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A perfect synergy between infrared and radio … 

For more references see recent review by 
Genzel, Eisenhauer, Gillessen et al. 2010, 
RevModPhys 

  

VLT near infrared 

VLA radio continuum 

Lo & Claussen 1983, Ekers et al. 1983, 
Zhao et al 2009, Yusef-Zadeh et al. 2010 

Courtesy of ESO / MPE 



… best evidence for super-massive black holes 

Schödel et al. 2003, Eisenhauer et al. 2005, 
Ghez et al. 2005, 2008, Gillessen et al. 2009a,b 



… best evidence for super-massive black holes 

Krichbaum et al. 1998, Bower et 
al. 2004, 2006, Shen et al. 2005, 
Doeleman et al. 2008 

Reid and Brunthaler 2004, 
Reid 2009 



… and combined information about the accretion 

Zhao et al. 2001,  Falcke et al. 1998,  Zylka et al. 
1995,  Serabyn et al. 1997, Cotera et al. 1999, 
Gezari 1999,  Schödel et al. 2007, Hornstein et al. 
2002, Baganoff et al., 2003, Yuan et al. 2003 



… and its flares from non-thermal electrons 

Dodds-Eden et al. 2010 Genzel et al. 2003, Do et al. 2006, Trippe et al. 2007 

Sabha et al. 
2010 
Dodds Eden 
et al. 2009 

Genzel et al. 2003, Eckart et al., Ghez et al.  



The next synergy is just arriving … 

Credits: Schartmann / ESO 
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Gillessen et al. 2011, Burkert et al. 2012, Schartmann et al. 2012 



But on the black hole itself … 

Mass 

(Electric charge) 
Spin 

No-Hair theorem: once in a stable condition after formation, 
a black hole has only three independent physical properties: 

… luckily there is only one other quantity missing … 

… we hardly know even a single quantity: 



Spin measurements from the last stable orbit … 

Bardeen et al. 1972 



… with X-rays … 

Bardeen et al. 1972 

Tanaka, Nandra et al 
1997-99, Fabian et al. 2002, 
Nandra et al. 2007, 
Reynolds et al. 2011 

150 000 km/s 

XMM Newton 



… in the infrared 

Paumard et al. 2005 

Broderick & Loeb 2005 



Last stable orbit spin measurement is difficult … 

Bardeen et al. 1972 

Need to be on last stable orbit 

Need to know mass 



Spin measurement from Lense Thirring effect 

 

Precession of the angular momentum vector around the spin of 
the black hole 

Will 2008 

10 µas/yr 



Phase referenced imaging & astrometry 
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PRIMA @ VLTI 
Delplancke 2008 



GRAVITY @ ESO VLTI 

Courtesy of ESO Eisenhauer et al. 2011 



GRAVITY astrometry & imaging 
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GRAVITY adaptive optics 

Movie Courtesy: Esposito et al.  

Brandner et al., Clenet et al. 



GRAVITY beam combiner & fringe tracking 

Choquet et al. 

Haug et al.  



Single mode interferometer 

Distorted Waves 

Constant flux, but  
variable contrast 

Variable flux, but 
constant contrast 

Most important quantities for interferometry is well measured 
phase and calibrated contrast 

Single mode fiber  
“Low pass filter” 



Integrated optics feeding spectrometer 

Jacou et al., Perraut et al., Perrin et al. 

Visible laser 
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Straubmeier et al. 



Interferometric baseline 

Lacour et al. 



GRAVITY narrow angle baseline and metrology 

Stable realization of the 
narrow angle baseline 

Gillessen, Bartko, Rabien et al. 



Pupil and tilt errors 
For perfect tip-tilt correction 

For simultaneous tilt error 



GRAVITY tip/tilt and pupil control 
Atmosphere VLTI Tunnel 

Pfuhl et al., Amorim et al. 



GRAVITY key figures 

Fringe Tracking:  
•  UTs: K~10 mag 
•  ATs: K~7 mag 

Milestones: 
•  Final design in 2011/12 
•  Installation at the telescope in 2014 

Astrometry:  
•  few 10 µas in 5 minutes 

Interferometric Imaging:  
•  UTs: K~16, ATs: K~13  in 100s 
•  SNR(V) = 10 for visibility 
•  σ(φ) = 0.1 rad for referenced phase 



Back to astrophysics – Galactic Center 

The nature of flares and the 
properties of the black hole 

Probing general relativity and 
relativistic stellar systems 

Resolving the Paradox-
of-Youth 



The nature of flares 
Three competing 
scenarios  
•  Jet  
•  Orbiting hot spot 
•  Statistical fluctuations 

Let’s have a look 

Chan et al. 2009 



Probing the nature of flares with GRAVITY 

Vincent et al. 2010 

Orbiting spot 

Stationary flare 

Paumard et al. 2005 



Probing the spin and its inclination 

Hamaus et al. 2009, Mayer et al. 2010 

Simultaneously 
fit light curve 
and orbit 

“Coherently” 
add flares 

Paumard et al. 2005 



Probing General Relativity 
Psaltis 2004 
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Galactic  
center 



β2 general relativistic effects in S-star orbits 
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Jaroszynski 1998, 
Fragile & Mathews 2000, 
Rubilar & Eckart 2001, 
Weinberg et al. 2005 

Periastron shift 

Einstein Equivalence Principle 
Angélil & Prasenjit 
2011, Zucker et al. 
2006 

Lensing Bozza & Mancini 2012 



Lense Thirring precession and no-hair theorem 
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 Precession of the angular momentum 

vector and quadrupole moment 

Will 2008, Merritt et al. 2009  



GRAVITY: Observing the Universe in Motion 
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Thank you very much for your attention 


