
Astrometry
William F. van Altena   ARAA (1983)

7. Conclusion
The field of astrometry is in the midst of a major revolution 
in terms of the accuracy obtained or expected in the near 
future for positions, proper motions, and parallaxes.
…
The Space Telescope should yield parallaxes better than 
0.5 mas, and HIPPARCOS will produce around 100,000 
parallaxes of the brighter stars good to around 2 mas.
…
Finally, radio astrometry offers the potential for obtaining 
precise positions, motions, and parallaxes for radio 
sources on an absolute system.
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• Galactic Center Astrometry

• SFR Parallaxes & Proper Motions

• Extra-Galactic Proper Motions

• Ho from H2O Masers



Micro-arcsec Astrometry with the VLBA
Fringe spacing:

θf~λ/D ~ 1 cm / 8000 km = 250 μas

Centroid Precision:

0.5 θf / SNR ~  10 μas

Systematics:

path length errors ~ 2 cm (~2 λ)

shift position by ~ 2θf  ~ 500 μas

Relative positions (to QSOs):

ΔΘ ~ 1 deg (0.02 rad)

cancel systematics: ΔΘ∗2θf ~ 10 μas

Presenter
Presentation Notes
Read slide…
On systematics…for interferometers, it all boils down to path length errors
Relative postions …ie, narrow angle astrometry 
Optimum is ~10 uas…
   other systematics, eg, changes in source structure, often degrade somewhat
   but no lenses, distortions, color effects




Galactic Center Stellar Orbits

• M = 4 x 106 Msun

• R < 50 AU
• Den. > 1017 Msun/pc3

Ghez et al / Genzel et al

What can radio observations tell us?...

VLT: 2 μm

5”

0.04”

Presenter
Presentation Notes
Can’t see G.C. at visual (Av=30), but can at longer wavelengths
In IR, we see a very dense stellar cluster in inner pc; stars move in clear elliptical orbits
  S2 has completed one 15 yr highly elliptical orbit and seen to move 5000 km/s at pericenter!
M + R => high density…extremely strong evidence for a dark object: a SMBH



Where is the Galactic Center?

λ = 6 cm 1.3 cm

Zhao Jun-Hui

Sgr A*

VLA

5”

Presenter
Presentation Notes
Radio images quite different…don’t see stars; instead thermal and nonthermal diffuse emission 
At high resolution one sees a point-like source: Sgr A*

Where is Sgr A* on IR images and relative to “orbiting” stars



Where is the Galactic Center?

Combined IR + Radio astrometry 
shows Sgr A* at focal position of 
stellar orbits (+/-10 mas)

All stars there move fast.  
How fast does Sgr A* move?

Presenter
Presentation Notes
Radio & IR frames in GC not aligned better than ~0.2
Need stars seen in both radio and IR…Red Giants with circumstellar SiO masers
Combined IR + Radio astrometry: Sgr A* at focal position
What is Sgra*: could it be a stellar-mass object (LMXB)…expect 1000s km/s 
                       is it a SMBH…expect nearly motionless
                      Need to measure its motion



Sgr A* Proper Motion



• Parallel to Galactic Plane:
6.379 (+/- 0.024) mas/yr
Θo/Ro = 29.5 km/s / kpc

• Perpendicular to Gal. Plane:
7.2 km/s motion of Sun

• Could re-define Galactic Plane
Now: HI & Sun in plane
New: LSR orbit & Sgr A* in plane

• Sgr A*’s motion ⊥ to Gal. Plane 
-0.4 +/- 0.9 km/s !

Proper Motion of Sgr A*

Reid & Brunthaler (2004)

IAU Gal. 
Plane

fit to data

Presenter
Presentation Notes
What do we see…
   Plotted is small piece of sky; major tics at 10 mas; position of Sgr  A* plotted from 1995 (top) to 2003 (bottom)
   Value is 6 mas/yr measure to 0.3% accuracy as expected from Sun’s orbit
   Implies Rot Speed/Distance = 29.5  (for a flat rotation curve -> A=14.75)
   Fit is red dashes; Gal Plane is blue line…difference is Vsun out of G.P.
Could redefing G.P.
Sgr A* intrinsic motion extremely small…less than military aircraft!  …must be extremely massive




Latest Results: Sgr A* Proper Motion
IR Stellar Orbits: 

MIR ~ 4 x 106 Msun
R < 50 AU

Radio Observations:
Sgr A* motionless 

M > 10% of MIR
Observed size:

R < 0.5 AU 

IR + Radio data combined: 
• Dark mass = luminous source
• Density > 1022 Msun/pc3

Overwhelming evidence for a 
Super-Massive Black Hole

Presenter
Presentation Notes
Published results thru 2003 on last slide; Latest results through 2007 shown on right…confirmed
IR gave…
Radio motionless gives…
Combined…



Must Sgr A* be a SMBH?

