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New Results in the Galactic 
Center
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•• a paradox of youth a paradox of youth 
•• testing the BH paradigm with stellar orbitstesting the BH paradigm with stellar orbits
•• accretion, flares & BH spinaccretion, flares & BH spin
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The MPE G.C.experimentsThe MPE G.C.experiments

•• proper motion experiment at the 3.5m ESO NTT (nearproper motion experiment at the 3.5m ESO NTT (near--IR IR 
speckle camera SHARP): since 1991speckle camera SHARP): since 1991

•• adaptive opticsadaptive optics--assisted (AO) integral field spectroscopy on    assisted (AO) integral field spectroscopy on    
ESO 2.2m (3D): since 1994 ESO 2.2m (3D): since 1994 

•• AO camera/spectrometer NAOS/CONICA on 8m ESO VLT: AO camera/spectrometer NAOS/CONICA on 8m ESO VLT: 
since 2002since 2002

•• AO integral field spectroscopy on VLT (SINFONI/SPIFFI): AO integral field spectroscopy on VLT (SINFONI/SPIFFI): 
since Feb 2003since Feb 2003

key people: A.Eckart, F.Eisenhauer, T.Ott, R.Schödel
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NAOS/CONICANAOS/CONICA
and SINFONIand SINFONI

at the VLTat the VLT

NAOS-CONICA:
Co-PIs: G.Rousset (ONERA), 
R.Lenzen (MPIA), R.Hofmann(MPE)

SPIFFI/SINFONI:
PIs: F.Eisenhauer & N.Thatte (MPE)
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SINFONI SINFONI 
( = SPIFFI (MPE, PI ( = SPIFFI (MPE, PI F.Eisenhauer)+MACAO(ESOF.Eisenhauer)+MACAO(ESO, PI H.Bonnet)), PI H.Bonnet))

Integral field spectrometer with reflective image slicer
32x64 spatial pixels (0.0125”, 0.05”, 0.125”) x 2000 spectral pixels (2K Hawaii)
spectral resolving power: 2000-5000 
~40% throughput in J, H and K  

60 element, curvature sensor AO system/bimorph mirror with APDs

anticipated LGS performance (2005)

Eisenhauer et al. 2003, ESO Messgr. 113, 17, 
Eisenhauer et al. 2003, SPIE 4841, 1548, 
Bonnet et al. SPIE 4839, 329
Bonnet et al., 2004, ESO Messgr 117, 17
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adaptive optics IR instruments on Keck 
and VLT:  50 mas resolution 
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10” ( 10 light years )

NACO images
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Integral field spectroscopyIntegral field spectroscopy

10”

1996: 0.6” with 3D

2003: 0.27”
SPIFFI/VLT

3”

2004: 0.07” with SINFONI/VLT +AO

0.5”
(22 ld)



stars in the central 20 light days: a paradox of youthstars in the central 20 light days: a paradox of youth
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ordinary B main sequenceordinary B main sequence--stars !stars !

2.10 2.15 2.20 2.25

HeI 2.1127
293 (±35) km/s
1.3(±0.3) Å

HI Brγ 2.1661
464 (±20) km/s
5.8(±0.4) Å

<1Å

FWHM=
1200(±80) km/s
EW=11.7(±2) Å

wavelength (µm)

HeI: 
vrotsin(i)~0.55 FWHM = 154(±19) 
km/s. 

solar neighborhood early B stars
<vrotsini>~130 km/s 

(Gathier, Lamers & Snow 1981)



parodoxparodox of youth: two basic scenariosof youth: two basic scenarios
• in situ formation 

– from molecular clouds
– formation in massive disk
– collision of less massive stars
general problem: tidal field

• external star formation and migration

- mass segregation
- spiraling in of star cluster
- scattering  
general problem: timescale and efficiency

Morris 1993, Genzel, Hollenbach & Townes 1994, Lee 1994, Sanders 1998, Gerhard 2001, Portegies Zwart
et al. 2002, Levin & Beloborodov 2003, Nayakshin et al. 2003, 2004, Gould & Quillen 2003, Genzel et 
al.2003, Hansen & Milosavlevic 2003,  Kim & Morris 2003, Alexander 2003, Milosavlevic & Loeb 2004



10”(0.39 pc)

