

' E (eV)

v ) 1011 1014 1017 1020
=TI T T T T T T T T T T T TS
| i _

100 |— XMMOZ_:

A — x —

%) — _—

fe2 B )~

» O B B
(a2}

o PE E

& - .

\e) - |

> N

- . ]

> 'E =

B 1 N

y Chandra
0.1 = quiescent —
0ol oo vl o ol oo ol oo 1
10" 10" 108 10"

v (Hz)

Falcke et al. 1999, Morris et al. 2001, Zhao et al. 2004, Markoff et al. 2001, Genzel et al. 2003, Ghez et al. 2004,2005,
Eisenhauer et al. 2005, Baganoff et al. 2001, 2003, Bower et al. 2003, 2004, Goldwurm et al. 2003, Porquet et al. 2003,
Eckart et al. 2004, 2005, Markoff et al. 2001, Yuan et al. 2001, 2003, 2004, Liu et al. 2004,2005, Gillessen et al. 2006,
Marrone et al. 2006, Krabbe et al. 2006



SgrA* spectral energy distribution

most likely scenario:

e reconnection event transiently heats a few %
of the virialized electrons to y~103
(NIR synchrotron emission)

 y~103 electrons upscatter photons in submm
‘bump’ to ~10!7---18 Hz
(X-ray emission)
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and strong gravity in GC

ITY will measure the

motion of gas close to the event

Rarizon-of the Galactic Center
black hole |




and strong gravity in GC

ITY will measure the
" motion of gas close to the event
5 'z‘G‘fFof the Galactic Center

GRAVITY may be a
probe the regime of strong
gravity (R/(GMc?)~ a few)
and the Kerr metric



’ - Summary
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L]

+* The Milky Way center harbors a :3'-4 million.solar
: SS blac?ole, beyontl any reasonable do:@t
* disk young massive stars formed ~6 Myrs ago:

. most probably cloud infall and in situ star
formation_in acgretion disk, top-heavy IMF

« stellar cusp around BH; paradox of you‘) .
* X~/IR-/submmflares from SgrA*: ‘MHD wedther’ in
the central a&fetion.zong and probe of the
space- time'on a few R?