Object             Density        Method            Mass within Radius
(Msun/pc3)                                (Msun)         

M 87                   106                 HST                  3x109  7    pc
NGC 4258          1010               VLBA : H2O 4x107 0.1 pc
Sgr A*                 1017               IR Star orbits    4x106 50   AU 
Sgr A*               >1022               VLBA p.m.      >4x105 0.5 AU
SMBH                 1024               3RSch 4x106 3*0.08 AU

3RSch = 30 μas @ 8 kpc
VLBI (JCMT/SMA-ALMA-LMT-SMT-CARMA) @ 0.8 mm 20 μas

Fringes:  Hawaii Arizona @ 1.3mm (60 μas) !  (Doeleman et al 
2008 Nature 455 78)
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Mass limit approaching ultimate limit



Milky Way Viewed From Inside Sgr A*

Thomas Lucas Productions, Inc. (www.tlproductions.com)

Presenter
Presentation Notes
Travel to SMBH at G.C. and look out at M.W… might see something like this
But, we don’t even know what M. W. looks like (let alone through BH lens).   Why? 
Mostly because distances very hard to determine…haven’t been able map M.W. accurately
Can we measure trigonometric parallaxes across M.W.?
Long history…hipparcus…
  Galileo interested..1) to measure size of cosmos and 2) clear test of heliocentric cosmology…



Orion Nebular Cluster Parallax

389 +/- 22 pc   Sandstrom et al (2007)

437 +/- 19 pc   Hirota et al (2007)

414 +/- 7 pc   Menten et al (2007)

D = 414 +/- 7 pc

Menten, Reid, Forbrich & Brunthaler (2007)
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Presentation Notes
Orion is archetypal MSFR…extensively studied from radio – x-rays
T Tauri –like stars exhibit compact, non-thermal, continuum, radio (magnetic field activity from inner accretion disk)
3 stars vs 1 QSO overplotted…one star is distant companion of Theta-1A Orionis (Trapezium)
2% parallax measured; other slightly less accurate parallaxes (one VLBA, one VERA) agree well within joint errors
Orion 10% closer than had been assumed…changes young stellar luminosities by 20%, and hence YSO ages and masses 



W3OH Parallax

π =   0.512  +/- 0.010 masXu, Reid, Zheng & Menten (2006)

Presenter
Presentation Notes
Using methanol maser clouds around massive YSO …measure parallax to 3 QSOs
Data plotted with P.M. included and offsets for clarity.
D = 1 / pi = 2 kpc…    Photometric close; kinematic way off
    get p.m. to ~1 km/s accuracy => 3-D space velocity.   W3 has ~22 km/s non-circular velocity toward Sun, explaining wild k-dist
While long suspected Dk was wild…now know exactly where it is and why Dk is so far off.



W3OH Parallax

Schematic Model of Milky Way:   
Taylor-Cordes / Georgelin & Georgelin 

• Dphoto ~ Dparallax

• Dk way off

• In Perseus Arm, not in   
Outer Arm

• Large peculiar V
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Presentation Notes
Using methanol maser clouds around massive YSO …measure parallax to 3 QSOs
Data plotted with P.M. included and offsets for clarity.
D = 1 / pi = 2 kpc…    Photometric close; kinematic way off
    get p.m. to ~1 km/s accuracy => 3-D space velocity.   W3 has ~22 km/s non-circular velocity toward Sun, explaining wild k-dist
While long suspected Dk was wild…now know exactly where it is and why Dk is so far off.



S 252 Parallax

π =   0.480 +/- 0.010 masReid et al  (2008)

3 QSOs; 
Maser 1

Maser 2
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Presentation Notes
Using methanol maser clouds around massive YSO …measure parallax to 3 QSOs
Data plotted with P.M. included and offsets for clarity.
D = 1 / pi = 2 kpc…    Photometric close; kinematic way off
    get p.m. to ~1 km/s accuracy => 3-D space velocity.   W3 has ~22 km/s non-circular velocity toward Sun, explaining wild k-dist
While long suspected Dk was wild…now know exactly where it is and why Dk is so far off.



