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Early Radio Observations
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Brief History of Sgr A*

Balick & Brown (1974) Discover Sgr A*:

“Intense Sub-Arcsecond Structure”

Lo et al (1985) Sgr A* < 20 AU
Backer et al (1993) < 3AU

Rogers et al (1994)

Krichbaum et al (1998) < 1AU
Doeleman et al (2001)
Bower et al (2004)
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VLA Images of Sgr A
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IR Image of GC

The Centre of the Milky Way
(VLT YEPUN + NACO) +]E«S«
ESO PR Photo 23a/02 (9 October 2002) ©European Southern Observatory [l
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7 Questions:

* Is Sgr A* at the center of the stellar cluster?

 Is the stellar cluster tied to Sgr A*?

* Is Sgr A* at the dynamical center of the Galaxy?

» Does Sgr A* have a peculiar motion?

» Does Sgr A* have all the mass sensed by stars?

» Could exotic dark matter dominate the G. C. mass?
» Can intermediate mass black holes be in the G. C.?
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Radio/IR frame alignment

» Use stars visible in both Radio and IR:
Red Giants with masers
 Compare Radio and IR positions:
Solve for IR plate scale & rotation;
Align IR with Radio to find Sgr A*
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VLA positions for stars
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Stellar positions & motions
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Where was Sgr A* in 1995
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Stellar or Star Forming Masers? .-

* SiO masers => Red Giant stars

* H,O masers either RG stars or star 0
forming regions

LINE FLUX DENSITY (Jy)
°
S
2

Hy0 (~8.4,+13.5)

Lilich

—40 -20 o 20

S0 (+0.0,4+5.6) = IRS 7

r

—140 -130 -120 -110

S0 (+1.2,411.3)

H,0 (+1.3.-4.7)

-200 -180 -160 —140

SIO (+7.7.+4.2)

i

NORTH OFFSET (arcsec)

Menten, Reid, Eckart & Genzel (1997) 02
2005 Apr 16 Paradoxes of Massive BH's o e e
Star Forming Region H,O Maser
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[ H,0 (+1.3,-4.7)
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* No IR source
« Projected only 5” (0.2 pc) from Sgr A*
* V(LSR) = -165 km/s
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VLT with Adaptive Optics
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Where was Sgr A* in 2002
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S2’s orbit
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Stellar Orbits
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Question 1:

» Is Sgr A* at the center of the stellar cluster?
Yes... to better than 10 mas (80 AU)
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Radio/IR frame alignment
« Compare Radio(SiO) and IR positions:
 Compare Radio(SiO) and IR motions:

SiO maser motions relative to Sgr A*
Tie IR motions to Sgr A*
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Velocity Alignment

East,North proper motions in mas/yr

Star Radio Infrared Difference
A =1>
6 % G B + 5 =9
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Question 2:

* Is the stellar cluster tied to Sgr A*?
Yes... to better than 70 (35) km/s
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Proper Motion of Sgr A*

L $ #
6;;
6;;> AM!?>
( H A
2005 Apr 16 Paradoxes of Massive BH's

Project History

» 1979: Proposal to US VLBI Network

— “To Study Feasibility of Detecting Proper
Motion of the Galactic Center”

— 15 GHz; OVRO, HRAS, GB, Haystack

— Failed:
« Scatter broadened Sgr A*
 Limited sensitivity

» Needed VLBA'!
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Sgr A*’s apparent motion
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Sgr A*'s Apparent Motion
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Eastward Motion

6 + 5 <
6N L G
2005 Apr 16 Paradoxes of Massive BH's

Northward Motion
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Sgr A* motion Galactic Coords:
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Question 3:

* Is Sgr A* at the dynamical center of the Galaxy?
Yes... to within our knowledge of Q,/R,
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Sgr A* motion toward Galactic Pole
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» Sgr A* must be massive!

Can we quantify a mass limit?

2005 Apr 16 Paradoxes of Massive BH's

Question 4:

» Does Sgr A* have a peculiar motion?
No ... less than 1.8 km/s (out of Plane)
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If Sgr A* Is not a SMBH...
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If Sgr A* Is not a SMBH...
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If Sgr A* Is not a SMBH...
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Sgr A* “orbital period”

0 Q
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Sgr A* position excursions
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BH Brownian motion:
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Stars orbiting Sgr A*
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Effect of Bound Stars on Sgr A*
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Sgra A* must be massive...
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Cluster of Stellar Remnants
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Question 5:

* Does Sgr A* have all the gravitational mass?
Probably ... current est. >10% of 4 x 106 M

sun
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Bayesian Approach:
Laun & Merritt (2004)

» Expected Vz of 0.1 km/s
« Median value Vz < 0.9 km/s is 10> M,
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Dark Matter:

e Could exotic dark matter dominate the G.C. mass?
Not likely... >10® M, within 4 AU hard to do

* Tied radiative source to the mass...
“Fermion ball” probably can’t give Sgr A*'s SED

» First time a large mass tied directly to an AGN
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Intermediate Mass Black Holes:

SMBH (Sgr A*) — IMBH “binary”:

VSgrA - (MIMBH/MSgrA) VivBH

~ 1.5 km/s (Mygs/10% M) / (/104 AU)

Combining orbital excursions and velocity of Sgr A*, intermediate
mass black holes constrained:

M<104 M, for 103 <r < 10° AU (~0.005-0.5pc)
(Hansen & Milosavljevic 2003)

Caveat: Only for motion out of Galactic plane.

IRS 16 SW out of plane
IRS 13 near plane, but motion not in plane
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7 Questions: 7 Answers

* Is Sgr A* at the center of the stellar cluster?
Yes ... to within 10 milli-arcsec
» Is the stellar cluster tied to Sgr A*?
Yes ... to within 70 km/s
* Is Sgr A* at the dynamical center of the Galaxy?
Yes ... to within our knowledge of Qo/Ro
» Does Sgr A* have a peculiar motion?
No ... less than 1.8 km/s
» Does Sgr A* have all the mass sensed by stars?
Probably ... (>10% and “rising”)
» Could exotic dark matter dominate the G. C. mass?
Not likely ... (density too extreme; can’t give SED)
» Can intermediate mass black holes exist in G. C.?
IMBHs > 104 Msun unlikely between 0.005 — 0.5 pc
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Must Sgr A* be a SMBH?

Object Density Method Mass & Radius

(Msun/PC?)
M 87 2x 1068 HST: 3x10° Mg, in 7 pc
NGC 4258 7 x 10° VLBA H,O 3x107 M, in 0.1 pc
Sgr A* 2x 101 S2's orbit 4x10® M, in 45 AU
Sgr A* 2x10® excursions  4x108 Mg, in 4 AU
Sgr A* 7x 10?1 proper motion 4x10° M, in 0.5 AU
SMBH 2x10% Ry, 4x108 M, in 0.08 AU

(10mas @ 8kpc)

VLBI (eg, SMA-ALMA-LMT-CARMA...) @ 1 mm -> 20 uas
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Mark Reid, Harvard-Smithsonian (KITP Galactic Center 4-16-05) The Motion of Sgr A* Page 25

()]
N
| -
al
— o
O (2]
m I z
al 2

% s
(€)) © 5
-~ $
O ks

©
- g
= s
D) v
(D) ~ mo
c I
= S0 3
LL
(o) © M (o)

2005 Apr 16