NACO/VLT  AO imagesNACO/VLT  AO images

Genzel et al. 2003, Ap.J. 594, 812
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corrected
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NACO/VLT  AO imagesNACO/VLT  AO images
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Properties of nuclear star 
cluster: K-luminosity function
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Best fit:

old metal rich 
component + young 
burst population,

or

constant star 
formation

Genzel et al. 2003, 
Zoccali et al.2002, 
Tiede et al. 1995, 
Figer 2002 



Properties of nuclear star cluster: KProperties of nuclear star cluster: K--
luminosity functionluminosity function

Genzel et al. 2003
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KLF of cusp
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McGinn et al. 1989, 
Sellgren et al.1990, 
Krabbe et al. 1995, 
Haller et al. 1996, 
Genzel et al. 2000, 
2003, Paumard et 
al. 2001, Figer et 
al. 2003
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SINFONI 18.08.04: K(75 mas)
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SS--stars are main sequence Bstars are main sequence B--starsstars
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‘A Paradox of Youth’: how did the 
massive stars get into the cusp?

• formation outside and mass-segregation into center: excluded
for stars >2 M

• in situ formation in extremely dense gas (>109 cm-3): fragmentation of 
self-gravitating accretion disk, following cloud infall and 
dissipation, + perhaps cloud-cloud collisions

• sinking to the center of a young, very massive (105…6 M ) and compact 
(<0.2pc) cluster formed at R~10 pc 

• creation of massive stars from collisions and mergers of lower 
mass stars in the central 0.5” (but not further out)

• ‘shuttling’ in of stars by intermediate mass black hole 
• binary scattering
• resonant scattering by stellar black holes near SgrA*

• formation outside and mass-segregation into center: excluded
for stars >2 M

• in situ formation in extremely dense gas (>10in situ formation in extremely dense gas (>1099 cmcm--33): fragmentation of ): fragmentation of 
selfself--gravitating accretion disk, following cloud gravitating accretion disk, following cloud infallinfall and and 
dissipation, + perhaps clouddissipation, + perhaps cloud--cloud collisionscloud collisions

• sinking to the center of a young, very massive (105…6 M ) and compact 
(<0.2pc) cluster formed at R~10 pc 

• creation of massive stars from collisions and mergers of lower 
mass stars in the central 0.5” (but not further out)

• ‘shuttling’ in of stars by intermediate mass black hole 
• binary scattering
• resonant scattering by stellar black holes near SgrA*

Morris 1993, Genzel, Hollenbach & Townes 1994, Lee 1994, Sanders 1998, Gerhard 2001, Portegies
Zwart et al. 2002, Levin & Beloborodov 2003, Nayakshin et al. 2003, Gould & Quillen 2003, Genzel et 
al.2003, Hansen & Milosavlevic 2003,  Kim & Morris 2003, Alexander 2003, Milosavlevic & Loeb 2004
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Tidally disrupted Tidally disrupted ‘‘dispersion ringsdispersion rings’’

R. Sanders 1998 
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orientation of orbital spin directionsorientation of orbital spin directions

Eisenhauer et al. 2005 



-4
-2

0
2

4x

-5.0

-2.5

0

2.5

5.0

y

-4
-2

0
2

4
z

-3

-1
1

3 x

-2

-1

0

1

2

y

-3

-1

1
3

z

S1
S2
S8
S12
S13
S14
S17

Orientation of S-orbits relative to outer star disks



mass mass 
distributiondistribution

106

107

0.001 0.01 0.1 1 10

101 102 103 104 105

G
G

G

G

Ro= 8 kpc

multiple orbits 

3.35(±0.15) x106 M(sun) point mass
   plus visible star cluster
       (χ2

red=1.02)

dark cluster
ρo=1.6x1018 M(sun) pc-3

       α =5

S3
S2

visible star cluster
ρo=1.5x106 M(sun) pc-3

rcore=0.46 pc, α=1.7

radius (parsec)

en
cl

os
ed

 m
as

s 
(s

ol
ar

 m
as

se
s)

radius (light hours)

106

107

0.001 0.01 0.1 1 10

101 102 103 104 105

G
G

G

G

visible star cluster
ρo=1.5x106 M(sun) pc-3

rcore=0.46 pc, α=1.7

Ro= 8 kpc

multiple orbits 

3.35(±0.15) x106 M(sun) point mass
   plus visible star cluster
       (χ2

red=1.02)

S3
S2

radius (parsec)

en
cl

os
ed

 m
as

s 
(s

ol
ar

 m
as

se
s)

radius (light hours)

106

107

0.001 0.01 0.1 1 10

101 102 103 104 105

G
G

G

G

Ro= 8 kpc

multiple orbits 

S3
S2

radius (parsec)

en
cl

os
ed

 m
as

s 
(s

ol
ar

 m
as

se
s)

radius (light hours)