Methanol Maser Parallaxes

Kinematic distances (Dk):   

Problem:  Dk > Dπ

Partial fix:
Ro < 8.5 kpc   and/or  
Θo > 220 km/s

Sgr A* p.m. requires
Θo/Ro = 29.5 km/s/kpc

= 236 / 8.0
= 251 / 8.5

Brunthaler, Menten, Moscadelli, Reid, Xu, & Zheng

Honma et al; Hachisuka et al
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Presentation Notes
Let me show you the results from our first wave of observations…~dozen MSFR parallaxes
Now will remove names and plot Kinematic distances… almost all Dk too large (not just Perseus arm)
Can partially fix by changing Galaxy model parameters: Ro, To
    but Sgr A* p.m. constrains ratio
Let’s investigate this with p.m. data…



Peculiar Motions of Star Forming Regions
• In rotating frame:

Ro = 8.5 kpc                 
Θo = 220 km/s

Clear systematic motions

• Update Galaxy model: 
Ro = 8.5 kpc
Θo = 251 km/s

Systematic motions 
smaller, but significant

Presenter
Presentation Notes
Put reference frame rotating with Galaxy…large, systematic motions counter to Gal. Rot. for almost all sources
Changing Ro & To helps a bit
Looks like a rotation problem… but first let’s look at the Solar Motion determined from these data 



Peculiar Motions of Star Forming Regions

Galactic model:
Ro = 8.5  kpc
Θo = 251 km/s 

& Solar Motion:
U  =   8 km/s
V  = 18 km/s
W  = 10 km/s

Residual motions 
considerably smaller 

Presenter
Presentation Notes
Parameters give a reasonable fit to many MSFRs (residuals may be bimodal)
Ro set at IAU value; To set by pm of Sgr A*
Solar Motion UVW … let’s see how they compare…



Solar Motion

Dehnen & Binney (1998) Hipparcos data in black

V Gal. Rot.

“Asymmetric Drift:”        
V appears larger when 
measured against older 
stars with higher 
dispersion

Late B-type
Maser π & p.m.

Massive stars born rotating ~13 km/s slower than Galaxy spins;

as they age, first speed up and then slow down again.

Presenter
Presentation Notes
V is component of Solar Motion in the direction of Gal Rot.
   older stars with higher velocity dispersion appear to rotate slower…Vsun appears larger
   extrapolation of Asymmetric drift to zero, essentially defines Solar Motion
But, youngest Hipparcos stars don’t fit.
Our stars are essentially zero age…off even more
Read conclusions…




Massive Star Birth
Possible Sequence:

1. Molecular cloud in 
circular orbit

2. Hit by Spiral shock

3. Goes into elliptical 
orbit (near apocenter)

4. Compression triggers 
star formation

Presenter
Presentation Notes
Cloud in circular orbit encounters force counter to Gal. rot.: removes L; goes elliptical
Later as stars age,  orbits circularize and fall onto Asymmetic drift curve 
The consequences of spiral shocks not new…but again with distances and 3D space motions
   can now really understand what is going on



Extreme Supergiants

Extreme red supergiants with L 106 Lsun

“Fabulous 4”:  NML Cyg,  S Per,  VY CMa,  VX Sgr

H2O and SiO masers in circumstellar envelopes

VY CMa

0.4 < D < 1.8 kpc 

Association with NGC 2362 D = 1.5 kpc (M-S fitting)

Parallax measured to be 1.1 kpc...

L = 3 x 105 Lsun   (quite reasonable)

NGC 2362 cluster closer than thought?

Presenter
Presentation Notes
Extreme SGs with L’s greater than current models allow…but depend on D^2!
Hipparcos p.m. suggest runaway from NGC 2362



Local Group Proper Motions

• 1920s van Maanen claimed 
to see M33 spin!

