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First proposed by John Michell in

1783-84 0N
ESC
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Every object has an escape velocity V.
- PE = — [ GMm gr | which is —SMm o f
For the Earth, it is 11 km/s ' | %‘
For a neutron star, it is about 0.8¢ Notice that the gravitational potential energy is 'wegatnve,,_{ﬁf,;

energy is always positive. The sum of the two, the total ei
N

) (;\{

The event horizon is where [y, .. =c|F = KE + PE  isqgivenby £ = smv® — 222 (W

In 1916 Karl Swarzchild worked out
the solution to GR for a black hole

The “Swarzchild radius” is the same
as the “event horizon”
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BLACK HOLES

M. J. Rees
University of Cambridge
(the first of a series of specially solicited review articles)

letoa

_ | enetgencevenuwchasqumrs. Mostnntapreunonsof uasars |
and related objects involve either a single supermassive object of 2!0‘.‘ 5 ;i;;i
, or else a very dense cluster of stars, perhaps so closely packed that stellar ; , and CO- s
'~ collisions occur frequently. The timescale of the violent activity associated , =
with the quasar phenomenon is gene lg estimated to be between 10* and =

= W.rkers 10* years, Therefore, dead quasars p ly vastly outnumber the lmng
| = ones, :‘nd:tdnlmdeedbeuc&mmonala dt::lrmal u.f Moreover, whichever - -
; = P -‘:._;: qme mode! one e most int of a ll gpem =
B Mm hole. If we n : L quanens .z,m”
‘ . M A “"" w:,?m o ) i aiwmm ;-t -
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IN THE GALACTIC CENTER
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)physics, University of California, Santa Cruz

DECLINATION

NN
Observatory*
el

The detection of nner 1-pc core of the galactic nucleus isreported. =
The structure is bri esolved (6 < 071), and distributed within a few =
seconds of the brig lously. =
s,,,,m, headings: g RIGHT ASCENSION

e WEENONRERV TGS e e B
- Mexico at 8@85‘M5’?§;’§z:,USmg{j_the VLA | .
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at U C MONITORING STELLAR ORBITS AROUND THE MASSIVE BLACK HOLE IN THE GALACTIC CENTER

S. Griiessen', F. EseNnAusR', S. Tuiee', T. ALEXaNDER " *, R, GeENnzEL' <, F, MAarTINS', AND T. OrY’
| Max- Plaeck-Intitut fir E:nmxhc Phyn}. 857480-dtm;.0mnmy

InStltl ? Physics Department, Univenity of Califormia, Berkeley, CA 54720, USA
o . 'Fawllydl’hvv:c Weirmamn bstitute of Science, POB 26, Rehovot 76100, Tsracl
{ GRAAL-CNRS, Unieersisé Montpelbier 11, Place Bugine Bagaillon, 38095 Montpelliez, France

= PhyS| Recetved 2008 April 29; accepted 2008 October 25; published 2009 Febraary 23

the m We present the resulis of 16 years of monitoring stellar orbits around the massive black hole in the center of

ST the Milky Way, using high-resolution near-infrared techniques. This work refines our previous analysis mainly

by greatly improving the definition of the coordinate system, which reaches a long-lerm astrometnic accuracy

of & 300 uas, and by investigating in detail the individual systematic error contributions. The combination of a

- o long-time baseline and the excellent astrometnc accuracy of adaptive optics dats allows us to determine orbals of 28

TherE stars, including the star S2, which has completed a full revolution since our monitoring began. Our main results are:

25 S all stellar orbits are fit extremely well by a single-point-mass potential to within the astrometnic uncertzinties, which

S e are now &5 6x better than in previous studies. The central object mass is (4.31 = 0.06]. + 0.36/5,) x 10°M_,

: 6V|de where the fractional statistical error of 1.5% is nearly independent from Ry, and the main uncertainty is due 1o the
AT uncefuintyh\&,.QucmmbemcsﬁmawformedismmlheGalmicoemisRo=8.33::035ch

Do dominant errors in this value are systematic, The mass scales with distance as (3,95 £ 0.06) x 10°( R, /8 kpe)* " M-,

, S upe' The orientations of orbital angular momenta for stars in the central arcsecond are random. We identify six

: of the stars with orbital solutions as late-lype stars, and six early-type stars as members of the clockwise-

rotaung disk system, as um in the extended dark mass enclosed between the
) : penocmumdlpocwtct fidence level, of the mass of Sgr A®. This is
' 5 two orders of magnitudes larger than what one would expect Trom other theoretical and observational estimates.
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Full array

A

Input Image

v} Full array; MSE 0.0753 b} No AMT: MSE 0.0991

No ALMA No AMT, No ALMA

Includes source variability
Multiple days of observing ‘ .
Averaging, smoothing, scaling of

visibilities

De-blurring of scattering
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Gamsberg Annual
Varla tlon x-axis = Frequency in GHz| [1mm=300 GHz

African mm-Wave Telescope
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H. Falcke, AMT, Slide Nr. 28
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|  fThe supermasswe bIack hoIe at the centre of the Mrlky Way has an
- ""event honzon WhICh subtends an angle of about 10 m|cro arc |
s p..

.»;';.;;;The only Wavelength WhICh can currentIy be used to |mage such t|ny

fangles IS mrIIrmetre Waves usmg VLBI

,f-f}-OnIy dry places can do m|II|metre wave astronomy and there |s
]__f_;currently no mm wave teIescope in Afnca

'_Mount Gamsberg |n Nam|b|a |s the best S|te on the contrnent

“f‘-.j_‘:,The Afnca |\/|||I|metre Telescope WI|| prowde a vrtal Imk in the WorId- -