106

107

0.001 0.01 0.1 1 10

101 102 103 104 105

G
G

G

G

Ro= 8 kpc

radius (parsec)

en
cl

os
ed

 m
as

s 
(s

ol
ar

 m
as

se
s)

radius (light hours)

106

107

0.001 0.01 0.1 1 10

101 102 103 104 105

G
G

G

G

Ro= 8 kpc

radius (parsec)

en
cl

os
ed

 m
as

s 
(s

ol
ar

 m
as

se
s)

radius (light hours)

Schödel et al., NATURE 2002, 419, 694; 2003, Ap.J. 596, 1015, Ghez et al. 2003, Ap.J. 586, L127, 
astro-ph 0306130, Eisenhauer et al. 2003, ApJ 597, L121



mass mass 
distributiondistribution

106

107

0.001 0.01 0.1 1 10

101 102 103 104 105

G
G

G

G

Ro= 8 kpc

multiple orbits 

3.35(±0.15) x106 M(sun) point mass
   plus visible star cluster
       (χ2

red=1.02)

dark cluster
ρo=1.6x1018 M(sun) pc-3

       α =5

S3
S2

visible star cluster
ρo=1.5x106 M(sun) pc-3

rcore=0.46 pc, α=1.7

radius (parsec)

en
cl

os
ed

 m
as

s 
(s

ol
ar

 m
as

se
s)

radius (light hours)

106

107

0.001 0.01 0.1 1 10

101 102 103 104 105

G
G

G

G

visible star cluster
ρo=1.5x106 M(sun) pc-3

rcore=0.46 pc, α=1.7

Ro= 8 kpc

multiple orbits 

3.35(±0.15) x106 M(sun) point mass
   plus visible star cluster
       (χ2

red=1.02)

S3
S2

radius (parsec)

en
cl

os
ed

 m
as

s 
(s

ol
ar

 m
as

se
s)

radius (light hours)

106

107

0.001 0.01 0.1 1 10

101 102 103 104 105

G
G

G

G

Ro= 8 kpc

multiple orbits 

S3
S2

radius (parsec)

en
cl

os
ed

 m
as

s 
(s

ol
ar

 m
as

se
s)

radius (light hours)

Schödel et al., NATURE 2002, 419, 694; 2003, Ap.J. 596, 1015, Ghez et al. 2003, Ap.J. 586, L127, 
astro-ph 0306130, Eisenhauer et al. 2003, ApJ 597, L121



SgrASgrA* does not move* does not movestars: v> 5000 km/s

VLBI:
v(SgrA*)<10 (2) km/s

diameter radio source <20 Rs
(Backer, Reid et al. 1999, 2004)

MSgrA* > 105 M

ρSgrA* > 1020.5 M pc-3 = 10-1.7 g cm-3

Reid et al. 1999, 2004, Chatterjee et al. 2002, Dorband et al. 2003



limits to the proper motion of limits to the proper motion of SgrASgrA**
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XX--ray flaresray flares
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properties of properties of SgrASgrA**
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Constraints on cusp Constraints on cusp 
properties & massproperties & mass
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TeV source
Aharonian et al. 2004

XX-- and and γγ--rays rays from from SgrASgrA**

SgrA*

Baganoff et al. 01, 04, Muno et al. 04, Mayer-Hasselwander et al. 99,
Porquet et al. 2003, Goldwurm et al. 1998, 2003, Sunyaev et al. 1993, 
Koyama et al. 1996, Revnivtsev et al. 2004 

Chandra
2-8 keV

2 hours

May 2002 
campaign: ~0.6-

1.2 flares/day

why is the BH so faint: 
L~10-6…8 LEdd ?

• low accretion rate
• low conversion efficiency to radiation
• low efficiency of removal of angular 

momentum

60 60 keVkeV INTEGRAL cont.INTEGRAL cont.
& 6.4 & 6.4 keVkeV ASCA ASCA FeKFeK



GC

NACO

Distance to Distance to GalacticGalactic CenterCenter

1“

Eisenhauer et al. 2003

SPIFFI

Distance Galactic Center: 7.94±0.42 kpc
Rotation velocity of sun: 220.7+-12.7 km/s 



accretion 
onto the black hole

Baganoff et al. 2000, 2001,2003, Porquet et 
al. 2003, Aschenbach et al. 2004, Yusef-
Zadeh, Zhao et al. 2000, 2003,Aitken et al. 
99, Bower et al. 2003

May 2002 campaign: ~0.6-1.2 flares/day

2-8 keV

2 hours

10 min.

radio/mm

3” (0.1 pc)

SgrA*: diameter 
~ 1 AU ~ 20 Rs

why is the BH so faint: L~10-6…8 LEdd ?