• mas/yr motions Spiral 
nebulae nearby (Galactic)

• Hubble argued more distant 
(extra-galactic)

• van Maanen’s error not 
found

M33



Extragalactic Proper Motions

• Parallax accuracy:
σD ~ 10% at 10 kpc
can’t do galaxies yet

• Proper motion:
same techniques, but 
σμ ~ T-3/2

• M33 & IC10 
1) see spin (van Maanen)
2) see galaxy’s motion

M33

Andreas Brunthaler’s PhD Thesis

Presenter
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Read slide



Extragalactic Proper Motions
• M33/IC133 – M33/19 masers
VLBA: Δμx = 30 +/- 2,  Δμy = 10 +/- 5 μas/yr

HI:      Δvx = 106 +/-20, Δvy = 35 +/- 20  km/s

D = 750  +/- 50  +/- 140  kpc

• Improvements in Rotation Model & 
3rd maser source:

σD < 10% possible

Brunthaler, Reid & Falcke 

σμ σv

Presenter
Presentation Notes
Read slide…skip this and next 2 slides if needed.



Extragalactic Proper Motions

• M31’s motion unknown

• Critical for L.G. dynamics

Presenter
Presentation Notes
Need M31’s P.M. to complete picture…calculate history and fate of these galaxies



Tidal Heating of M33

• Try M31 proper motions;     
then calculate orbits

• Tidal heating of M33 for trial 
proper motions of M31:

μM31 = (100,-100) km/s
( -50,  -50) km/s
(    0,     0)  km/s

μΜ31 ~ 0   km/s M33 destroyed
μΜ31 ~100 km/s M33 OK Loeb, Reid, Brunthaler & Falcke (2005)

Presenter
Presentation Notes
Trial PMs of M31 …some lead to destruction of M33 (eg, 0 PM)
If one adopts timing argument (essentially M31/MW bound), M31’s pm can’t be >>100 km/s
Most likely PM of M31 ~ 100 km/s.

Also, have PM of IC10…if M33 and IC10 bound, 3-D motions => M(dark)M31 >~ 10^12 



NGC 4258 
• Seyfert galaxy 

• H2O masers in an edge-on,     
sub-parsec disk

• Rotation speed ~1000 km/s

• M ~ 3 x 107 Msun 

• Geometric model  
D = 7.2 +/- 0.5 Mpc

• Used by Hubble Key Project 
to re-calibrate Cepheid PL 
relation

Herrnstein, Moran, Greenhill et al (1999)



AGN Maser Distance Measurements
A = V2 / R

R = D θ

∴ D = V2 / A θ

R = D θ

V

High Velocity 
Maser Map

Drift of systemic masers 
over time

Systemic 
velocity masers

Red high-
velocity masers

Blue high-
velocity masers



Maser Distance Measurements (2)

V

θ

D = V2 / A θ



• Goal: Ho accurate to 3%; constain Dark Energy Eq. of State
• How: Geometric Distances to H2O masers in Hubble Flow

GBT finds masers         VLBA maps them

Maser Cosmology Project
Braatz, Condon, Greenhill, Henkel, Lo & Reid



VCMB = 3385 km/s  D ~ 50 Mpc 

UGC 3789

J. Braatz: GBT



UGC 3789: VLBA + GBT 

Interferometer spectrum:  rms noise ~1 mJy



UGC 3789 map

• Similar to NGC 4258

Edge-on disk 

Systemic vel. masers                
between red and blue 
high vel. masers

~7 times smaller angle

~7 times more distant



UGC 3789 Position-Velocity Diagram
• Keplerian high vel. masers

~107 Msun SMBH

• Systemic maser P-V ~ linear

(slight “bend” changing R)

• V = 625 km/s, θ = 0.52 mas

V

θ



UGC 3789
• Accelerations ~ 3.4 km/s/year

• D = V2 / A θ …Preliminary Analysis

V ~ 625 km/s

θ ~ 0.52 mas

A ~ 3.4 km/s/yr 

• Ho = Vcmb/D = 3385 km/s / 47 Mpc

= 72  +/- 7  +/- 4    

from σD σVcmb~200 km/s

• Comparable to Hubble Key Project!

}D = 47 Mpc 
+/- 5

Presenter
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Clear drift of spectral features…can be well fit by linear trend
Preliminary (simplest) analysis gives rough distance estimate



The Next 5 Years

• Ro & Θo from parallax & p.m. data with 3% accuracy

• Map of Milky Way spiral structure

• Proper motions of ~4 Local Group Galaxies

• Ho with 3% accuracy from 5 to 10 AGN H2O masers

Presenter
Presentation Notes
Distances no longer “estimated” from complex physical phenomena…can now do it the old fashion way
by direct “measurement”
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