• low accretion rate
• low conversion efficiency to radiation
• low efficiency of removal of angular 

momentum



Baganoff et al. 2000, 2001,2003, Porquet
et al. 2003, Aschenbach et al. 2004

May 2002 campaign: ~0.6-1.2 flares/day

2-8 keV

2 hours2 hours

10 min.10 min.

100 days
Yusef-Zadeh, Zhao et al. 
2000, 2003,Aitken et al. 
99, Bower et al. 2003

Why is the BH so faint: 
L~10-9 LEdd ?

• low accretion rate
• low conversion efficiency to radiation
• low efficiency of removal of angular 

momentum

radio/mm

3” (0.1 pc)

SgrA*: diameter 
~ 1 AU ~ 20 Rs

X-rays

Baganoff, Bower, Doeleman,
Lo, Yusef-Zadeh 1998-2004

Accretion 
onto the Black Hole



infrared flares & BH spin
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May 09, 2003: NACO (VLT) H-band, 40 mas resolution (adaptive optics),
1 min per image



0

5

10

15

0 50 100

d

K 15.06.2003 to=3h 01m07s (UT)

de
re

dd
en

ed
 fl

ux
 d

en
si

ty
 (m

Jy
)

0

2

4

0 2 0 4 0 6 0 8 0 1 0 0

J u ly  8 th ,  2 0 0 4 , to = 0 2 h 3 7 m 5 7 s

t  -  to  (m in )

S
 (m

Jy
)

infrared flaresinfrared flares

0

4

8

12

0 50 100

S1
SgrA*

e

K 16.06.2003 to=4h47m46s (UT)

Genzel et al. 2003, Nature 425, Ghez et al. 2004 ApJL



Infrared flares: quasiInfrared flares: quasi--periodicityperiodicity
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IR variability VLT/KeckIR variability VLT/Keck
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Fundamental dynamical frequencies around Fundamental dynamical frequencies around 
a black holea black hole
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SgrASgrA* flare variability and evidence for * flare variability and evidence for 
significant BH spinsignificant BH spin
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Kerr MHD accretion disk simulationKerr MHD accretion disk simulation

De Villers, Hawley & Krolik, 2004, Narayan, Quataert, Blandford, Begelman, 
Balbus, Stone, Gammie 1998-2004 
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Radio: Zhao, Falcke, Bower, Aitken, et al. 1999-2003
X-ray: Baganoff et al. 2001, 2003, Goldwurm et al. 2003, Porquet et al. 2003,
models: Markoff, Falcke, Liu, Melia, Narayan, Quataert, Yuan et al. 1999-2003 

SgrASgrA* SED and models* SED and models

Genzel et al. 2003, 
Nature 425. 934
Ghez et al. 2004, ApJ
601, L159, Eisenhauer
et al. 2005
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Genzel et al. 2003, Nature 
425, 934

Evidence for Evidence for 
rotation of the rotation of the 

black holeblack hole



Simultaneous XSimultaneous X--/IR/IR--FlaresFlares

Eckart et al. 04, 05
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Falcke et al. 1999, Zhao et al. 2004, Markoff et al. 2001, Genzel et al. 2003, Ghez et 
al. 2004,Eisenhauer et al. 2005, Baganoff et  al. 2001, 2003, Porquet et al. 2003, 
Eckart et al. 2004, 2005, Yuan et al. 2001, 2003, 2004, Liu et al. 2004



Black hole demographicsBlack hole demographics

Kormendy & Ho 2001



Greenhill, Myoshi, Moran et al 1995-97

NGC 4258

Bacon, Bender, Kormendy, Richstone, 
Tonry, van der Marel, et al. 1985-2000

M31 
Dark central masses in external Dark central masses in external 

galaxiesgalaxies

M =3.6x107 M
ρ > 1012 M pc-3

M =4x107 M
ρ > 108.2 M pc-3



Dark central masses in external galaxies: HDark central masses in external galaxies: H22O maser O maser 
disk in NGC 4258disk in NGC 4258

M =3.6x107 M
ρ > 1012 M pc-3

Greenhill, Herrnstein, Myoshi, Moran et al 1995-97 (e.g. Nature 373, 127) 



M31     M =3x107 M
Dark central masses in external Dark central masses in external 
galaxies: bulges and galaxies: bulges and ellipticalsellipticals

M =2x109 M

M84

Bacon, Bender, Bower, Dressler, Kormendy, Richstone, 
Tonry, van der Marel, et al. 1985-2000



Tanaka et al. 95, Nandra et al. 97, Ballantyne and Fabian 2001, Wilms et al. 
2001, Lee et al. 2000, Elvis 2000,  Fabian et al. 2002

XMMXMM--Newton MCGNewton MCG--66--3030--1515

XX--ray spectroscopy: relativistic accretion ray spectroscopy: relativistic accretion 
disksdisks



Relativistic accretion disks in external galaxiesRelativistic accretion disks in external galaxies

MCG- 6- 30-15
(XMM Newton)

Fe KFe Kαα

150 000 km/s150 000 km/s
Tanaka, Nandra et al 

1997-99
Fabian et al. 2002



Black Holes in the Local Black Holes in the Local 
UniverseUniverse

Miyoshi et al. 1995,  Kormendy & 
Richstone 1995,  Gebhardt et al. 2000, 

Merritt und Ferrarese 2000, Tremaine et 
al. 2002, Bender et al. 2002, 2005

NGC 4258

M =3.6x107 M

M31 (Andromeda)

M =4x107 M



Black Holes & Galaxy FormationBlack Holes & Galaxy Formation

Hasinger et al. 1999, 2002, Steidel et al. 1999,
Bender und FORS Team 2002

ROSAT/XMM/Chandra 

FORS/VLT 

Quasar
-density

Cosmic star 
formation rate

Fan et al. 2001, Becker et  al. 2002

MBH ~ a few 109 M at 
t~800 Myrs after Big 
Bang!
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Galaxy FormationGalaxy FormationROSAT/XMM/Chandra 

FORS/VLT 

Quasar
-density
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formation 

rate

0            1       2      3      5     7   9
redshift z

MBH ~ a few 109 M
at t~800 Myrs after      
Big Bang!

Hasinger et al. 1999, 2002, Steidel et al. 1999,
Bender und FORS Team 2002, Osmer 2003, Fan et al. 2002



ROSAT/XMM/Chandra 

FORS/VLT 

Black Holes and Galaxy Black Holes and Galaxy 
FormationFormation

Quasar
-density

Cosmic
Star formation rate

Hasinger et al. 1999, 2002, Steidel et al. 1999,
Bender und FORS Team 2002



Nearby Black Holes as Ashes of the Nearby Black Holes as Ashes of the 
QSO EraQSO Era
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Black Holes and Galaxy formationBlack Holes and Galaxy formation

quasar
Density 

cosmic star formation
rate

Magorrian et al. 1998, Kormendy and Ho 2000, Gebhardt et al. 2000,
Merritt and Ferrarese 2000, Hasinger et al. 1999, Steidel et al. 1999



Formation of Formation of 
QuasarsQuasars

Springel 2001 
Binary black hole: Komossa & 

Hasinger 2003

NGC 6240 ChandraNGC 6240 Chandra



ESO-VLTI 

The futureThe future

•• interferometryinterferometry: relativistic regime: relativistic regime
•• submmsubmm VLBI: detection of event horizonVLBI: detection of event horizon
•• simultaneous radio to simultaneous radio to γγ--emission : accretion flowemission : accretion flow
•• TeVTeV emission: dark matter spike?emission: dark matter spike?
•• z~10 z~10 QSOsQSOs and galaxiesand galaxies



ESO-VLT(I) 

the futurethe future

200 AU 

T~2 yrs

=300µas
per orbit

Rmin~20 AU (300 Rs, Vmax ~ 0.2 c

VLTI beam
10µas astrometry 
with PRIMA



ESO-VLT(I) 

the futurethe future

VLBI VLBI 

‘‘shadowshadow’’ of the Black Holeof the Black Hole
FalckeFalcke et al. 2000et al. 2000

200 AU 

T~2 yrs

=300µas
per orbit

Rmin~20 AU (300 Rs, Vmax ~ 0.2 c

VLTI beam
10µas astrometry 
with PRIMA



Galactic center summaryGalactic center summary

• SgrA* is a ~3 million solar mass black hole, beyond any 
reasonable doubt

• mm/IR/X-ray emission from BH accretion zone: probably 
synchrotron/self-Compton emission

• QPOs of flares: a≥0.5 ?
• detection of power-law stellar cusp around BH
• two disks of young massive stars formed ~5Myrs ago: 

cloud infall and star formation in accretion disk?
• cusp stars at < 22 light days : paradox of youth
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